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Abstract

In this paper we present a convergence result for some Krylov projection methods when
applied to the Tikhonov minimization problem in its general form. In particular we consider
the method based on the Arnoldi algorithm and the one based on the Lanczos bidiagonalization
process.
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1 Introduction

When solving linear equations of the type
Au=f, (1)

where v and f belong to a Hilbert space H, and A : H — H is a compact linear operator, one is often
forced to impose some regularization. Indeed, such operators possess the general property that the
spectrum is either finite or countably infinite; in the latter case the sequence of eigenvalues {\, }, <,
(arranged in order of decreasing magnitude) converges to 0 (see e.g. [11, §1.8]). By consequence,
the problem (1) is ill-posed since the operator does not possess a bounded inverse. The situation
becomes even more difficult whenever f does not satisfy the Picard condition (because of errors,
noise, see [7]), that is, when it does not belong to the range of A, R(A).

In this context, the well known Tikhonov regularization plays an important role. This method
prescribes to replace (1) with the minimization problem

. 2 2 2
min { || 4u— £|* + X Luf*} . A >0, (2)

where L : H — H is a linear regularization operator, that, depending on the magnitude of A, should
force the solution to have some characteristics (see [6] for a background).

As in many other areas of numerical analysis the minimization (2) can be approached by using
projections on suitable finite dimensional spaces, that is, we can replace min,cy by min,ex,,



in (2), where K,,, C H is an m-dimensional space. When K,, is a Krylov subspace the arising
procedure is generally referred to as a Krylov-Tikhonov method (see for instance [3] for a recent
overview). In this context, many Krylov based algorithms such as the Lanczos bidiagonalization
and the Arnoldi algorithm are generally considered powerful tools. Nevertheless, to the best of
our knowledge, no convergence result is available in the literature. Assuming that the compact
operator A is not of finite rank and injective (N (A) = {0}, where N'(A) denotes the null space),
the solution u' of (2) is unique. Denoting by {tm}m>0 the sequence of approximations arising
from the constrained minimization min,ex,,, the convergence of this sequence to u' is still to be
proved.

In this paper we show that some Krylov-Tikhonov methods are in fact orthogonal projection
methods for the linear operator equation

(A*A+ NL*L)u = A*f.

In this way we are able to show that there exists a norm in H, E(-), that eventually may be a semi-
norm, such that under suitable hypotheses E(u,, —u') — 0 and moreover that {E(um — uT)}m>0
is bounded by the remainder of a series corresponding to an f» sequence. We restrict our analysis
to the Krylov-Tikhonov methods based on the Lanczos bidiagonalization and the Arnoldi algo-
rithm. We keep the analysis in the framework of a general infinite dimensional separable Hilbert
space, since the properties of compact operators of infinite rank are not well replicated in the finite
dimensional setting.

The paper is organized as follows. In Section 2 we recall the basic properties of the Arnoldi
algorithm and GMRES. In section 3 we present some theoretical results about the extendibility
of the Krylov subspaces. The convergence results for the Arnoldi-Tikhonov method are given in
Section 4. In Section 5, the results are then extended to the Lanczos-Tikhonov method in which
the Tikhonov minimization is solved by the Lanczos bidiagonalization.

2 The Arnoldi algorithm

Let H be a Hilbert space, with scalar product <, > and norm ||-|| defined as

||| = (z, ).

Throughout the paper we assume that H is separable, that is, it admits a countable orthonormal
basis {¢n },cy. We denote by A* the adjoint of A, and by I3 the identity operator. We also denote
by {o; (A)}j>1 the sequence of the singular values of A arranged in order of decreasing magnitude.

Let K (A, f) = span{f, Af,..., A" 1 f} be the m-dimensional Krylov subspace generated by
A and f. Setting N = sup,,(dim K,,(4, f)), the Arnoldi algorithm computes an orthonormal basis
{wy, ..., w} of K (A4, f) for each m < N. In particular, we have

w _L w - (IH—Pm)Awm
SR T T — P Awn |

where P, is the orthogonal projection onto K,,(4, f). Let W,, : C™ — K,,(A, f) C H be the
isometry defined by

Wy = Z;’; yDw;, = (yu), ...,y<m>) cCm, (3)



so that P, = W,,,W} . Let moreover H,, € Clm+1)xm he the upper Hessenberg matrix such that
AW, = W1 Hy, (4)

It is known that the sequence of GMRES approximations, {tm, },,~q, %o = 0, is defined by solving
at each step of the Arnoldi algorithm the least-squares problem

min Au — f|],
e [ fll

whose solution is given by u, = W,y where

Ym = arg min [ Hmy — [ fll el s (5)
e1 = (1,0,...,0)T € C™*1. Note that for m < N

= Wi (3, Hy) ™ e || (6)

We remark that the norm used in (5) is just the Euclidean norm in C™*1. We avoid the use of
a different symbol since the meaning is clear from the context. The same holds for the adjoint
symbol used in (6) to indicate the Hermitian transpose of a matrix.

