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Abstract. In this note we consider spectral cut-off estimators to solve a statistical linear inverse problem under
arbitrary white noise. The truncation level is determined with a recently introduced adaptive method based on the
classical discrepancy principle. We provide probabilistic oracle inequalities together with quantification of uncertainty
for general linear problems. Moreover, we compare the new method to existing ones, namely the early stopping
sequential discrepancy principle and the balancing principle, both theoretically and numerically.
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1. Introduction. In this note we take a closer look at a recently introduced modified
discrepancy principle for solving an inverse problem by means of spectral cut-off. The problem
of interest reads

(1.1) Kr =y,

where K : X — ) is a compact injective operator with dense range between infinite-
dimensional Hilbert spaces. The problem (1.1) is known to be ill-posed in the sense that K is
not continuously invertible on the whole space. This causes problems, since the exact right-
hand side y' € R(K) C ) is unknown and we just have access to component measurements
corrupted by noise. For the abstract corrupted data, we write

v =yt +62,

where 6 > 0 is the noise level and Z is centred white noise with finite second moments, i.e., it
holds that
() E[(Z,y)] =
(i) E[(Z,y)(Z, )} (v, 9",
(i) (Z,y) £ |'|'y,'” (Z.y),
forall y,y € ).

We have to give an approximation to the true solution =" based on component measure-
ments (y°,v1), (¥, 2), ... with 41,92, ... € Y. Under the above assumptions the forward
operator K can be fully described by its singular value decomposition. There exist orthonormal
bases (v;)jen C X and (u;);eny C Y as well as a sequence o1 > o > - - - > 0 converging to
zero such that Kv; = o;u; and K*u; = ojv; for all 7 € N. We define the spectral cut-off
estimator of ' via
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with the truncation level % to be determined from the data 3° and the noise level 6. Note that
here we assume the noise level d to be known in advance; see [14, 15, 30] on how to estimate
it in a general setting by a generic method. It is well known that spectral cut-off estimators
have excellent theoretical properties, but may be infeasible for general problems in very high
dimension due to the fact that the singular value decomposition is unknown in practice and has
to be calculated with enormous costs. However, recently, computationally efficient methods
like the randomised singular value decomposition [16] have been analysed in the context of
regularisation theory and show the potential to allow the use of spectral cut-off estimators in
practically relevant settings.

Choosing a suitable truncation level k is one of the main issues in regularisation theory,
and plenty of different techniques have been analysed in the past. For general a priori error
bounds depending on unknown properties of the exact solution zf, we refer to [4]. Of special
interest are adaptive (see [10, 34]) a posteriori methods, which are strategies to choose k
dependent on only the noisy measurement y° and the noise level §. Many of the parameter
choice rules in statistical inverse problems are adapted from classical statistical methods used
for direct regression problems, i.e., problems where K is the identity in (1.1). We name
here empirical risk minimisation [21], the balancing principle [29] and generalised cross-
validation [24], which are based on Stein’s unbiased risk estimation [32], Lepski’s method [20]
and cross-validation [36], respectively. Others have their roots in the classical deterministic
regularisation theory, e.g., the famous discrepancy principle [31] or heuristic methods like the
quasi-optimality criterion [18, 33] or the L-curve method [12].

In [17] we proposed a modification of the discrepancy principle for a data-driven choice
of k. Originally, the discrepancy principle had its root in the classical deterministic theory,
where one assumes that one has an absolute upper bound on the norm of noise ||y° — yf||. It
then follows the paradigm that the data y° should only be approximated up to the amount of
noise, i.e., k should be determined such that || Kz — °|| & ||y° — y'||. In the white noise
setting, however, it holds that E||y® — y'||? = Z;’il 62E(Z,u;)? = oo, and therefore the
classical discrepancy principle is not applicable. Consequently the discrepancy principle has
to be adapted adequately to the white noise case. This has been done in the past by either
pre-smoothing the problem (1.1) (see [7, 22]) or by working directly on a finite-dimensional
discrete problem [5, 35]. In the recent work [17], we proposed a modified discrepancy principle
using discretisation.

However, different from the above-mentioned works, here the discretisation dimension is
treated as an additional regularisation parameter. Precisely, we discretise (1.1) and consider
only the first m components (y°,u1), ..., (¥, u,,). Then the data error fulfills

d

and the classical implementation of the discrepancy principle yields

m

Z(yé - yT7 U’j)uj

j=1

2
] = md?,

(1.2) k3 (m) = {k >0: \/Z;”_kﬂ(ys,uj)z < T\/ﬁa},

where 7 > 1 is a fudge parameter. It remains to determine the discretisation level m. In [17] it
was shown that the ultimate choice

(1.3) kS

4
P = iR (m)

yields a convergent regularisation method, as the noise level § tends to zero.
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In this article we give a more complete picture and generalise the main result from [17]
to arbitrary K and prove an oracle-type inequality [9] with a controlled probability, instead
of asymptotic convergence rates under source conditions [19, 26]. Oracle inequalities have
become popular in statistics and guarantee that, after fixing a family of estimators (in our case
spectral cut-off estimators, where the estimators are indexed by the truncation level k), one
obtains, up to a constant, the optimal error for a given exact solution 2. They depend strongly
on the fact that, under white noise, one has sharp estimates for the data propagation error
(variance). Minimax convergence rates over source sets, on the other hand, are classic in the
deterministic theory, where one only knows an upper bound of the norm of the error, without
any structural information. They guarantee optimal convergence in a worst-case fashion where
the true solution is an element of an unknown source set. See the survey article [8] for more
details. We state here a special case of the general main result presented in the following
Section 2.

