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Dictionary learning based regularization in quantitative MRI:
A nested alternating optimization framework

Guozhi Dong, Michael Hintermdiller, Clemens Sirotenko

ABSTRACT. In this article we propose a novel regularization method for a class of nonlinear inverse
problems that is inspired by an application in quantitative magnetic resonance imaging (MRI). It is a
special instance of a general dynamical image reconstruction problem with an underlying time dis-
crete physical model. Our regularization strategy is based on dictionary learning, a method that has
been proven to be effective in classical MRI. To address the resulting non-convex and non-smooth opti-
mization problem, we alternate between updating the physical parameters of interest via a Levenberg-
Marquardt approach and performing several iterations of a dictionary learning algorithm. This process
falls under the category of nested alternating optimization schemes. We develop a general such algo-
rithmic framework, integrated with the Levenberg-Marquardt method, of which the convergence theory
is not directly available from the literature. Global sub-linear and local strong linear convergence in
infinite dimensions under certain regularity conditions for the sub-differentials are investigated based
on the Kurdyka—tojasiewicz inequality. Eventually, numerical experiments demonstrate the practical
potential and unresolved challenges of the method.

1. INTRODUCTION

Magnetic Resonance Imaging (MRI) is a well-established, non-invasive medical imaging technique.
Mathematically, MRI involves solving an ill-posed inverse problem to reconstruct an image of a spe-
cific region of the body from noisy Fourier measurements. These measurements represent samples of
the spatial frequency content of the tissues’ magnetization. In classical MRI, the reconstructed image
primarily reflects contrast information, which is heavily influenced by the scanner modality and the spe-
cific sampling pattern used. Therefore recent progress in the field concentrates on the inference of real
biophysical parameters from these measurements. The methods developed to address this challenge
fall within the domain of quantitative magnetic resonance imaging (QMRI) (see [24, 17, 43], and for a
recent overview including data-driven reconstruction techniques, see [58]). One particularly success-
ful approach in this field is magnetic resonance fingerprinting (MRF) [43], which serves as the starting
point for this article. MRF is an advanced imaging technique that allows for the simultaneous quantifi-
cation of multiple tissue properties by acquiring highly undersampled magnetic resonance data. Unlike
traditional MRI methods, the method in [43] leverages a unique sequence design followed by a dictio-
nary matching process to map the biophysical parameters of interest. However, this two-step process
has two main disadvantages. First, it requires solving a highly undersampled, high-dimensional linear
inverse problem. Second, it relies on the use of a pre-simulated dictionary or database, which often
introduces noticeable discretization errors. Recently in [24, 57] and also [62] strategies that directly
use the underlying physical model associated with the Bloch equation [12] were proposed for the re-
construction process. This leads to a nonlinear inverse problem with given data, generated according
to

(1) f(; = F(utrue) + 777 Utrye S Uadu

where the goal is to find the physical parameters ;... of interest in some predefined set U,y C X,
which is a subset of some function space X. We only have access to the available measurements f5,
which are corrupted by noise 7 with an amplitude of § > 0. In section 2, we describe this nonlinear
inverse problem and the notation in detail and derive the properties, necessary for our analysis. Since
the Fourier data in MRF is usually highly undersampled, we have to apply regularization techniques
in order to obtain meaningful solutions without artifacts and amplified noise. For this purpose classical
variational methods that obtain an estimator by solving an often nonsmooth optimization problem such
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as

1
@ min S[[F(u) = £l x.cr) + AR()
are still of fundamental importance. Here usually R : X — R denotes a convex but often non-
smooth regularization term which encodes a-priori knowledge of the solution ... The regulariza-
tion parameter A > 0 balances the effect of the regularizer R and the so called data discrepancy
|F(u) — f°||r2q.ct)- Classical examples include the Total Variation (TV) regularization or sparse
regularization for a given basis. For TV regularization, we define R(u) = || Dul| s, where || Dul| pm
represents the Radon norm of the distributional gradient of an image u € BV (£2). For more details
and a rigorous mathematical description of these terms, refer to [55, 19, 8].In sparse regularization,
as discussed in [44, 56], it is assumed that the true image is sparse in some basis (¢, )neny C H for
a Hilbert space H. This assumption leads to the formulation of the regularizer:

R(u) = Y (w00} nl.
neN

Methods of this kind have been intensively studied during the past decades. We refer to [56, 39, 37, 28]
for classical textbooks. However, these approaches are too general, and have certain limitations to
specific applications. In particular in quantitative imaging, one aims for estimating precise parame-
ter values instead of the qualitative image contrast. Therefore one major drawback of the universal
regularizers in this case is that they often introduce systematic biases into the solution, e.g. the TV
regularizer may compress the function values. The second limitation is that they rely entirely on simple
a-priori assumptions, such as sparsity of wavelets or Fourier coefficients. These assumptions, while
useful in practice, can be too restrictive and may not fully capture the complexity and structure of
the data. In many real-world scenarios, data contains hidden patterns or correlations that cannot be
easily modeled by handcrafted basis functions. To address this, researchers have been increasingly
interested in developing data-driven approaches, such as learning regularizers from the data itself,
see [5] for an overview. While many of these approaches have practically outperformed the classical
methods in (2), they often come at the price of limited interpretability and robustness. The former is
often encountered in neural network based approaches, while in the latter case small changes in f(s
or hyper-parameters in the algorithm may lead to large changes in the reconstruction, cf. [30, 3]. In
this work, we try to balance the interpretability and the usage of training data via dictionary learning
which has been applied very successfully to imaging and in particular qualitative MRI applications in
[49, 50, 52]. In subsection 2.3 we will describe dictionary learning regularization in detail. In general,
the approach works on patches that are cut out of the image u and tries to solve the inverse problem
simultaneously while decomposing every patch into a product of an unknown joint dictionary D € D
and sparse coefficients C' € C with some predefined sets of matrices D, C. Eventually we will end up
with a non convex and non smooth optimization problem

: 1 5112 o 2
wp ot e J(u,D,C) = §||F(U) — I lz2@cny + §||VUHL2(Q)

1
@ #2(31Pu=DCI + SlCl ).

Here, P extracts patches from the image u, vectorizes them, and assembles them into a large matrix.
Additionally, A, , 5 > 0 represent parameters (see subsection 2.3 for details on the notation).
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Problems like (3) are typically solved using alternating optimization techniques, following the general
pattern outlined below:

Initialize with g, Dy, Cy € Uyq X D x C.
Fork=0,1,...do
1. Update physical parameter u; by a complex update procedure.
2. Make one (computationally cheap) update step for the dictionary Dy.

3. Make one (computationally cheap) update step for the sparse coefficients C.
4. Gobackto 1.

However, this approach might be suboptimal in some cases. To understand why, consider solving the
problem

) 1

min —

DeD,CeC 2

which is typically done by alternating between update steps for D and C'. In this process, we effec-

tively denoise every patch Pu. As a result, the dictionary learning process alone can be viewed as a

powerful denoiser. However, when only one update step is applied to D and C, this denoising effect

may not be strong enough. A natural improvement, therefore, is to perform multiple updates of ) and

C before updating the actual physical parameter of interest, i.e. u. This leads directly to the concept of

nested optimization schemes, where a nested inner loop is used to solve the dictionary learning prob-
lem more thoroughly, up to near stationarity. The nested scheme can be formally stated as follows:

IDC = Pullz + BIClh,

Initialize with ug, Do, Cy € Uyq X D x C.
Fork=0,1,...do

1. Update u; by a complex update procedure.

2. Forj = 1,2, ... do until some stopping criterion is satisfied
j1. Make one (computationally cheap) update step for the dictionary Dy,.
j2. Make one (computationally cheap) update step for the sparse coefficients Cy,.
j3. Go back to j1.