3 Some theoretical results on Krylov subspaces

Theorem 1 [11, Theorem 1.9.2] Let A : H — H be a compact normal operator. Let moreover
{Antnes be the sequence (finite S = {1,...,d} or countably infinite S = N) of non-zero eigenvalues
counted according to their multiplicities and {pn}, g the corresponding orthonormal sequence of
etgenvectors. Then

Az = Znes An (T, On) Pn, T € H. (7)

Moreover A is self-adjoint if and only if A, € R, n € S, and is positive if and only if A, > 0,
n e S.

The closed linear span of the eigenvectors {¢n}, g is equal to H if and only if A is injective.
Now, let K(A, f) = Umenkm (A4, f) be the closed linear span of the vectors f, Af, A%f, ... (eventually
of finite dimension if N < c0) and let P be the orthogonal projection onto IC(A, f). Let moreover
KC(A, f)* be the orthogonal complement of (A, f). We have the following result.

Theorem 2 Let A:H — H be a compact normal operator. Assume moreover that A is injective.

If uw € H is the solution of Au = f then u € K(A, f).

Proof. Let K = K(A, f) for simplicity. Assuming u ¢ K, then u — Pul K. Since AKX C K we
have that A*(u — Pu) € K. Moreover, A(u — Pu) = b — APu € K and therefore

(A*(u — Pu), A(u — Pu)) = ((u — Pu), A*(u — Pu)) = 0.



Since A is injective {¢n}, oy is a basis of # and hence, using (7), we obtain

(3 u=Pug) e, Y Dl (u= Puon) o)
= > Pl Pupa) =0,

{(u— Pu), A*(u — Pu))

that is, (u — Pu, p,) = 0 for n € N, and therefore u = Pu. =

The above result can be generalized as follows.

Theorem 3 Let A: H — H be a bounded linear operator. Assume moreover that A is injective.
If uw € H is the solution of Au = f then u € K(A, f).

Proof. As before let K = K(A, f). Let moreover u = ux + ui, ux € K, uiz € K. Observe
that Au% = Au — Aux = f — Aux € K and therefore

<Au,%,v> = <ut,A*v> =0,
for each v € K*. Since Kt is A* invariant (because K is A invariant) we have that

(ug,z) =0 for each z € R(Afjcs )

Since we can write K+ = R(ATICL) © N(Agr) and A is injective we have that R(AT,CL) =Kt

and therefore u,% =0. m

Clearly, if the solution belongs to K(A, f) then GMRES converges to it. We remark that in
general AK(A, f) C K(A, f), and the above theorem ensures that AK(A, f) = K(4, f) if and only
if f € R(A). Let W : CN — K(A, f) be the isometry defined as in (3) (note that it may be
N = oo if the Arnoldi algorithm does not terminate in a finite number of steps). It is clear that
AK(A, f) = K(A, f) if and only if there exists a vector ¢ € CV such that

AWe = f.

Using (4) with H : CVN — C¥ such that AW = WH, and remembering that f = ||f||w; =
I /|| Weq, we have
WHe=|f|Wey,

and therefore c is the solution of He = ||f||e;. This means that ||f||e; € C¥ satisfies the Picard
condition for the projected linear problem.

Corollary 4 Let g € R(A) and let u be such that Au=g. If g € K(A, f) then u € K(A, f).