COROLLARY 1.1. Assume that there exist q, cq, Cq > 0 such that Cgj~9 > sz» > cq
for all j € N and assume that the white noise Z has finite fourth moment E(Z,y)*
llyl|*ys < co. Then, for all k > 3, the following holds:

IN =

. I | ; 5 _
sup  B(Jlafy —af|l < Crminaf - 27])

r'ex
B (z") >k
12 2(1 2 HC,
> 1 — max 7 (I4+71) 2(a+1) a
T2 427 -3 K K

with

CT :—max<\@(7+1 +1>’\/§+(27+1) 91+q(]_+q)6'q4>

— Cq

and C, as given in Section 4.

The quantity k3, (z") will be defined in the next section and ensures that z' can be
distinguished sufficiently from the zero signal, relative to the noise level 4. In particular, it
holds that l?:gr(:rf) — oo as & — 0 for all non-degenerate ' (for which arbitrarily large
j € Nexist with (z,u;) # 0). To understand this condition better, consider the extreme
case 21 = 0. Here the minimal error could only be obtained for k:gp = 0, which obviously
cannot occur with probability tending to 1 (as, e.g., & — 0), since a finite fixed number of
(random) measurements cannot be controlled with probability tending to 1. Thus the corollary
states that, for mildly ill-posed problems, we obtain, up to a constant, the best possible error
for spectral cut-off regularisation, uniformly over all signals with sufficiently many relevant
components.

In Section 3 we comment on points that were left open in [17], e.g., on how to perform
the maximisation over the infinite set N practically. We end this introduction by stressing that
the main difference of the proposed modified discrepancy principle from existing methods is
the minimality of the assumptions. In Theorems 2.2 and 2.4 the white noise is only assumed
to have a finite second moment and also the singular values of K are arbitrary. Numerical
and theoretical comparisons between different regularisation methods for statistical inverse
problems can be found in, e.g., [2, 23, 37]. In Sections 3 and 5 we compare our new method to
the parameter choice strategies to which it is most closely related, namely, the early stopping
discrepancy principle [5, 6] and the balancing principle [1, 25, 27]. In particular, we show
that, similar to the balancing principle, the modified discrepancy principle also coincides with
Lepski’s method in the direct case K = Id and discuss how the different viewpoint yields an
early-stopping-type implementation.
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2. Main results. For a truncation level k£, we decompose the error into two parts, a data
propagation error (variance) and an approximation error (bias):

k 5,“' 2 )
w&—mw2=§:(@’;ﬂ—cﬂwﬂ)+-§j<ﬂw»2

j=1 i j=k+1
k 00
(v’ —yl uy)? 2
=S Y
j=1 J j=k+1

= ||lzg — E[3]l* + |El2}] - 2"|1%.

For the analysis, it will be convenient to consider not only the strong error |22 — x|, but also
the predictive (or weak) error || K (z¢ — x1)||, for which we obtain

k 9]
I (2§ — 2P =" —yhw)® + Y (ol wy);
J=1 Jj=k+1

note that (y',u;) = o;(z',v;). Thus we can split the error into two parts, one part that
increases monotonically with &k and another that decreases monotonically with k.

Now note that minimising such a sum of a monotonically increasing and a monotonically
decreasing term is in essence equivalent to balancing the two terms. We thus define the
following two truncation levels:

k 00
kgr(a:T) = min{k €Np: Z(y‘S —y uy)? > Z (yT,uj)2},

J=1 j=k+1
k 5 .t N2 0o
K (zh) == min{k €Np: Z w > Z (xT,vj)z}.
j=1 9j j=k+1

They balance the competing error terms in strong and predictive norm, respectively. For the
sake of self-containedness, we formulate the aforementioned well-known result (see, e.g.,
Lemma 3.2 in [3]), which states that kJ, or k3, — 1 and k2, or k% — 1 (up to a constant factor)
minimise the corresponding error norms.

PROPOSITION 2.1. For all ' € X with k‘gr(xT) > 1, the following hold:

min || K (23 —2")| >

. 6 5
reth min(|| K (2 — 2|, 15 (25 _y — ")),

. 5
min Jof, — o] >

. F) 4
it min([lafy, — o', 235 _, —="ll)-

Sl- -

Proof. We use the convention Z?=1 = (. By monotonicity and the definition of kgr, the
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following hold for k > k9

pr>
k oo k
1K (25, — 2D 1? => 0 —yhu)* + Y ) = (1 — vl uy)’
Jj=1 Jj=k+1 j=1
| K,
> 5 (207 v+ 07 - o)
j=1 j=1
| - )
: § _ gt )2 t2) = & 5 ty2
>2(Z<y vhuw)?+ Y <y,uj>)—2||f<<xkgr 2|2,
J=1 J=kS+1

and for k < kgr -1,

k oo
1K@~ D)2 =Y 0" o+ Y WPz Y wha)?
j=1 j=k+1 j=k+1
1 o0 o0
>3 (0 0w+ 3 0h?)
J=k3. =k}

1/ < 1
>3 ( T 0 v 3 6w ) = IR

Jj=1 j=kS_

which proves the assertion for kgr. The argumentation for the second assertion is analogous.
a

Note that 3 and hence also kgr and kJ, are random quantities. In order to formulate our
main results, it is handy to have a deterministic quantity. We thus define

o0
o.(xl) = mm{k ENp: k> ) (yT,uj)Q}.
j=k+1
Obviously k9, is closely related to k), since kd? = E[Z?Zl(y‘s — 9", u;)?] and thus kS,
balances the expected squared prediction error norm E|| K (x§ — zT)||2. We come to the first

main result, a full oracle inequality for the prediction error.
THEOREM 2.2. For all k > 3, it holds that

sup  B([[K (o~ )| < O min | K (e} — 1))

zTex
k‘s (’ET)ZH
>1-— LQ E 1r"ig/:ﬂ((Z -)2—1) —1
S s e kO " ’

as k — oo, with C; = /6 %(AT + 1) + B,, and with A, and B, as given below in
Section 4.