4. Go backto 1.

In section 3 we will describe the nested optimization algorithm in detail and investigate its conver-
gence to stationary points of the objective function introduced in subsection 2.3. We present a global
convergence analysis that leads to classical sublinear convergence rates and investigate local strong
convergence under the framework of the Kurdyka—tojasiewicz (KL) inequality. For further details on
the KL inequality, see also [13, 6, 7]. The one-step procedure can be examined using the convergence
framework proposed in [29], which generalizes the approach introduced in [7]. Though, the nested
scheme outlined above does not satisfy the necessary descent condition with respect to all vari-
ables (u, D, C'). Recently, nested optimization techniques have been studied in the finite-dimensional
setting [33, 34], demonstrating superior empirical performance compared to the one-step approach.
However their framework does only allow for functions that are strongly convex in the nested direction.
Moreover, these works assume that the KL inequality holds at every point of the objective, a condition
that is challenging to verify in infinite-dimensional problems.

Contributions. Here we briefly summarize the contributions of the article.

B We present a regularization strategy based on orthogonal dictionary learning for the nonlinear
inverse problem of gMRI, as introduced in section 2. This method strikes a balance between low
contrast bias, data adaptivity, and interpretability. To the best of the authors knowledge, the only
comparable approach in the literature is found in [40], where dictionary learning is combined with
a slightly different signal model for gMRI. Their focus is on the reconstruction of the relaxivity
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parameter R; := 1/T) and my , see section 2 for the terminology. However, convergence
theory is not addressed in their study.

B We address the resulting nonconvex and nonsmooth optimization problem using a nested opti-
mization algorithm, inspired by [33, 34], but under different assumptions and with the u-variable
in an infinite-dimensional space. Our problem does not fit within the framework of [34], as it
lacks the partial strong convexity required there, and we do not assume that the entire objective
satisfies the KL-inequality. Furthermore, while our nested update steps are more general, our
conclusions are also somewhat weaker, as we do not achieve global strong convergence. It is
worth noting the large body of recent work on block alternating optimization strategies, such
as [7, 15, 48]. These approaches typically rely on the KL inequality in finite-dimensional set-
tings and often require solving a global optimization problem in each update direction. Neither
of these assumptions holds in our framework.

2. DICTIONARY LEARNING BASED REGULARIZATION FOR QUANTITATIVE MRI

We will only outline very briefly the fundamental ideas of the signal generation process in MRI. For
a more detailed account we refer to classical textbooks such as [17, 42, 59] and for related research
papers to [23] and [24]. We will follow mostly the presentation in [24].

2.1. Brief introduction to the physics of qMRI. In MRI, the source of contrast in an image 2 C R?
arises from the dynamics of magnetic moments within a slice of the patient’s body located at = € €.
These magnetic moments evolve under the influence of an externally controlled magnetic field B(¢, x),
where t € [0, T] denotes time. The evolution of the magnetic moment m : [0,7] x Q — R?is
commonly modeled by the Bloch equations which is given by

ma(t, )/ To(x) 0
om(x,t) =m(t,x) X yB(t,z) — ma(t, x)/To(x) , m(0,z) = 0
(ms(t, x) — meg)/T1 () mo(x)

Here, v > 0 represents the gyromagnetic ratio, while 77,75 : {2 — R denote the relaxation times,
describing how quickly the three-dimensional magnetic moments relax back to the equilibrium state
Meg € IR? after being excited by the external magnetic field B(t, x). The magnetic field often consists
of three parts
B(tv {B) = BO(‘r) + Bl(tv {E) + (07 0, G(t) ) x)T'

Here By(z) denotes a very strong constant magnetic field that points into the positive z direction.
By (t, ) is only applied for a very short time and excites the magnetic moment away from the equi-
librium such that a transversal component of the magnetization occurs. It is also called RF-pulse. The
time between to consecutive pulses is called repetition time (TR). G(t) is called gradient-field and is
used for spatial frequency encoding. Under suitable assumptions one can show that the signal, that is
measured at a receiver coil in a very short time after an RF-pule is applied and turned off immediately
can be approximately described by

S(t)%/p(x)mu(t,x)eifOtG(T)'xdea:,
Q

where we introduced the notation mys(t,x) = my(t,x) + imo(t,z) € C and further physical
quantity, the proton-spin density p : {2 — R that is commonly interpreted as the local density of (pre-
dominately) hydrogen protons or “spins” located at x € (). Consequently, in theory the measurement
process can be modeled by a composition of the nonlinear solution operator of the Bloch-equation and
the Fourier-transform

S(t) ~ F (p() mas(t, ) ( / G(r) dr)
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At the echo time ¢ = T'E/, measurements are taken, and by manipulating the gradient field t — G(%),
different frequencies can be sampled. In Cartesian sampling, the frequencies in two dimensions are
collected along parallel lines, with one full line being sampled between two consecutive pulses; see
[17] for a comprehensive overview of MRI physics and its practical applications. In classical MR, after
each pulse, the scanner must wait until the magnetization m approximately returns to the equilibrium
state m., before the next RF pulse can be applied. Due to resulting time constraints and the potential
for motion artifacts, only a subset of frequencies in the Fourier space (also called k-space) can be
sampled. We assume that the measured signal at echo time yrg = p(-)mi2(TE, -) remains con-
stant during the measurement process. The image yrg is then reconstructed by inverting the sub
sampled Fourier transform of the acquired data. Note that by sampling only a single image yrg, the
information about the underlying physical parameters, namely T} (x), T5(z), and p(z), is lost, and
only contrast information can be obtained. This means that while the image captures variations in
signal intensity, it does not allow for direct estimation of the tissue-specific relaxation times or proton
density that contribute to the signal.

In gMRI, the goal is not to recover a single image yrg but to estimate the underlying spatially de-
pended physical parameters of the Bloch equation:

z — u(z) = (Ti(z), Ta(x), p(x))",

which we will model as an element in L?(Q2, R?) in the forthcoming sections. Magnetic Resonance
Fingerprinting (MRF) is a recent and particularly effective technique in gMRI. The idea is to collect not
just one, but a sequence of highly under sampled images with a very short repetition time:

v = p(-)ma(t,r) t=1,...,L

The number of collected images is denoted by L. € N and typically ranges between 100 and 1000 in
practical applications. Here it is assumed that the data needed to form a full image is acquired at each
time point. Crucially, there is no need to wait for the magnetization to return to equilibrium between
pulses. In the pioneering work [43], the authors employed an Inversion Recovery Steady-State Free
Precession (IR-SSFP) sequence. Using this protocol, the solution to the Bloch equations at echo times
indexed by k = 1, ..., L can be approximated by a discrete dynamical system, cf. [43, 17], given by

@ e (T(2)) = By(T(2)) Rlas)mi(T(@)) + bu(T(@)), mo(z) € B,
where we used the notation T(x) = (T} (x), T>(x)). The matrix R(«) is an orthogonal rotation matrix
depending on the Flip angle ay, € (0,27) and Ej, : R? — R3*3 b, : R — R? are given by
_ TRy
exp( T2 ) OTR 0 TR, 0
Ex(T) = 0 exp(—-3%) 0 , b(T)=|1—exp|— L
0 0 exp(— k) !