Proof. Using the above theorem, u € (A, g). Since g € K(A, f) we clearly have (A, g) C
K(A, f), and hence u € (A, f). =

The following theorem, extends to separable Hilbert spaces what is very well known in finite
dimension. That is, working in C™, n < oo, if the Arnoldi process does not terminate in s < n
steps, then the Arnoldi vectors form a basis of C"®. This is not obvious in infinite dimension,
because, in principle, K(A, f) might be a proper subspace of H even if dim K(A, f) = co. Before



starting we need an additional notation. Given a finite sequence of vectors {g1, g2, .., gn } we denote
by K(A,g1,92,-.-,gn) the closed linear span of the set {Akgi, k=0,1,...,i =1, ,n} Clearly if
g€ K(A g1,92,...,9,) then K(A,g) C K(A, g1,92, -, gn) so that the result of Corollary 4 still holds
if we replace K(A, f) with (A4, g1, 92, .-, gn)-

Definition 5 Let A: H — H be a bounded linear operator. A is cyclic if there is a vector v in H
such that K(A,v) = H. In this case, v is a cyclic vector of A.

Theorem 6 Let A:H — H be a bounded linear operator. Assume moreover that A is injective.
If all eigenvalues of A are simple then there exists a subset M C H such that M = H and
K(A,v) =H for each v e M.

Proof. Let g; € R(A). By Theorem 3 we know that AK(A,g1) = K(A,g1). Denoting by
P the orthogonal projection onto K(A,g1), for each u € H, u — PMul AK(A,g1), that is,
A*(u — PMu) 1KC(A, g1). This implies PMA*(u — PMu) = 0 and hence P A* = P A* ()
which finally leads to AP = PMAPM Assuming that KC(A,g1) & H, take go € R(A) N
K(A,g1)*. Now observe that Ags ¢ K(A,g1). Indeed, by Corollary 4, if Ags € K(A,g1) then
g2 € K(A, g1), that contradicts our choice. Using the same argument we thus have A*gy ¢ KC(A4, g1)
for each k& > 0. Denoting by P the orthogonal projection onto K(A,gs), as before we have
AP®) = P2 AP Moreover since go € R(A) by Theorem 3 we still have AK(A, g2) = K(A, g2).
Assuming K(A,91,92) & H we can take g3 € R(A) N K(A,g1,92)" and work as before. By
induction, since R(A) = H we are able to construct a finite or countably infinite number of Krylov
subspaces (A4, g,) with corresponding orthogonal projections P such that the operator A can
be written in the following upper triangular form

Al *
Ao
: (8)

0

because AP = P AP for each n, and where A, = P AP™). Now using [13, Proposition
1.3], we have that if the A,,’s are all cyclic with mutually disjoint spectra then A is cyclic. Because of
our hypotheses on the spectrum of A, in order to prove that A is cyclic we just need to prove that the
A, ’s are all cyclic. Using the Arnoldi decomposition we have that each A, is a quasiaffine transform
(through the isometry W (™ defined by the orthonormal basis of (A, g,,)) of a Hessenberg matrix
H®™ whose subdiagonal entries are all strictly positive. Therefore H™ is cyclic with respect to
e1 ([5, Problem 167]), and hence 4, is cyclic with respect to g, = ||gn|| W ey, since quasiaffine
transforms preserve cyclicity. Denoting by M the set of all cyclic vectors, it has been proved in
[5, Problem 166] that M is either empty or dense in H. m

We remark that in [5, Problem 167] it is also proved that an operator is cyclic if and only if
it can be represented by an Hessenberg matrix with all subdiagonal elements different from zero.
The density of the set of cyclic vectors therefore tell us that there is a dense subset of starting
vectors for the Arnoldi process for which the Arnoldi orthonormal system spans H and then forms
an orthonormal basis.

We conclude this section by showing that for normal operators the representation (8) is in fact
diagonal since AP(™ = P(™ A, We just need to prove that in this situation }C(A, v) is A* invariant.



Proposition 7 Let A : H — H be a compact normal operator. Then for any given v € H, K(4,v)
is A* invariant.

Proof. By (7), we can write A = ®AP* where A is diagonal and ® is an isometry. Therefore
for each polynomial ¢ we have ¢(A) = ®q(A)P*. Taking ¢ such that ¢(\,) = A} we have ¢(A) =
OA*P* = A*. Therefore for each w € K(A4,v), A*w =q(A)w € £(4,v). =

4 The Arnoldi-Tikhonov method

The Arnoldi-Tikhonov method, used for the first time in [2], consists in approximating the solution
of (2) by means of

i At = fII? + 32| L} 9
oo A = F 4 X2 L | ©)
= min {IAWimym = fI + A2 LWy |
Ym €C™
= min {|Woos Hoti = Warsrea |71 + X2 |Qun By |
= min {IHnyom — ex 1P + X | Bl *} (10)
Ym €C™

where Q,,, : C™ — LK, (4, f) C H is an isometry and R,, € C™*™ is upper triangular, such that
QmRy, = LW,,. In this way we obtain

Uy = W (Hio Hy + N RS Ren) ™ Her | £

For the standard Tikhonov minimization, where L is the identity operator the above formulation
still works with @,, = W), and R,, = I,,,, the identity in C™.