We want to point out the generality of the above result, which perfectly reflects the
paradigm that the discrepancy principle balances approximation and data propagation error in
the image space, in that it results, up to a constant, in the error of the weak balanced oracle.
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However, usually one is interested in the error in the strong norm. The result we obtain here
will depend on the difference between the weak balanced oracle kgr and the strong balanced
oracle k9. We give an important relation between the two oracles in the next proposition.
PROPOSITION 2.3. It holds that k), < kj.
Proof. We have

kpe=l s k-1, 9 0

— ot w2 > (Y — f u;) 1

Y y,u =1 \Y Y, uj
Z ( 2v J) < J 4 ) < . Z (yT7uj)2
j=1 7j ngr—l ngr—l j=k3,
1 oo o0
=—— > ol < Y @hey)?
kpe =1 j=k3, J=k3,

where we used the definition of k;f,r in the second step. By the definition of 2, it follows that
kS, > kj, — 1, hence k2, > k. 0

Proposition 2.3 already indicates that the strong error of the discrepancy principle might
be suboptimal in the case that kzgr is substantially smaller than k. This is indeed the case.
The next theorem shows that the error in the strong norm depends on the difference between
kgr and k2,

THEOREM 2.4. For k > 3 it holds that

ké
) _ T . ) _ T st 2
sup P(H%gp all| < Cr (gggwk 2+ i (@) ))

_atex P
kf)r(zT)Zka
>1 1291@1%?((2 21| =1
- max{ 2 +27 -3’ Ko Y

as K — 0o, with

C: = \@max(:j +1,1+ \/§(3T+ 1))

Under additional assumptions, we can bound the probability in Theorems 2.2 and 2.4
explicitly.

PROPOSITION 2.5. Assume that, for some 2 < p < 4, the white noise has finite pth
moment, i.e., E|(Z,y)|P = vyl < co. Then

?
Proof. By convexity and the Marcinkiewicz—Zygmund inequality (Corollary 8.2 in [11]),

it holds that
p/27\ 2/p
£ )

< (R'PPE|(Z,m)? - 1P/2)% P
< (27727 (yp + 1))/ PR
<212/ (y, 4 1)2/PR2P1 O

K

1

p Z((Z, u;)? — 1)H < 212/P(ny, 4 1)2/P 2/
j=1

ED DAY
j=1

LSz -] =< (¥

Jj=1
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Unlike Theorem 2.2, Theorem 2.4 above is not a proper oracle inequality, since the
additional term is likely to dominate. In fact, this perfectly illustrates in full generality
one well-known drawback of the discrepancy principle, namely that it saturates. Note that
this saturation is hidden when one considers convergence rates over source conditions for
the discrepancy principle with spectral cut-off. For some operators we can show that the
additional term will not dominate the total error (see, e.g., Corollary 1.1), and we obtain a full
oracle inequality for the strong error norm. The proofs of Theorem 2.2, Theorem 2.4, and
Corollary 1.1 are deferred to Section 4.

3. Comparison to other parameter choice strategies. In this section we will compare
our rule to two other parameter choice strategies, namely the balancing principle and the
early-stopping discrepancy principle. We start with the balancing principle. This principle
is based on ideas introduced by Lepski [20]. Lepski’s method is originally formulated in a
regression setting. A signal corrupted by white noise has to be recovered. This corresponds
to our problem (1.1) with K = Id. We state the problem explicitly. Given noisy component
measurements

(yé’uj) = (yT,Uj) +4(Z, uj)’ JeN,

and the spectral cut-off estimators

k
= L

find the truncation level k& € N such that the error ||y9 — y'|| is optimal in some sense. Lepski
proposed the following rule:

kiep =min{k € N: ||y°, — v2|| < sv/md, ¥V m > k},

with a fudge parameter x > 1. The idea was that & should be large enough such that the
differences would be dominated by the variance; note that

IEHyfn_ ym ||2 |:Z Yy _y uj :l :m52-

In the above direct setting, our approach (1.3) and (1.2) would yield

meN

kgp = rﬁé})\{(k;gp(m) = maxmin{O <k<m: \/Z;n—k—i-l(yé’uj)Q < TW(S}.

It is not hard to show that the two parameter choices actually coincide in this setting.
THEOREM 3.1. Let k = 7. Then kl‘iep = kgp pointwise.
Proof. We observe that

m

> W) = llyd, — il

j=k+1
and hence

K3y = max{0 < k <m: ||lyd, — yo| < 7v/md}.
meN
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Now let k = k;f{ep. By definition, for all m > k it holds that ||y3, — y2|| < 7./md. We deduce
kgp(m) < k for all m € N and thus kgp < k]‘iep. Now let k = k]‘iep — 1. By definition, there
exists > k with ||y, —yp |l > 7/md. Thus k3, (m) > k and therefore k3, > k+1 = k{ ..
The proof is finished. a

So we see that the two methods coincide for direct regression problems, i.e., when K = Id.
When a forward operator K is involved, the balancing principle for inverse problems deduced
from Lepski’s method, however, follows a different approach. There, the estimators are
compared, not in the weak norm, but in the strong norm. The variance of the spectral cut-off
estimator in the strong norm is

m

E(y® — yT,u;)? 1
E”‘rfni 7n H2 Z 2 :62297

j=1 J j=1 "7

i.e., we have

(3.1) K —mln{kj>0 [ xk||</£5‘/z vm>k}

Here the choice of « is delicate. The reason for this is the following. In the direct setting
we have
m m
lys = Elya]I1* = Elly® = ElypJI* = > (6" — vt uy)* = 1) = 8> ((Z,u;)* = 1),
Jj=1 j=1
which is an i.i.d. sum of unbiased random variables and hence a reverse martingale;
see the proof of Proposition 4.1 in Section 4 below. Therefore, its whole trajectory, i.e.,
(1yS, —E[y3]II? — E|ly® — E[y2,]||?)men, can be controlled. Unlike this, in the case of inverse
regression, we have