T

1

for T = (T}, T3) € R2>o and repetition times TR, ..., TRy, which are specified by the scanning
protocol.

Remark 2.1. Note that E), : R, — R**® and b, : R2, — R? are only well-defined for elements
Ty, T, > 0. However the extension to R? is obvious. We define

Eu(T) = lim E(T,) be(T) = lim by(T,,),
n—oo n—o0
where T, € (0,400)* for everyn € N and T,, — projg ;)2(T) as n — oo. One can easily
check that this extension is well defined and does not depend on the choice of the sequence (T},),.

Additionally, in this way we extended E, and b;, to C*°-functions that are defined everywhere on R2.
We will from now on assume that E,, and b, are defined everywhere and are smooth.

DOI 10.20347/WIAS.PREPRINT.3135 Berlin 2024
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2.2. The inverse problem of gMRI and its mathematical properties. Using the time-discrete dy-
namical system in (4), we are able to write the whole data generating process, which maps the true
physical parameter tyue = (Piruc, T1true, Totrue) € L2(Q,R3) to the data f° € L?(£2, C), that is
measured at the receiver coil, as a single equation. This equation, also known as forward equation or
forward model reads

(5) f6 = F(utrue) + 1, ||77||L2(Q,CL) < 5a

where ) € L?(£2, CL) is complex noise and § > 0 the noise level. We also made use of the forward
operator

(6) F:L*(Q,R?) — L*(Q,CY), wuws [SyFol(u)y,...,SLF oll(u)L).

In (8), the sequence Si,...,Sr : L*(Q,C) — L*(Q, C) denote a number of sampling operators
that cut out the desired frequencies that are actually sampled and the operator II : Lz(Q, ]R3) —
L*(), CL) maps the physical parameter u = (p, T}, Ty) € L*(€2, R?) to the transversal component
of the time discrete magnetization process described by the dynamical system (4), i.e.

(7) (u)(z) = p(x)[(maa(Ti(2), Ta(x))1, - -, (Maa(Ty (), Ta(x))) ]
The inverse problem of gMRI is then to measure noisy data f° € L2(2, C) and to find a good
approximation of u;,,... We also refer to [24] for a detailed account on this setup.

Remark 2.2 (Representation as a superposition operator). Note that the operator above Il : L> (Q, R?’) —
L? (Q, CL) can be conveniently represented as a superposition operator using the function

(8) m:R* = C' 7(u) = pl(maa(Th, To)r, - - -, (maa(Th, T2)) )"

In the equation above, the function Tt takes as input the arguments u = (p, Ty, T,) € R3, indicating
that it operates in a pixel-wise manner. For a detailed discussion on the superposition operator, we
refer to [31, 4].

Many properties of the function 7 will carry over to the associated superposition operator II. Hence
we start our analysis by collecting some differentiability and stability properties the mapping 7 in the
following theorem. As usual we will make use of the notation £*(X,Y") for the space of k-linear
and bounded operators between two Banach spaces, X and Y. The first and second order Frechet
derivatives for a function f : X — Y atx € X are denoted by f'(z) € L(X,Y) and f"(z) €
L*(X,Y). Moreover we make use of the norm || f||c(x,v) = sup,cx || f(x)|]y for a continuous and
bounded function f : X — Y. For the sake of readability, we will again write T = (T}, T3) € R2.

Theorem 2.3 (Properties of the pointwise solution map). Let 7 : R® — C* andm : R? — R3*L pe
defined as in (8). Then the following statements hold

(i) (Differentiability) The mappings 7 : R? — CL and m : R? — R3*L infinitely differentiable.
(i) (Boundedness) There is a constant C' = C(L, mgy) > 0 such that the following bounds hold
true

HmHC(R{Rst) S C Hmll‘c(R{E(RQ,RBXL) S C Hm”|’0(R27£2(R27R3><L) S C

(iii) (Lipschitz-properties) Denote u; = (p;, T;) fori = 1,2. If |p;|) < b fori = 1,2 and some real
number b > 0, then we find a constant L = L(b) > 0 that depends on b, such that

|7 (ur) — m(ua)ll2 < Lyflur — us2
|7 (ur) — 7' (u2) | crs ey < Lollur — usall
(iv) (Stability) There is a constant C'y > 0 such that

9) [7(u1) — w(uz)lla > Cillur — ual
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Proof. Note that (i) is a direct consequence of the corresponding properties of £, and b;,. Let us prove
(ii). For this purpose we first investigate the properties of the time discrete magnetization m : R? —
R3L. The Fréchet derivatives of m are computed iteratively using the chain rule and the sum rule. For
directions h, hy, hy € R3, we obtain

(10) My 41(T) = Ex(T) Rpmy(T) + by (T),
(11) My 1 (T)[h] = B (T)[A] Ry - mi(T) + Ex(T) Ry - mi (T)[R] + b, (T)[R],
i1 (T)[ha, ho] = B (T)[hy, ho] Ry, - my(T) + Ey(T)[ha] Ry - my,(T) o]

+ Ei(T)[ho] R - mip(T) [ha] + E(T) Ry - mig(T) [ha, Do
(12) + b (T) [, ho).
Since Ry, : R* — RR? are rotation matrices, we have || Ry s gy = 1. From (10) we directly see
that
M1 (T)ll2 < 1 Ek(T) || craxs) [mu(T) 2 + [|bx(T) |2 < Cllmy(T) |2 + .

For constants b, C' > 0 that are uniformly bounded in k. Here we used the boundedness of the
function ¢ — exp(—1/t) on R. Hence it is easy to infer by iterating over all k that ||m(T)||gsxz < C
for some uniform constant C' > 0 by induction. Similarly, using (11), we show for ||h||s = 1 that

[m41 (T)[All2 < (| ER(T)[R]12C + [|ER(T)l| cirexs) [mi(T) || cre ey + [104(T) | e vy
< Clhl|2C + || Ex(T) || cmexs) llmi (T) || crs ra) + (105 (T) || 2o,z

From the definition of I, by, one easily infers that || £, (T)|| o(rs rax3) < C, || ER(T)||zmaxsy < C
and [0}, (T)|| z(rs,rsy < C for a generic constant C' > 0. Thus, by induction ||’ || ;(gs sxzy < C by
a possibly larger constant C' > (. Exactly the same argumentation applies to show that

HmH(T)HL_‘,Q(RS,RSxL) S C

forall T € R? by making again C' > 0 larger. This proves (ii). In order to see (7ii) we note that by the
mean value theorem, which guarantees the existence of a constant L,,, > 0 such that

[m(T1) = m(T2)[l2 = || < L[|T1 — T2,
Im/(T1) — m/(Ta) || crs goxry < Lin||T1 — Tallo.
Hence, we have shown the Lipschitz continuity of 7 and 7. Consequently we obtain:
7 (u1) — m(uz)ll2 = [|p1m(T1) — porn(T2)||2
< |p1 = p2l[m(T1)|[2 + |p2[[[m(T1) — m(T2)|l
< lur — uz||2C + bLy[|ur — ualf2.