Theorem 8 For each m < N let u,, = WipYm, where Yy, solves (10). Let moreover ul be the
solution of (2). If N(A) NN (L) = {0} then there exists a norm E(-) in H such that

E(tm —ul) < E(Ppu’ —ul). (11)
Proof. Let r,, = Au,, — f. Then by (10) and since f = Wy,41e1 || f]],
P = AW [(Hy Ho + 2R3, R) ™ Hier 1] = Wonsen 1]
= Wity [(H Hon + X2 Ry Ren) ™ Hiper [f1l] = Wongaen [
= Wi [Hm (H: Hp + /\QR;*an)_l H — mH} er || fll-
Therefore

(AW, ) i = (W1 Hp) rm

= [HyHo (Hy Ho + AR5 Ri) ™

Hy, — Hy eI



Using the identity

-1

)

H\ Hy, (H} Hy, + AzR:an)’l = I, — N’R;, Ry, (H}, Hy + N R Ry
and the relation Q,,R,, = LW,,, we obtain
(AW,) 1 = —A2R% Ry (HHyy + NRER,) ™ He e || f]|

= _)‘2R;kanym
= —NW L LW, Wit

Since W, Wy, = up, we finally have
0 = Wy (A rm +NL*Luy,)
= Wi [(A"A+NL*L) u, — A*f].
In other words, u,, is the result of an orthogonal projection method for the linear problem
(A*A+ NL*L)u = A*f,

since

Um € Ky [(A*A+ NL*L) uy, — A* f] LK.

Because the operator A*A + A2L*L is positive and injective by the hypotheses on A and L, the
functional

B(z) = (A" A+ XL°L) 2,2)' % 2 e, (12)

defines a norm in H. By [12, Proposition 5.2] we know that u,, is the result of an orthogonal
projection method if and only if

E(tp —u') < E@ —u'), for each @ € K,y,.

Taking @ = P,,u’ we obtain the result. m

We remark that the hypothesis N (A) N N(L) = {0} is fulfilled if A or L are injective. In the
contrary case E(-) is just a seminorm.

Corollary 9 Let A : H — H be a compact operator. Assume moreover that A is injective. If f
in (9) is cyclic then the Arnoldi- Tikhonov method converges. Moreover if L is bounded then there
exists a nonnegative sequence {a;};>1 € lo such that

_ N2 < 2
E(uy —u')* < Zj>m aj.
Proof. By Definition 5 the Krylov vectors {w;} jen form a basis of H and hence

ult — PmuJf = Zj>m <uT, wj> w;.

Then, by Parseval’s identity,

2
ot — P = 3 [,y




and ||u = Puf|| — 0. Moreover, by (12) we have that
E(2)* < ||A*A+ X2L*L| ||2)?,
and therefore
|A*A+ N0 L ||uf — P uT||2
lasa+nrL] Y (el

E(tum —ul)?

IN

IN

We remark that if A is injective and the Arnoldi algorithm terminates in N < oo steps then
GMRES finds the exact solution of Au = f (cf. [9, Section 2]). This means that f € R(A) (that
is, it satisfies the Picard condition) and hence the problem does not require regularization. More
generally if f € R(A) then u € K(A, f) by Theorem 3 and then GMRES converges. On the
other side, if f ¢ R(A) then the GMRES residual stagnates, and the corresponding approximation
explodes. Indeed the Picard condition cannot hold, asymptotically, for the projected least squares
problem (5)

Jnin, [Hmy — I f[lexll

because otherwise AK(A, f) = K(A, f), that is, f € R(A), as pointed out after the proof of
Theorem 3.

If A is of finite rank clearly the Arnoldi process terminates in a finite number of steps IV. In this
situation, under suitable hypotheses on A (for instance if it is normal, cf. [9, Section 2]) GMRES
again finds the exact solution of Au = f if f € R(A). If f ¢ R(A) then Au = f does not have
a solution in H and the Arnoldi-Tikhonov may fail to converge unless P,uf = u' for m < N. In
this case the only measure of accuracy is given by (11) where E(-) may be a seminorm if L is not
injective.