m

Z
|23, — Efa?,)|1? — E|lad, — E[2?,]]]* = Z “J

which is just a sum with independent summands of increasing variance. In particular, depend-
ing on the behaviour of the singular values o, the single last summand may give a significant
contribution to the whole sum or even dominate the whole sum. Consequently, one considers
only finitely many estimators in (3.1), i.e., m < D, where D depends on the noise level §
and the spectrum of K, and  will also depend on D and therefore on . Typically one sets
# ~ log(6)~! and then obtains optimal convergence in L? up to a logarithmic correction for
polynomially and exponentially ill-posed problems under Gaussian noise. While the concrete
dependence of x on § is usually tailored to obtain optimal convergence in L? for Gaussian
noise, it is not directly clear whether a constant x could yield convergence in probability; cf.
Theorems 2.2 and 2.4. The following counter-example shows that, at least for exponentially
ill-posed problems, « has to depend on J.

EXAMPLE 3.2. Let 07 = e~ and 2" = 0 and let Z be Gaussian white noise. Assume
that some > 1 is fixed and set ms = [log(6=2)]. Let k{, be determined by the balancing
principle (3.1). Then there exists p,, > 0 such that

(3.2) P(||xigal —z'|| > 1) > p,
forall 0 < § < e~!. We show that (3.2) is fulfilled with
pr = P(|X] > er),
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where X is a standard Gaussian. Indeed, we set
Q. ={|(Z, um;)| > ex}.

By definition of p,, it holds that P(xq, ) = px. It also holds that

fns - xfrla-l”XQw =0[(Z, uma)‘emé/QXQN > erde

emst+l 1 ms
> - - /E j
> Ko p— > Ko jzle

since (€™t —1)/(e — 1) < ee™. Consequently we have

|z ms/2

)
kpaiXe, = msxa, -

Ultimately, we find

Xa. = 6™ /2|(Z, umy)Ixa, > erxa, = Ixa,

)
225 —aT|xa, > 197, wms )|
bal g

ms

by definition of mgs, which finishes the proof of the assertion (3.2).

To put it in a nutshell, we saw that both methods are closely related to Lepski’s method.
The balancing principle has the advantage that the estimators are compared in the same norm
in which one wants to have convergence, i.e., the strong norm. In the case of the modified
discrepancy principle, the estimators are compared in the weak norm. However, we have much
worse control of the variance in the strong norm than in the weak norm, which makes the
choice of the fudge parameter more delicate for the balancing principle and slightly deteriorates
the rate. Finally, at the end of this section we discuss that the different viewpoint on Lepski’s
method provided by the modified discrepancy principle allows for another potential benefit
related to early stopping.

Note that a drawback of both methods is their high computational costs. A whole series of
estimators need to be computed and then compared to each other, before the final choice can
be made. A computational very attractive and still convergent method is the early stopping or
sequential discrepancy principle [5], which makes use of the computational simplicity of the
plain discrepancy principle [28]. Here, a maximal dimension D is chosen first, respectively
given by the measurement process. Then the classical discrepancy principle is applied, but
with the parameter 7 set to one:

D
6 . . . ) )2
3.3) ko = mln{0< k<D: \/E j:kﬂ(y ,uj)? < \/Dd}.

The name “sequential” or “early stopping” refers to the fact that it takes the estimator that
was computed last. Note that usually the singular value decomposition is unknown and has
to be approximated numerically. In particular, calculations of later singular vectors are more
costly and less accurate than calculations of the first ones. Thus a big advantage is due to the
fact that, in order to compute k2, one just needs the first k2, singular vectors and values. This
can be seen as follows.

In an application we usually have a discretised K € RP*P " with D and D’ large, and
right-hand side y% € RP. Expressing y% in the singular basis of K then gives y5D =
S (v’ gy and s 274 (v, us)* = [lypll” — 52 (v°,uy)?. Note hereby that
the total norm ||y%,||? can be computed without knowledge of singular vectors. Similar to
kgp, also k. mimics the predictive oracle kgr. In [5] oracle inequalities for kZ, are proven.
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Owing to the large variance in the residuals, they do not hold for very smooth solutions. Also
higher orders of the error distribution are needed; see, e.g., Theorem 4.2 in [15]. We will see
in Section 5 that k2, tends to be numerically less stable than the other two methods.

Finally, there is an obvious way to combine the early stopping discrepancy principle
with the modified discrepancy principle in that one can use the early discrepancy principle to
determine a maximum 7 over which we maximise in (1.2). That is, one could consider

kﬁ

5
O = Imax kdp(m)

mgkgs

or, more generally, and to avoid the instabilities of kgs, one could set, for 7 > Tin > 1,

kfom ‘= max min{O <k<m: \/Zj_k+1(y5’uj)2 < T\/E(S},

M<Mmax

with

D
Mmax = min{O <k<D: \/Z k+1(y6’uj)2 < Tmin\/ﬁé}.
=k

4. Proofs. A central tool for the proofs will be the following proposition already used
in [17], which allows one to control the measurement error.
PROPOSITION 4.1. For any € > 0 and k € N, the following holds:

"

m
Z(y6 - yTvuj)2 - m§2
j=1

<1E{
E

> 5m(527 Vm > /i)

LS (-] o
Jj=1

as K — oo.
Proof. We give a short proof in order to keep the paper self-contained; see Proposition 3.1
in [17] for more details. It holds that
< 5),