The latter estimate proves the Lipschitz continuity of 7 as desired. Similarly, we obtain for a direction
h = (h,, ht) € R? that
(7" (ur) = 7' (uz))[]ll2 < [[hpm(T1) — hym(T2)|2 + [|prm/(T1)[hr] — pem (T2) [hx]|l2
< [hpl[m(T1) = m(T2) |2 + |1 = pol[lm/(T1) l2[| b |
+ [p2| | (m/(T1) — m/(T2)) [hr]]l2
< ||AllaLinllur = uzl2 + lur — weol[2C||Al2
+ 0L [lur — uall2||Rl
< (Lin + C+ L) |l — wall2[|]]2,

which proves eventually the Lipschitz continuity in (iii) for L, = (L, + C' + bL,,). U
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Note that in particular (9) guarantees that the parameters u can be in principle identified from complete
measurements. The next theorem establishes properties of the corresponding superposition operator
in (7) using the theory, which is developed in [31].

Theorem 2.4 (Properties of the solution operator). Consider the map m : R?* — C¥ for a bounded do-
main €2 C R™ with Lipschitz boundary. Then the corresponding superposition operator, or the solution
operator of the time discrete Bloch equation, introduced in (7), satisfies the following properties:

(i) The operator I1 maps all of LP(Q2, R?) into all of L4 (2, CL) for exponents 1 < p < q < 0.
(i) (Frechet-differentiability) The operator is Frechet differentiable as a mapping between the spaces
IT: LP(Q,R3) — L?(Q, CL) forp > 4. The Frechet-derivative is given by

(13) I : LP(Q)) — L(LP(Q), L*(R)) DIL(u)[h](z) = 7' (u(z))h(z) forp > 4.

(i) (2nd order Frechet-differentiability) The operator 11 is two times Frechet differentiable as a map-
ping between the spaces 11 : LP(Q,R?) — L?*(Q),CL) forp > 6. The 2nd order Frechet-
derivative is given by

(14) I": LP(Q) — L(LP(Q), L*(Q)) 1" (u) [, ho](z) = 7"(u(@))ha()ha(z) forp > 6.

Proof. We employ the theory on abstract superposition operators developed in [31] and make use of
the notation u = (p, T) € R? as above. For (i) we have to verify the growth condition

2
[m(u)ll2 < ¢+ cllully

forallu € R3 some ¢ > 0. Since 7(u) = p-mq2(T) we directly obtain || (u)||2 = |p|||m12(T)|2 <
||u|l2]|m(T)||2 and consequently the assertion (i). For (i) we recall [31, Theorem 7]. For the contin-
uous F-differentiability of IT we have to verify that the mapping u — 7’(u(-)) is continuous as a
mapping from LP(Q, R3) to L"(Q, L(R?,CL)) for r = pq/(p — q). This can be shown by verifying
again the growth condition ;

17" (W)l ws,cry < €+ cllull
for all u € R? and some ¢ > 0. Since |7’ (u)[h]||2 = [|h,m(T) + pm/(T)[hz]|l2 < |h,|[[m(T)|| +
|plllm’ (T)]|2||~r||2 again for a direction h = (h,, ht) € R3. By the boundedness of m(T) and
m/(T) we obtain ||7(u)[h]|l2 < (¢ + c|lul|2)||R||2 for some ¢ > 0 as desired. Since p/r = (p —
q)/q = 1 for p = 4 and ¢ = 2 the statement follows. In order to show (iii) we invoke theorem 9 of
[31]. Completely analogous to (ii) we have to show that u — 7" (u(-)) is continuous as a mapping
from LP(Q, R?) to L*(Q, L2(R3, CL)) for s = pq/(p — 2q), which again can be done by verifying
the growth condition

S

2

7" ()|l 2 (s cry < e+ cllu
for all u € R and some other ¢ > 0 as above. Calculating
" (u)[h', h*] = hom!(T)[hg] + hym!(T)[hz] + pm” (T)[hy, by
yields indeed the growth condition || (u)[h', R?]||2 < (c + c||ull2)||h!||2]| 2|2 for all A, h? € R?

with decomposition h* = (h!, hi;). Hence the growtk:condition is satisfied for p/s = 1 from which
wegetl =p/s=(p—2q)/q = (p—4)/2using ¢ = 2. Hence for p > 6 the growth-condition is

satisfied, and second order Frechet-differentiability holds. 0]

2.3. Regularization by dictionary learning. The core idea behind dictionary learning is to identify
a representation system or basis directly from the data, rather than relying on predefined bases like
wavelets, polynomials or Fourier basis. However, learning a basis for a whole discrete image involves
a large number of degrees of freedom, making the learning process complex and prone to overfitting.
To mitigate this, a common approach is to restrict the learning process to small image patches rather
than the entire image. These patches are extracted from the discretized image, which helps reduce
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Dictionary learning based regularization in quantitative MRI 9

the complexity while still capturing local image structures. Let us briefly outline how dictionary learning
is used to regularize linear inverse problems before incorporating it into our nonlinear model (5). The
pioneering approach in [2] used dictionary learning in a two-step procedure. In the first step, the goal
is to decompose a data matrix X, containing lots of clean image patches, into a rather small dictionary
D € D of basis elements and corresponding sparse representations C' € C by solving the problem

) 1
(15) min —

o 2
,min_ S[DC = X+ |l

Here we made use of the Frobenious norm || - || 7. The set D of admissible dictionaries is often defined
to prevent multiple solutions arising from rescaling, e.g. by choosing D to be the set of matrices with
normalized columns or the set of orthonormal matrices. On the other hand, the set C that defines the
space for the sparse coefficients is usually the entire space. The matrix X = [p1, ..., py] typically
contains a large number N of vectorized image patches p; € R¥, where each patch p; represents
a small region of an image. The matrix D € D C RX*M contains the dictionary elements, with
D = [p1,...,¢n] consisting of columns ¢; € RE, each of which corresponds to a learned basis
vector or &tomin the dictionary. If the number of dictionary elements M exceeds the patch dimension
K (i.e., M > K), the dictionary is called overcomplete. The main assumption behind dictionary
learning is that clean image patches can be well represented using only a few dictionary elements,
meaning that

M
(16) P = Z (p;ci; for certain coefficients c;; € RM with ||c;|lo < M,
Jj=t

where ||c||o denotes the number of nonzero entries of a vector c. Writing (16) in a vector matrix no-
tation, we obtain X = D(' with a sparse matrix C'. Once the factorization is completed, the second
step involves using these learned dictionary atoms to find an estimate of Uy € LQ(Q) from mea-
surements f° = F(u) + n by solving a problem of the type

A
. 9112 h 2
(17) st NE () = Nz + 5 (IPD"u — DC|1% + BIICllo)

where D" : L*(Q) — R” is a not further specified discretization operator. The two step approach
in (17) has been successfully applied to several linear inverse problems during the past decade, cf.
[5] and the references in the corresponding section. It has been recognized recently, [50, 49] that
very good results can also be obtained by learning the dictionary while reconstructing the image. This
approach combines the tasks of dictionary learning and image reconstruction into a single optimization
framework, allowing both processes to inform and to enhance each other. This idea leads to the
following optimization problem:

A
(18) 1F(w) = 72 + 5 (I1PD"u = DO + [ Cllo)

min
uel?(Q),DeD,CeC
not discussing issues related to infinite dimensionality or the existence of solutions here. In [52, 51, 53]
the approach in (18) has been further developed and successfully applied to the linear inverse problem
of MRI, i.e. where ' = S o JF with an undersampling operator .S and the Fourier transform F. This
resulted in a number of interpretable, robust, and data-adaptive regularization methods, see also [53]
for an overview. Additionally, these methods appear to significantly reduce the contrast bias typically
introduced by methods of the type (2).To address issues concerning the existence of solutions, we
introduce a small strongly convex term ||V||%2(Q). Additionally, to ensure the problem remains contin-
uous, we replace the || - ||o-seminorm with the convex and continuous ¢;-norm. This relaxation is a
standard approach in the field of compressed sensing, as discussed in [?]. We eventually end up with
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Dong et. al. 10

the following dictionary regularized gMRI problem, which we aim to solve in the following sections:
(Fo)

, 1
min -
(4,D,C)EUqqx DXREXM 2

«Q A
1F(u) = fll 72000y + §|!VU|!%2(Q) +3 (IPD"u — DC|% + BIICl)

Let us briefly fix the termininology in (/)
Assumption 2.5 (On the gMRI problem). We consider the following assumptions for problem (F;):

Q1. The space of admissible parameters is H} (Q, R3) where Q) = [0, 1]? for simplicity.
Q2. The set of admissible parameters is given by

Ua = {u € Hy(Q,R?) :a < wuy(x) <b forae x €N}
Q3. Leth = 1/N forsome N € N. The discretization space U" is given by
UN = span{N’ngi_’j Q—=>R|i,j=1,...,N},

where every (); ; C Qs definedas 2, ; = (i—1,7—1)+[0,1/N]| x [0, 1/N]. The discretiza-
tion (projection) operator D" : L?(Q2) — U, for the meshsize h = 1/N is consequently
defined separately on every patch as

1
h
D)k, = 5 [ ulo)de
ij
Q4. The forward operator F : H} (2, R?) is given by (6).
Q5. For the space of admissible matrices we choose D = Oy, := {M € REXK . MTM = T},
which is also called Stiefel-Manifold, see [1]. The space of admissible Matrices is C = R¥*N .

Remark 2.6 (Choice of the dictionary space). We select the space of orthogonal matrices as the
Ansatz space for the dictionary due to its ability to enable simple and fast update steps, while still
maintaining good reconstruction quality. Various extensions can be introduced to incorporate more
complex and sophisticated models, as proposed, for example, in [53] for linear inverse problems.

3. A NESTED LEVENBERG-MARQUARDT TYPE OPTIMIZATION ALGORITHM

The goal in this section is to derive an optimization algorithm in order to find stationary points of the
objective function (/) introduced in the previous section. However, in order to keep the presentation
simple, we will only analyse the problem for the reconstruction of a single © &€ H&(Q), instead of
using the space H; ({2, R?). The convergence analysis is the same. The Hilbert space H} () will
be equipped with the inner product (u, v) g1 () = (U, V) 12(0) + (Vu, V) 12(q), which is equivalent
to <u,v>H3(Q) = (Vu, Vu) 2 by the Poincaré inequality, cf. [8]. For regularization parameters
a, A > 0, we consider the following class of optimization problems on the space X := H&(Q) X Z,
where Z is a finite-dimensional abstract Hilbert space that is not further specified.

(F1)

) 1 Q
i ) = )= P oy 5 IV 2R ()4 T ()4 o)

During the analysis we will also use the notations
o a 1 o}
(19) Fo(u) = fu) + SIVulliag = SIF W) = Flliaqer + 51 Vullzaq).
2 2 @ 7 9
Moreover, make the following assumptions for the abstract problem in (/).

Assumption 3.1 (Assumption on the problem class (/°;)). For the problem class (F,), we make the
following assumptions.
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B2.) The function F : LP(Q) — L*(Q2, C¥) is two times continuously Frechet-differentiable and the
Frechet-derivatives at the point u € LP(S)) are denoted by D*F (u) € LF(LP(Q), L*(Q)) for
k = 1,2. The whole objective J : H}(S)) x Z is assumed continuous on dom(.J).

B3.) The set of admissible parameters U, has the form

Upa = {u € HY(Q) | a < u(x) < b for almost every (a.e.)x € )},

for some positive real numbers 0 < a < b.
B4.) The space Z is a finite dimensional Hilbert space and the function h : X — R satisfies:
H1.) h is bounded from below, proper and twice continuously differentiable on L*(§)) x Z.
H2.) u — h(u, z) is convex for every element z € Z.
H3.) The gradient uw — ¥ ,h(u, z) is Lipschitz-continuous, and there is a uniform bound
C' > 0 on the Lipschitz constants, i.e

IV.h(ur, 2) = Vih(uz, 2)| 2 < Lo,n.ollun — vl gy g,

with Ly, p(.»y < C forall z € Z.
B5.) The function Ry : Hj(Q2) — R is proper, lower semi-continuous and convex. The function
Ry : Z — R is proper, lower semi-continuous and coercive on Z, i.e. ||z|z — oo implies
Ry(2) — oo. Note that Ry will be usually non convex.

It is clear, that the dictionary learning regularized problem in (F)) is a specific case of the problem class
presented in (P) for the choice h(u, z) = ||PD"u — DC||pand Z = (D, C) € REF*K x RFXN
and Ry(D, C) = Zp,. (D) + B||C|};- Let us briefly investigate existence of solutions.

Theorem 3.2 (Existence of solutions for (/;)). Let the statements under 3.1 hold true. Then Problem
(Py) has a solution (u*, 2*) € Uyg X Z.

Proof. We use the direct method of calculus of variation. Let (u,, z,), be an infimizing sequence,
which exists since J is bounded from below. We observe, that (||Vu,||12), is bounded by the defini-
tion of J. Hence, by the Poincaré inequality, cf [8], we infer also the boundedness of (||unHH3(Q))n
Using the coercivity of Ry we also obtain the boundedness of (||z,||z)». Therefore there exists a
subsequence which (after relabeling) converges to some element (u*, z*) strongly in LQ(Q) X Z due
to the compact embedding H; () < L?(2). As the set U, is sequentially closed in the strong
L?(2)-topology and the mapping F' : L*(2) — L*(f2) is continuous, we infer by classical lower
semicontinuity arguments that (u*, z*) is a global solution of (7). O

3.1. The algorithm and its global convergence analysis. Let us now consider the optimization
scheme for finding stationary points of (/). However, before stating the algorithm, we must clarify
what we mean by stationarity.

Mathematical preliminaries. Let us briefly recall the mathematical setup needed for the analysis of non
smooth and non differentiable optimization problems. For a comprehensive account, we refer to the
monographs [45, 54]. Fur our purpose we will just follow the presentation in [29]. Let us consider a
function f : H — R, which is proper and lower semi-continuous and defined on a Hilbert space
H with dual space H* = L(H,R). We first need a suitable notion of derivative in the nons mooth
setting.

Definition 3.3 (Subdifferentials). Letz € dom(f) and f : H — R closed and proper.

(iy We call an element p € H* Frechet-subgradient at z € dom( f), if
g L@ = f@) = Py — 2)u-

> 0.
ya s Ty =l
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The set of Frechet-subgradients at x is called Frechet-subdifferential and is denoted by 0 f(z).
Ifx ¢ dom(f), wesetdf(x) = 0.
(i) We call an element p € H* (limiting)-subgradient at z € dom(f), if there exists sequences

(k) ken and (px)ken Such that py, € 5f(xk) forevery k and x;, — x andp;, — p ask — oc.
As before we define 0f (x) = 0 ifz ¢ dom(f).