In order to monitor the decay of Hum —uf H one can use the so-called complementary condition
[8, p-21] which states the existence of a constant 4 > 0 such that

= vl® < 42 (A — Ao + | Lu — Lo|?). (13)
for any w,v € H. Indeed in [8, Theorem 4] it is proved that (13) is a necessary condition for the

existence of a unique solution for (2). Nevertheless, under the hypothesis that L is invertible we
can state the following bound.

Proposition 10 If the operator L is invertible then Hum — uTH < Aomin (L) E(um, — uT).

Proof. Denoting by (L*L)l/2 the positive square root of the positive operator L*L, we have
(AA+22L L) z2) = ((AA@ L) +XDy) L Lz, 2)
- < L*L)Y? (L L)~? (A*A(L*L)‘1 +A21H) (L*L)'/? (L*L)l/zz,z>

_ < 1/2( A(L*L)*H?IH) (L*L)l/Q:z,x>, (14)



where o = (L*L)"/? 2. Since (L*L) /2 (A*A (L)t + )\2IH) (L*L)"? and (A*A (L)' + )\2IH)
have the same eigenvalues {A;},_y, and A; > A for each j, by (14) we have

((A"A+ N’L*L) z,z)

Y

N2z, x)
N (L*Lz, z)
> )\2Umin(L)2 <Za Z> .

The above proposition states that if the operator L is invertible (as for the standard Tikhonov
regularization where L = I3;) then we can monitor the convergence using ||-||. On the other side,
if the operator L is compact (this includes the common case of L bounded and of finite rank) then
A*A+ N2L*L is also compact (see [1, §2.4]) and therefore A* A+ A\2L* L possesses arbitrarily small
eigenvalues so that the result of Proposition 10 does not hold anymore.

5 The Lanczos bidiagonalization

The Lanczos (or Golub-Kahan) bidiagonalization process [4] computes two orthonormal bases
{w1, ..., wp, } and {21, ..., 2 } for the Krylov subspaces K,,,(A* A, A* f) and KC,,, (AA*, f) respectively,
for m < N = min {sup,, (dim,,(A*A, A*f)),sup,, (dim K, (AA*, f))}. Since K,,(A*A, A*f) =
A*K (AA*, f) for m < N, If A is injective then N = sup,, (dim K,,(A*A, A*f)). Defining the
isometries Wy, Z,,, corresponding to the two bases as in (3), the following decomposition holds

AWy = Ziy1Bm, (15)
where B,, € C™+tDx™ ig Jower bidiagonal. LSQR method [10] is defined by solving at each step

. A
uenm{g{gﬁml\ u— fll,

whose solution is given by u.,, = Wy, vy, where

Ym = arg min || By — || f| e1]l -
yeCm

Observe that for the Lanczos bidiagonalization we have f = Z,,,11e1 || f||. Then, using (15) and
working as in (9)-(10) the Lanczos-Tikhonov method is based on the solution of

i Aty — fII? + A2 || L, 2} 16

wooemin A= F 0 [ L (16)

= min {IBuym = 1 IF117 + 7% | R (17)
Yym €C™

Theorem 11 The results of Theorem 8 and Corollary 9 hold also for the Lanczos-Tikhonov
method.

Proof. As for Theorem 8, the proof is almost identical. We just need to replace W,,,+1 and
H,, by Z,+1 and B, respectively. P,, is now the orthogonal projection onto K,,(A*A, A*f). The



decomposition (15) is used in place of (4). The proof of the result of Corollary 9 remains unaltered
provided that A* f is a cyclic vector for A*A. =

The case of finite rank compact operators is simpler when working with the Lanczos bidiago-
nalization. Indeed, without hypothesis on A, if f € R(A) then LSQR finds the exact solution of
Au = f in a finite number of steps and hence the regularization is not necessary. Like the Arnoldi-
Tikhonov, if f ¢ R(A) then Au = f does not have a solution in H and the Lanczos-Tikhonov may
fail to converge unless P, u’ = uf for m < N. The main advantage of the Lanczos bidiagonalization
is that if L = I3; the method converges even if A is of finite rank since u' = (A*A + \2I3) "t A* f
so that uf € K, (A* A, A* f) for some m < oco.
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