“

where

O

j=1

m
> Wyl uy)? = ms?
j=1

< 5m52, Vm > H) P(Sup

m>k

S ot .2
Xye= WUy (g1,

Note that the right-hand side of the above equation is independent of the noise level . Since
(Xj)jen isiid. with E[X;] = 0 and E[X;| < 2, the sample mean ((1/m) Y7, X;) s
a reverse martingale. Thus the Kolmogorov—-Doob inequality (Theorem 16.2 in [11]) yields

1 & 1 J1 &
P(i&i E;xj >6)SEE[R;xj

as Kk — 00, by the law of large numbers and the fact that reverse martingales are uniformly
integrable. a

Now we can prove the main results. So let 2 be given with kJ, (z7) > k. We suppress the
dependence on zt of the balancing index l;:gr (x1) in the following. We carry out the analysis

[BL
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on the following sequence of events on which we have perfect control of the measurement
eITor:

m

9 . [(T+1)2 1 9 K
Z y,u] m5‘§mm<41,3 m5,Vm2§ .

j=1

4.1 Q= {

By Proposition 4.1 it holds that

1 [/3]
- N2
72427 -3 K Z((Z’uj) 1)H

j=1

4.2) P(Q,.) >1— max<12, 9>E{

Obviously on €2, we have

4
fm52>m <Z —y' ) *xa, < gméxa,,

m T+1
\/Zj_l(y“ —yhuj)? xa, < —5—Vmixa,.
We first show that

4.3) (K, — 1)xa, > =

3XQK

for all x > 3. Indeed, since [l_fgr /3] > k/3 by definition of 2,;, we have that

(k2. /31 ATE o
RV b GRS SR
j=1 i=k,

< > Whw)

G=TkS,/31+1

and thus kS, xa, > [kS,/3]xq, by definition, which proves the claim (4.3).

Proof of Theorem 2.2. We begin with an upper bound for kgp. For A, = ((1+1)/(7—1))?
one has

(4.4) kipxo, < Arkp,

To prove (4.4) we have to show that kzgp(m) <A, kgr for all m € N. This is clearly true for
all m € N with kgp(m) < kgr. Now consider m € N with kgp (m) > kgr. By the defining
relation of the discrepancy principle and the definition of kgr and xg it holds that

kgy

< )2
TVmdxa, \/Z] e (m) ) X,
—qyf )2
Vs oo e+ S0 e,
T+1
t )2
v [ )

IN

IN
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IN

T+1 k3,
Vmé + \/Z 1(y5 =yt u;)? xa,

T+1\F5 T+1

IN

kS, 6.
We obtain
+
\/7(5)(9 < —_— k“s 0= A,,—]Cgré

This together with the obvious inequality kgp(m) < m finishes the proof of the claim (4.4).
This shows the stability of the method in the sense that we do not stop too late. To finish
the proof, we have to show that we do not stop too early. We claim that

K3,
(4.5) > ) xa, < B0
J=k,+1

with B, = (37 + 1)?/4. To prove (4.5) let us consider m = k2, Then, by definition of the
discrepancy principle,

k(i
é > pr 3 4.2
kpoxa, > \/E j:kjp(kgr)ﬂ(y L uj)? X,
ké
> Y i — oyt w2
\/EJH( - LWt i) xa, \/E kﬁ)ﬂy Yt ui)? xa,
pr +1
¥ (yt, u;)2 _T 5
\/Z s oy Wh ) X0 = 5 Rl

By monotonicity and with the convention " j=m = 0form > n, we obtain
kS, kS, 3 )2
T+
Z (v uj)?xa, < Z (', uj)xe, < Tké 6% = B,k,8°
j=k§,+1 J=k§, (k) +1

and (4.5) is proven. We combine the two estimates (4.4) and (4.5) to give

1K (25— D) xe,

kdp
_Z y u] XQ + Z y UJ)QXQN
j= k‘; +1
kS, kS,
=> 0" =y u)’xa, + Z (y',u;)’xa, + Z (y',u;)’xa.
J=1 j=k,+1 j=k3,+1

ALkS
Z (y(S - yTauj)QXQ,; + Brkgr(SQXQ + Z y u] XQ,.

IN

Jj=1
3
(4.6) < (2(AT +1)+ BT) kgr(;?m
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On the other hand we have

ke, —1 o
1K (235 1 —2N)IPPxe. = D 0 =y u)xa.+ Y (0F w) e,
st j=ke,

| \/

2 1
3(kgr - 1)52XQ}{ 2 gkngQna

and also
5
or

HK(xigr - xT)HQ = 2(96 - yT7Uj)2XQK + Z (yT,Uj)QXQK

j=1 J=kg 1

>

[SCRN V)

/f 5st

Therefore Proposition 2.1 gives

L. 5 s
min | K (23 = 2")llxa, > Emm(HK(wkgr = a)I 1K (235 — 2l xe,

1
Z % kgréxgﬁ.

Together with (4.6) we obtain

1y —ah)lxa, < /304 +1) + Br \[kdxa, < C; puin K (e )],
ZN0

where

=V64/2(A- +1)+ B,.

Theorem 2.2 then follows with (4.2). 0
Proof of Theorem 2.4. We again resort to the event €2, from (4.1). Note that k% yq, >

kgr Xq, > 3k by Proposition 2.3. We start by showing the stability of the approach. We claim
that

Ko (y° —yTU) T+1 G
4.7 \/Z 11 2 T X X (k3 Sk} S T Z (‘TTa’Uj)QXQnX{kngkgt}'
J j:kgp

So assume that m > k;st with kdp( m) > kgt' Then we have
TVmdxq, < \/Ziké - (y5’uj)2
\/Za kgp(m) (07 =yl u)xa, +\/Z j=k3, (m) (y",u;)?
L+ 0 ) \/ D )
= vm xa, < - i 1\/Zjo_kgp(m)<ﬂ’”j)2'

Ok3, (m)