We call an element z € H a stationary point of f if
0 € df(x).

For the special structure in this work, it is important to calculate subdifferentials of functions that are
defined on a Cartesian product spaces and allow a composition into a differentiable and a non-smooth
term.

Theorem 3.4 (Chain rule, [45, Proposition 1.107]). The following two calculus rules hold true:

(i) Let f(z) = g(x) + h(x) forg,h : H — R proper and closed. If in addition g is continuously
differentiable in a neighbourhood of x € dom( f), then

Of(z) = Vg(z) + Oh(x).

(i) If f: Hy x Hy — R is defined on a Cartesian product of two Hilbert spaces Hy, Hy and has
the structure f(x1,x2) = fi(x1) + fo(xs) for f; : H; — R proper and closed, then

8f(x1,x2) = afl(l’l) X 8f2(:1:2)

Consequently, we may compute the subdifferential of the objective J : H&(Q) x Z — R defined in
(Py) as:
0J(u, z) = {Vf¥u) + A\Vyh(u, z) + ARy (u), A\V h(u, 2) + A\ORa(2)} .

To measure the distance to stationarity, we will also need the notion of the lazy slope, defined as

dist(0,0f(x)) := inf ..
0.0f(z)) = inf ol

While always finite, there might be situations where the infimum is not attained. The next lemma is of
fundamental importance if we want to show that the limit of a sequence of almost stationary points is
a stationary point. Before we state the result, let us recall, that a sequence (1 )ren converges in the

f-attentive sense to z* € H if xy, — z* and f(xz)) — f(x*). We write Jy 2% in this case.

Lemma 3.5 (Stationarity of the limit). Letx;, € H for every k € N and assume that the follow holds
true

v B ut and dist(0,0f(ux)) =0  ask — oc.

Then(0 € 0J(x*), i.e. z* € H is stationary.
Proof. For a proof we refer to [29]. [l

Description of the algorithm. As already outlined in the introduction of this article, we aim at solving
(P1) by alternating between between an update step for the z-variable, denoted by z-step, and the
u-variable, called u-step. We will describe both steps in detail in the following paragraphs.
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Solution for the z-step. Given the iterate u, € H(€2), our goal in the z-step is to solve the problem
(PF rzrél? gr(2) := h(ug, 2) + Ra(2)

up to limiting-stationarity. For this purpose we assume to be given an abstract algorithm which is

specified by a number of transition rules A} : Z — Z to define the next iterate, given the current
one. Formally this means z;'t! = A?(22) starting from 20 := z;, € Z. This algorithm will produce a
so called descent sequence, defined next:

Definition 3.6 (Descent sequence). A descent sequence for problem (sz) is a sequence of points
(2")nen C Z such that the following two inequalites hold true:

(i) (Sufficient descent of function values) There is a o1 > 0 such that

(20) ge (2™ < gu(z") — %Hzn“ — 2|2 foralin € N.
(i) (Gradient inequality) There is a 05 > 0, such that

(21) dist(0, Ogr(2n11)) < oo||2™*! — 2"||, foralin € N.

Many algorithms in the literature are known to produce descent sequences, cf. [6, 7, 15, 14]. However,
accelerated algorithms such as FISTA are known for their non-monotone convergence behavior and
do not satisfy these properties; see [10].

Assumption 3.7 (On the update algorithm in the z-step). We assume that our algorithm for minimizing
(PF), defined by an update mechanism AL+ Z — Z produces a descent sequence for (PF).

Let us briefly formalize the algorithm for the z-step.

Algorithm 1 Computation of a near stationary point for the z-step at the k-th outer loop iteration.

1: Get (ug, 2x) € HY(Q)) x Z, accuracy n, > 0.

2: Initialize with 20 = z; and compute 2} = A (22).

3: Setn = 1.

4: while |27 — 27| > n;. do

5:  Compute 2} = A, (2) € Z such that (20) and (21) hold true for constants oy, 75 > 0.
6: Setn =n+1.

7: end while

8: Set 2,41 := 2,* where ny, € N is the first iterate such that ||z,* — z,?’“fl|| < M.

9:

— Nk
Return z.11 = z,.".

From the properties (20) and (21) we directly infer the following lemma, which describes the funda-
mental behaviour of every descent sequence.

Lemma 3.8. Let (ux, 2x) € Hi(Q2) x Z, accuracy n > 0 be given such as in algorithm 1. For the
generated sequence the following properties hold:

(i) The sequence of function values converges monotonically to its infimum, i.e.
ge(21) gy = inlggk(zg) >0 asn — oo.
ne

(i) The following estimate holds true for every N € N

N *
Z ||Zn . Zn—1||2 < 2(9(22) — g(zl]cv)) < 2(9(22) - gk)
2 kTR llz = o1 o

In particular || 23 — z;' || z — 0 and dist(0, g(z})) — 0 asn — oo .
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(iii) The following estimate holds for the lazy slope and every N € N
o3 (9(z) —g(z))
min dist(0,0g(27)) < 4| —= | 2Rk 1)
n=1,....N ( g( k)) o \/20'1 ( N

Proof. Simple calculations. A proof can be for instance found in [15]. 0

Remark 3.9 (Complexity of algorithm 1). Based on the above inequalities, we may also derive that

. _ 2(9(2)) — 9(x))
n_ n=1)2 ~ k k )
n:n{unN [ 2 |7 < o N

Consequently, if an accuracy parameter 1y, > 0 is given, this bound implies that ||zl — 2| 7 < mi
after at most N (ny.) steps, where

2(9(=2) — 9(="))
0177/% .

N(ne) =

For example, if the accuracy parameter 1, = k=" for some v > 0 is given, then the stopping index
satisfies

2(gk (k) — Qk(zkﬂ))km < 2(J (uk, 21) — J (g1, Zk+1))k27
o1 B o1 ’

(22) g <

Solution for the u-step. Let us now consider the step for u. We update the physical parameter of
interest, u € Hé(Q) by performing exactly one Levenberg-Marquardt step, i.e. for a given iterate
(ur, 2111) € HE(Q) x Z, we consider the following optimization problem:

. a
(Py) U1 = argmin gy, (u, ug) + §||Vu\|2L2(Q) + h(u, z) + Ry(u).

u€Uyq

Here g, (u, v) is @ model function that approximates f and is defined as follows
Ak
9 (u,0) == g(u,v) + 7”“ - U||§{3(Q)

1 Ak
(23) = §HF/(Uk)[U — ug] + Fug) — f6||%2(9) + 7““ - U”?qg(sz)-

We further define the approximation error ey, g(u,v) = gz, (u,v) — f(u). Let us first ensure that
the problem (F,,) has a solution.

Theorem 3.10 (Existence of solutions for the subproblems). Given 2.1 € Z, u, € H}(2) and
Ar > 0 the problem (P,) has a unique solution.

Proof. The proof follows similar arguments as the proof of 3.2. The uniqueness is a consequence of
the \i-strong convexity of gy, (-, uy) for every k € N. O

Let us establish some classical estimates for the model function defined in (23).