IN

IN
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Since obviously kgp(m) < m, we conclude that
VK
(4.8) ®y

whenever kj, > kJ. Then we have kj xa, > rkxq, > $kXxq, and by (4.8) it follows that

5
Zk‘ip (y° — o, uj) 7 +104/kap
=1 o2 P
J k

(xT7vj)2’

;1.6
J—kdp

y -y uj)? xa, <

T—I—l
] \/Zj=k3p (af,05)

This proves the assertion (4.7). We come to the approximation error. It holds that

2
¢z e,
)2
o \/E . kng (T, u;)? xa,
< — oyt w2
- ORs 1 (\/Z] ké +1 y uj \/Z] k31)+1 y Y 7u.7) )XQN

2

IN

pr

5, /KS. )2
3r+1 \/ Z —y',uy)
T+ XQ <\/> +1\/ j
2 k5—1
pr
\/ j= k:5 y U’J
37—1—1 3T-|—1

and consequently

o 2
\/Zj_k5 +1(xT7Uj) X

\/Z] k5 +1 .’ET,UJ-)Q X, + A )Zj:kgr(l'T’vj)Q
[(3T+1) S )2

3 kgt o0
(4.9) < \/;(37' + 1)( Zj:kgr(xmj)z + \/Zj_kgtﬂ(ﬁ, v;)? )

We put both estimations together to finish the proof. Note that it is easy to see from
Proposition 2.1 that

IA

(vavj)Qv

i—ko
J k2.

lgnm 22 — 2t||? > = max

N | =
N

>
7

(v —yhu)? &
oy S ),

Jj=1 J =k +1
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We treat the cases Icgp < k2, and kgp > k2, separately. First, by (4.7),

Hl'(]ia _xTHXQNX{k‘S >kS}

— gyt
d y y U]

< <\/Z ; +\/231 kS +1 E 1)2>XQ~X{k3pzk5

T+1 0 0

)2 )2

< (7__ 1\/Zj_kgp(ﬁ,1}j) + \/Zj—kjp-rl(ﬁ’v]) >XQRX{kgp>k§t}

T+ 1 o0 9
< ( — +1> ijk& (zt,v;)

st

T+1 o
( +1> (\/ (af s Uk, 2+\/ZJ K, +1 ’Uj)2>
T+1 + kgt
<\/§<T +1) (mm |22 — zf|| + Zj_ké (xT,vj)Q)

pr

Second, by (4.9),

s
||~Tkgp - 9UTHXQKX{kgp@gt

ko (y° —yl uy)? >
= (\/Zg‘—l o3 ’ Jr\/Zj—ké‘lp+1(”ﬂ’1’1’)2 X X kG, <kl}
k: e — 1 y —yT Ui
([T S
< V3 min [l28 — 2] + 33+1 S @t T, ()2
< Vapin et —afl 4y e e 0 (T, @ [T )
<V2 1—|—\/§(3T+1) min ||z§ — =] + Zkgt (zt,v;)2
= 8 keNg 'k a=kg, )
Thus the proof of Theorem 2.4 is finished with
1 3
1_1—5-1,1—1—\/;(37'4—1)). O

Proof of Corollary 1.1. This time we treat the cases kgp < kS, and kgp > k9, separately.
In the latter case, we obtain with (4.7) that

C, = ﬁmax(T
-

5
||%6 _xTHXQmX{ké >k3,

T+1
(71\/ZJ k5 .’,UT ’Uj \/ZJ k5 fL' 'U]) )XQ X{kd >k:
T+1 T+
< T )2 < . 5 _ .y
- <T—1+1>\/Zj_k§t+l($ 1 05) _\f2<T_1 +1) min [|zy — 27|
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For the former case, note that

K, ,
Z] k& +1( T?’U') XQn

ké
< § : 5 0 \2 § : st 5 ot a.)2
- O3, (\/ =k (kfc)+1(y 7uj) +\/ j:k§p+1(y y ’UJ) >XQ”
/1.8
< s+ T o s) < 3T VRS 5
ke, 2 2 o,

Then,

s
H%gp - xT\|XQKX{kgpgkgt

kgt (y6 B yT U ’)2 kgc 00
< E > T2 T oa.)2
- \/ R Zj:kiipﬂ(w P xac b2, )

1 kS 3 1 kS
< s L5 4 s L5+ v2 min ||z — 2|
2 O‘kgt 2 O s keNg )
VS,
=2r+1)—= 6—|—\[mm |z — zT].

kt

s

All we need to do to finish the proof is to control the strong oracle k%,. We will need the
following two estimates for £ € N and p > 0:

k k+1 k 4+ 2)1+p
Zj”ﬁ/ (o +1pdr< EFDT
1

=1 Lty
k k+1 El+p

Z]”E/ (x —1)Pdx > .

= 1 L+p

For any £ > 1 it holds that

k s k 1
( jzl Z/ g —62;;72 ]
L 4E]) zj:1<<y5 —yt ) = 8)/02"] 48 YR El(Z0uy)? — 1120
(k. 1/02)° - (k. 1/02)°
8+ 1) b 11/
(Z?:l 1/‘7j)
_ BOu+1)/e) ¥ 5
T /e (ko)
_ 80+ DCZ (1/@2q+ 1)) (k +2)*+!
=T e (L/(q + 1)ka1)2
8(va+1)Ca(g+1)*3%* 1 (y4+1)C,

2(2q +1) k ko

(4.10)

IN
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with
o 8CHg+ 1)
a7 2(2q+1)

Similar to k3, we define

k 00
) _ 1
k:gt = m1n{k20:52j2=202 > Z (.%‘T,Uj)Q}

J j=k+1
and set

(k2 /3] (k2 /3] (k2 /3]
S ST L SRR
ko ‘ o2 ‘ o2l = 2 o2
j=1 J j=1 J j=1 J

3K, 3k3, 3k2,

2 (y° -yl uy)? | X1

[ E e e T

j=1 J Jj=1"17 j=1"