Theorem 3.11 (Fundamental inequalities for the model-function.). Let 3.7 hold true. Then there are
Ly, Ly > 0 such that

(24) IV f(u) = VI)lla-1@ < Lillu —vllgq),

L
5) 9(u,0) = F(@)] < 2w = vl o)

for every pairu,v € U,q.
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Proof. We prove (24) first. For this purpose let u, v € U,4 and recall that
Vi) = F'(u)(F(u) - f°) € H1(9).
By definition, we obtain for h € HJ(2) and u, v € Uy
(VF(u) = V), h)a-1i)] = [(F(u) = f°, F'(w)[h]) 20) — (F(v) = £, F'(0)[h]) 12|
< (1P @)llz2) + 1 2@) I (F'(w) = F'(0) 1]l 2
(26) + 1 F(w) = F )|z | F" (w)[2]l] 220

It is easy to see, using the L>-boundedness of U,q, that || F(u)|| 20y + || f*||z2() < Ci for some
C1 > 0. Furthermore we obtain, by invoking the continuity of the sampllng operator, that

17 (u) = F(v)[[72() < /Q I7(w) = m(v)[I* dz < Callu = vl[Z2(q).

for some generic constant C5 > 0, see also 2.3. Using a similar argumentation as in 2.4 and again
the L°° boundedness of U,,4, we also find a constant C3 > 0 with

HPMW%@SLWWWWMWMMSQW%ﬁ

Moreover, based on the L;-Lipschitz-continuity of = we conclude
1F/(w) = F'(0)[A][1 720 /II (Dm(u) = Dr(v))[]||* da
SL?AHu—MWMde

2 2 2
< Lillu = vl[zae 17l Taq)
After involving suitable embedding constants, we obtain from (26) that (24) holds true.

Let us now prove (25). For this purpose, we let wq, wy € LQ(Q) arbitrary and observe

‘%le - f5||%2(9) - %”U& - f5|‘%2(9) < {<w2 — [ wy — w2>L2(Q)‘ + %le - w2||%2(9)
Taking wy = F(v) € L*(Q) and wy = F'(u)[v — u| + F(u) € L?(Q) we deduce
1P () + F(u)lo = ] = £ ey = IF(0) = | < I1F) = £l B + B,
with B := || F(v) — F(u) — F'(u)[v — u||12(q). We estimate B from above using the inequality
IF(v) = F(u) = F'(w)[v = ulllz2@) < Cllv = ullfaq),
for some C' > 0. The latter follows from the corresponding property of 7, namely

I (v) = 7 (u) — 7' () — ulll2 < /0 17" (u+ 7 (v — ) = 7' (u))||afJv — ull2 d7.

Since v, u < b almost everywhere, by definition of U4, 7’ is Lipschitz on U,4. Hence we deduce
04 04
B < | fIn(w) = n(u) — w(@lo ~ e < 5 [ o = ulde = FHu— vl

for some C; > 0 that depends on b. This shows (3.1). Consequently we estimate
1/2

1F ) + F@)lo =] = ) — 1F0) — Plli]| < E@) — Pl — ulla

C
(27) 4”” —UHL4(Q
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Note that again ||u — v|| 1) < Cs([|v|| @) + |[u]| Lo () < 2C5b for some constant Cs > 0 and
that || F'(v) — f5||Lz(Q) < (g forv € U, by the same argumentation. Combining these observations
with the continuous embedding H} () — L*(2) in (27), we obtain a constant C' > 0 with

1F(w) + F'(w)[v = u] = f°[ 720 = 1F(0) = fllrz@)| < Cllv = ullf o)
Thus the proof is finished. 0]

From the previous result in 3.11 we directly obtain the following majorization property:

Lo
flu) < g(u,ux) + 7||u — ukH?{Ol(Q) forall u € Uyg.

Given a positive descent constant Cy... > 0, we may then chose the step-size A\, > Lo + Cy.s. and
deduce

Lo — N\
J(Uny1; 2rr1) < J (g, 2141) + QTHW; — w7 @)

C’desc

(28) < J(uk, Zkg1) — 5 |ur — ukJrl”%Ié(Q)?

where we also used the minimization property of u;.1 € Ugg.

The overall algorithm. Let us now describe the overall algorithm to find stationary points of Problem
(F1).

Algorithm 2 Computation of a stationary point of (/).

1: Get initial values (ug, 20) € H}(Q) x Z, stopping accuracy €1, €, > 0, accuracies of the nested
subroutine (7 )ken and descent parameter Cyees > 0.

2: Setk=0.

3: while no stopping criterion is satisfied, do

4. z-step: Given (uy, zx) € H}(Q) x Z and accuracy n > 0, compute 241 € Z

5: using the abstract descent algorithm 1.

6:  u-step: Compute a global solution u(\;) € U,y of

) a
(29) min gy, (u, uy,) + §HVU|I%2(Q) + h(u, 2) + Ri(u),
u ad

7: that satisfies the sufficient descent condition

(30) T, 701) < ks 2101) = (M) — -
8: Set U411 = ﬂ()\k)

9: Setk =k + 1.

10: if Huk — uk_1||Hé(Q) < €1 and ||Zk — Zk—lHZ < &9 then

11: stop the while loop.

12 end if

13: end while
14: Return (uy, 2x) as reconstruction.

The algorithm above only accepts the next iterate u(Ay) € U,q in the u-step (29), if the descent
condition (74) is satisfied. In case L, > 0 from 3.11 is known in advance, then A\, can be chosen
such that A\, > Lo + Clyes. to ensure that this descent property holds true. However in practice this
constant is rarely known which is why we have to rely on an adaptive backtracking strategy in order to
find a suitable \j. This strategy is described in the following algorithm.
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Algorithm 3 Backtracking search for algorithm 2

1: Getos € (0,1),7 > 1land Ay >0

2: Set A = \g and solve (29) with parameter A > 0 to obtain u(\).
3: while J(u()), zjr1) > J(uk, 2511) — 22[Ju(A) — ukHilol(Q) do
4; Set A + T

5. Recompute u = u(\) by solving (29) with the new A > 0.

6: end while

7:

Return u = u(\) and step size A, := \.

Let us briefly argue that the line search strategy terminates after finitely many iterations.

Lemma 3.12. Consider the algorithm 2 above together with the line search strategy algorithm 3 at
the k-th iterate. Given uy, and the line search parameters (o, \y), the iterates of the backtracking
algorithm converge after at most j, = log, (La/(1 — 0))\o) iterations. In particular the sequence of
step sizes satisfies Cese 1= 0Xo < N\ < \oT7* and is bounded in k.

Proof. The proof is standard but we repeat it here for the convenience of the reader. Given a current
step size parameter A > 0 consider the unique solution u(\) € Hj () of (29). Using 3.11 we directly
obtain
A— Ly
Ju(N), 261) < (a7 — ( 2 ) () = el

with the constant L, > 0 from 3.11. Hence, whenever oA < (A — Ls) we also have
oA
J(u(N), 2e41) < J(up, 2r11) — (7) |lu(A) — ukHéé(Q),

which is the condition for acceptance in the backtracking algorithm above. Thus when initialized with
Ao then the line-search stops if 677 \g < (77 \g— L) which happens after at most j = log, (Lo/(1—
o)) steps. O

Let us now state a basic global convergence result for algorithm 2. We are now able to show the global
sublinear convergence result.