Note that k%, > k?

ors f. Proposition 2.3. On xg it holds that
ks

3
ks, 5 5 7.0
(411) ?XQE(& < kstXQE§t -1< kstXQEét < 3kstXQl—c§t'
We show the claim (4.11). It holds that
KS./3 k5. /3 _ RS —
“f W -yl 3R ((k;im Sl )
— 32 Xa; =5 2 = "9 \ 1.5 2
j=1 % = A A = ¢
E,frl 1 o0 o’}
<62 3 < Z (zf,v)? < Z (zf,v)%,
e 3=[kS /3141

where we have used that o is monotonically decreasing in the second step, and that kS >
% > 3 in the third and in the last step. This shows that (k2 /3) Xa., < k2, — 1. For the second
k

st

claim we can assume without loss of generality that Z;is/w 41 (zf,v;)? > 0. Then we have
- st

3k 3k kS
st (y‘sfyf,u]) - S ﬁ tiX~ S 352 t i
2 Q-5 = 2 A0 s = 2
Jj=1 UJ Fst 2 j=1 O-J Fat 2 j=1 0]
3 o] (o]
2 2
> 5 Z (QCT,UJ') > Z ($ 7UJ) )
j=kS+1 j=3kS +1

and we deduce that k2, Xa,, < 3k%,. Now we are ready to finish the proof of Corollary 1.1, as

follows:
k&
62 st X6
O,
3‘[25 52 - gl+as2 ) 1+q
< 52 st ., . < 3]'{15 14+q., < st N
S gw XQE;st > cq( st) XQz’cgt =T, 3 XQE&t

st


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

52 T. JAHN
[%S./3] /31
91+(I62(1 _|_q)c st 1 91+q +q y W )2
SR D D TP AL LT z oy
q j—l 7 st st
9lta(1 )2 9l+a(1 C,
< +q q2z y u] < ( +q) 94 min Hmi_xTHQ'
Cq keNg

Putting all this together, we obtain

5
kagp - xTHXth XQ.

1 91+a(1 C
<max<\/§(”1 +1>,¢§+<2T+1> <+q)4> min [} — 7],
C keN

- q

and the proof follows with

P(XQ,;XQM) 21-Plxa.) - P(XQEO‘)

12 \/1 2 1)C
>1—max .9 e _ (a + )Cq,
T2 4+ 27 -3 VE K

where we used (4.2) with Proposition 2.5 and (4.10). ]

5. Numerical comparison. In this section we compare k3 with kf),; and k9, numeri-
cally. As examples, we take four model problems from the open-source MATLAB toolbox
“Regutools” [13], namely, phillips and deriv2 (mildly ill-posed), on the one hand, and
gravity and heat (severely ill-posed), on the other. They cover various settings and are
discretisations of the Volterra/Fredholm integral equations, which are solved by means of
either quadrature rules or Galerkin methods. Note that the problems behind deriv?2 (the
second derivative) and heat (the backwards heat equation) are also part of the recent numer-
ical survey [37]. The discretisation dimension for the examples is fixed at D = 5000. As
measurement noise, we choose Gaussian white noise, and the singular value decomposition is
determined numerically with the function csvd from the toolbox. The simulations are run for
noise levels § = 10°, 1072, 10~* and 10~°. The statistical quantities are computed by 1000
independent Monte Carlo samples. Similar to the numerical survey [37], we set 7 = 1.5 in the
definition of the discrepancy principle, and x = 4 in the definition of the balancing principle,
i.e., for the balancing principle we choose a §-independent fudge parameter. Note that for
k = 4 the probability p,; of a bad event from Example 3.2 is extremely small compared to that
for only 100 consecutive runs.

For comparison, we also calculated the (clearly inaccessible) optimal truncation level
kS := arg mingen ||z), — x7||. We express the sample mean of e, := ||z, — 2 || (where * =
dp, bal, es, opt) together with the estimated standard deviation in tabular form in Tables 5.1—
5.4. In Tables 5.5-5.8 we also present the statistics of the corresponding truncation levels
k? together with the optimal stopping time kopt = argmin ||z — z|| and the weak and
strong oracles k . and k2. Tt can be clearly seen that k5 and k‘spt are close to k:5 and kJ,,
respectively, in accordance with Proposition 2.1. Interestlngly, kgal tends to be close to k‘ ap
and hence kf)r instead of k. This is probably due to the comparatively large fudge parameter
k = 4. Choosing a substantially smaller fudge parameter , however, is less stable, and we
decided to stick to the choice from [37]. We also see that the error for k2, is quite large. From
Tables 5.5-5.8 it is not clear if this is due to very rare events, where one substantially stops
too late, or if there is a regular late stopping. We visualise the statistics of kgr as boxplots in
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Figure 5.1. While the median is relatively close to kgr, in a substantial part of all runs it stops
way too late. In one quarter of all runs, the stopping happens later than the corresponding index
of the upper border of the blue box. However, kJ, concentrates more and more as the noise
level decreases. This result indicates that the early stopping discrepancy principle is better
suited for comparably smaller noise levels. All in all the numerical experiments show that
the choice 7 = 1 for the early stopping discrepancy principle is probably too aggressive for
general linear problems violating the assumptions in [5]. Note that we observed in simulations
that adding a small fudge parameter in (3.3), e.g., 7 = 1.01, increases stability a lot for the
early stopping discrepancy principle and yields an error slightly larger than, but comparable
to, the other two methods, at least for the mildly ill-posed examples under small error levels.
Increasing the fudge parameter further improves stability, but at the cost of less accuracy.

Acknowledgements. Funded by the Deutsche Forschungsgemeinschaft under Germany’s
Excellence Strategy — GZ 2047/1, Projekt-ID 390685813. The author would like to thank
Professor Markus Reif3 for pointing out possible relations of the modified discrepancy principle
to Lepski’s method.

TABLE 5.1
Sample mean and standard deviation of e« for phillips.

) eaqp std(eap) evar  Std(eval) €es  std(ees) eopt  Std(eopt)

e0 | 1.0e0 (le-1) 1.1e0 (2e-1) 8.9e4 (4e5) 6.3e-1 (2e-1)
e-2|7.6e2 (le-3) 7.6e2 (le-3) 57e2 (2e3) 6.7¢e-2 (le-2)
e-4|13e2 (Be4d) 13e2 (3e4) 52¢0 (lel) 1.1e-2 (2e-3)
e-6[2.6e-3 (3e4) 293 (led4) 1l.le-l1 (3e-1) 1.7e-3 (2e-3)

TABLE 5.2
Sample mean and standard deviation of e for deriv2.

0 eqp std(eap) epvar  Std(eval) €es  std(ees) eopt  Std(eopt)

e0 | 8.3¢0 (3el) 1.8e0 0) 47¢5 (le6) 1.7¢0  (2e-1)
e-2| 1.0e0 (de-1) 9.5e-1 (8e-3) 3.2e3 (9e3) 8.5e-1 (8e-2)
e-4|4.7e-1 (le-2) 52e-1 (3e-2) 27el (6.0el) 4.le-1 (2e-2)
e-6|23e-1 (4e-3) 2.5e-1 (4e-3) 57e-1 (1e0) 2.0e-1 (5e-3)

TABLE 5.3
Sample mean and standard deviation of e« for gravity.

0 edqp std(eap) epvar  Std(eval) €es  Std(ees)  €opt  Std(eopt)

e0 | 4.6e0  (6e-1) 5.0e0 (8e-2) 5.2el15 (%l5) 3.2¢0  (6e-1)
e2(89-1 (2e-1) 95e-1 (2e-1) 4.0el3 (7el3) 658e-1 (le-1)
e-4|1.8e-1 (2e-3) 1.8e-1 (7e-3) S52ell  (9ell) 12e-1  (2e-2)
e-6|43e2 (le-3) 3.9e2 (6e-3) 3.8¢9  (8¢9) 2.5e-2  (4e-3)
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TABLE 5.4
Sample mean and standard deviation of e, for heat.

1) edqp std(eap) ebar std(epva) €es Std(ees) €opt  Std(eopt)

el | 1.7el (6e0) 1.7e1  (Se-1) 5.6e7 (4e8) 1.4el (1e0)
e-2| 480 (3e-1) 52e0 (5e-2) 1.1e5 (5¢5) 3.1e0  (5e-1)
e-4|64e-1 (7e-2) 7T.5e-1 (6e-2) 1.1e2 (4e2) 3.8e-1 (3e-2)
e-6|1.7e-1 (3e-3) 18e-1 (5e-3) 8.4del (6e2) 1.le-1 (8e-3)

TABLE 5.5
Sample mean and standard deviation of k« for phillips.

o ‘kdp std(kap) kbal std(kval) kes Std(Kes) Kops Std(kopt) kpr std(kpr) kst std(ks)

e0[33 (07) 29 (0.5 475 (637) 5 (06) 45 (08) 52 (0.5)
e2/ 7 () 7 (0 437 (53.8) 81 (12) 7 (0,1 94 (0.7
ed 12 (0) 12 (0) 485 (51.2) 159 (2 121 (0.6) 174 (1)
e-6[26.1 (1) 251 (04) 597 (603) 343 (33) 28 (1) 353 (1.2)

TABLE 5.6
Sample mean and standard deviation of ky« for deriv2.

0 ‘kdp std(kap) kbal std(kba) Kes Std(kes) Kopt Std(kopt) kpr std(kpr) kst std(kst)

€003 (05 0 (0 435 (72) 1.1 (©3) 1 (© 11 (03)
e213 (06) 1 (©) 39 (62) 32 (08 2 (07) 34 (08)
ed| 7 (05 46 (54) 486 (59.5) 124 (1.7) 87 (0.8) 146 (1.5)
e6/32 (1.1) 27 (1) 53 (38 53 (46) 39 (1.5 665 (3.2)

TABLE 5.7
Sample mean and standard deviation of k« for gravity.

0 [kap std(kap) Koar std(kbar) hes s (kes) Fopr std(kope) hpr std(kpr) ke std (k)

€043 (0.5) 4 (0.1) 447 (61) 59 (0.8) 42 (04) 57 (0.6)
e2(87 (0.5 85 (0.5 282 (47.1) 105 (0.8) 82 (04) 103 (0.6)
e4[13 (0.1) 13 (02) 486 (59.5) 149 (0.7) 127 (04) 147 (0.6)
e-6/17 (0.1) 174 (0.5) 437 49.4) 193 (0.7) 17  (0) 192 (0.6)

TABLE 5.8
Sample mean and standard deviation of ky« for heat.

0 ‘kdp std(kap) kbal std(kbal) kes std(kes) Kopt std(kopt) kpr std(kpr) kse std(kst)

0|15 (09 01 (03) 53 (66) 33 (08) 16 (0.6) 29 (0.9
e2(99 (08 9 (0.1) 41 (53) 17 (1) 94 (0.5 138 (0.8)
e4[26 (0.6) 25 (1.4) 48 (38) 32 (2) 241 (13) 294 (1)
e6/51 (04) 50 (05 72 42) 67 (2) 494 (09) 624 (L5)
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FIG. 5.1. Boxplots of the 100 realisations of kgs for decreasing noise level § and the different test problems:
upper left, phillips; upper right, deriv2; lower left, gravity; and lower right, heat. On each blue box,
the red bar indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively. Red crosses depict outliers, which are data points falling outside the blue box.
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