Theorem 3.13 (Global convergence to stationarity). Let 3.1 and 3.7 hold true and let (uy, zx )ken C
H& (Q) x Z be a sequence that is generated by algorithm 2 with step sizes A\, > Caesc + Lo > 0
for k € N. In addition assume that the sequence of accuracy parameters are square summable, i.e.
>_. M < +00. Then the following holds

(i) The sequence (ug, 2k )ken is bounded in H} (Q) x Z.
(iiy The function values converge monotonically to its infimnum and the lazy slope converges at
globally sub linear rate, i.e. there is a constant C' > 0 such that

\/(J(uo, z0) = J(un, 2n)) + 3520 M
N ;

min_dist(0, 0J (ug, z)) < C
Proof. We start with (i). As in the remark after 3.11 we obtain

Ctes |1 — gl
2 H0 (Q)

J (g1, 2ug1) < J(ug, 2r41) —

for every k € N. Taking into account the descent property of algorithm 1, namely

(np—1)
o . .
(g, 1) < I (uze) = 5 D ™ = Al
=0
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we directly obtain

desc 2
9 |uhy1 — ukHH&(Q)'

J(uk+1, Zk+1) < J(Uk, zk) T

Consequently, since J is bounded from below, the sequence (.J(ug, zx))x converges monotonically
to its infimum. By the same arguments as in the existence proof 3.2, we conclude the boundedness of
(uk, 2 )k in Hy(2) X Z. In order to show (i) we deduce from 3.11, that

exe (Ukg1, uk) = g, (w, ug) — f(u)

1 A 1
= P () — ] F o) — F gy + o gy — 1) = £ g
> )\k — LQ Cdesc

> 5 ||u—Uk||12L15(Q)Z—2 ||U—Uk”§{5(ﬂ),

where Lo > 0 is the constant from 3.11 and Cges. > 0 is the given descent constant. We now invoke
the optimality system for ug1 given zx 1. This yields

(B1)  0€ Vig(ugsr, ug) — aAupr + Vih(upgt, 2it1) + Mo — ug) + ORy (ug41),

which follows from standard (convex) subdifferential calculus in the space H‘l(Q). We set for abbre-
viation

Ag = F'(upepr ) [F (upr) = fO1=F (ur)* (F () g1 — ]+ F (ug) = ) =M (w1 —ur) € HH(Q)
and rewrite (31) as
Ay € Vf(ugyr) — alAugyy + Vih(ugst, zpp1) + OR1 (ugs1) = Oud (U1, 2r11)-
Using 3.11 and the chainrule it is not difficult to see that
[Akllz-10) < Cillugr — ull ()
for some C'; > 0. For the z-step we obtain for arbitrary w € ORa(2y41)

IVoh(ugsrs zig1) + 0z = ([Vah(ugsr, 2e1) — Vah(ug, zi41) | 2 + | Vah(ug, 211) + wl| 2
< Collugr1 — wrllmp ) + I Vah(ug, zr1) +wllz,

where we used 3.1 H3. in the last inequality to find the constant C5 > 0. We further observe by the
minimization property, that

e (Uni1, uk) = ga, (Ury1, ur) — ftrsr)

[0
< fluw) + §||Vuk||%2(n) + h(uk, zk1) + Ro(2k41) + Ri(ug)
(e
- §||Vuk+1||%2(g) = h(ukt1, zre1) — Ba(per) — Ro(zir1) — f (k)

Using the fact that A (ug, zx+1) + Ro(2ks1) < h(ug, zx) + R2(zk) by the property (20), we infer
Exg (g1, ur) < J(ur, 26) — J (U1, Zhg1)-
Consequently, from all previous inequalities, we deduce for every k € N
1Akl F-1 () + I VR, ze) + wlz < (CF +205) [Jursr — wrll3n + 2[Vah(ug, 2141) +wllZ
2(C? + 203
< 2OLP2A) L () + 2V (e, 1) + wl
(J(Uk, Zk) - J(Uk+1, Zk+1))

(32) + 2|V h(ug, zk41) + wl|5.
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By the sum-rule for the convex subdifferential (cf. [9]) and 3.4 including the remark below, we conclude
that

(Ak, Vih(ugsr, 241) + w) € 0J (g1, 2511
and therefore, by definition of the lazy slope, also

2(C% +2C2)

diSt(O, 8J(uk+1, Zk+1))2 S (J(uk, Zk) - J(Uk+1, zk+1))—|—2HVZh(uk, zk+1)+w||2z.

C1desc
Taking the infimum over all w € Ry (zy+1) we deduce
_ 2(C?% +2C%
dISt(O, 8J(uk+1, Zk+1)>2 S % (J(uk, Zk) — J(ukH, Zk+1)) + 277k-
desc
Summing from 0 to N — 1 in turn leads to
N-1 N—-1
, 2(CE +2C3
> " dist(0, 0 (up1, 2511))° < (10—2) (J(uo, 20) = J (un, 28)) +2 ) 7.
k—0 desc k=0
Consequently, with C' := y/max(2,2(C? + C2)/Cesc) > 0, we obtain
J — J(uy, N2
(33) min_dist(0, 0] (ug, z1,)) < C\/( (10, ) (UJ]VVZN)) 20 771{’
which proves the assertion in (ii). 0

3.2. Local convergence analysis under KL-inequality. In this section we investigate local strong
convergence of the overall algorithm 2. We are particularly interested in conditions, under which we
can maintain fast local convergence of the Levenberg-Marquardt algorithm. For this purpose we need
slightly more restrictive assumptions, compared to the requirements in the previous subsection.

Assumption 3.14 (For the local convergence analysis). Let (), = (ug, 2k ) denote the sequence
generated by algorithm 2. As (1), is bounded, there exists a weak limit point (u*, 2*) € H}(Q) X Z.
We assume throughout this section the following conditions:

C1. The operator F' : H}(Q) — L*(Q) is twice continuously differentiable. This is true for the
gMRI problem, for instance, ifn < 3, see 2.4.

C2. For any weak accumulation point (u*, z*), there is a k > 0 and a stationary point u*(z*) €
H}(Q) of J(-, 2*), such that

K
(34) (V2 (Z) B, By 1oy > §||h||§{01(9) for every h € H(S2).

C3. For any fixed given u* € HY (), the function z +— g(z) = h(u*, z) + Ry(2) satisfies the
KL-inequality with exponent § = 1 — 1/q, ¢ > 2 at z*, i.e. there are constants 1, Cc, > 0
and a radius 7, > 0 such that

(35) 9(2) — g(2") < Ckp dist(0,0.g(z))"

whenever g(z*) < g(z) < g(z*) +n and z € B.,,(z*). Note that here, the quantities
q,¢xr,CKkr,n depend on u*.

Remark 3.15 (General KL-inequality). The KL-inequaltity with a given exponent is only a special case
of the general KL inequality which is investigated in [6, 7] and has the form

(36) #'(9(2) — g(27)) dist(0, dug(2)) > 0.
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For a certain concave C-function ¢ : (0, n) — R, also called desingularization function. We
directly see that we obtain (35) from (36) by using ¢(t) = }{LB t3. We will not go further into details
here and refer to [7] for details.

Remark 3.16 (Discussion of 3.14.). The additional conditions, in particular C2. are necessary in order
to apply the generalized implicit function theorem by Robinson, [26, 38], which is important to get a
local Lipschitz continuous parameterization z — u*(z) from z to a stationary point u*(z) around
z* € Z. The assumption C2. has become a standard tool in finite dimensional optimization during the
recent years, cf. [6, 7, 15]. The KL-inequality can be verified for a large number of functions using the
theory of real algebraic functions or more generally for functions definable in an o-minimal structure,
cf. [7, 13, 47] and the references therein. Here a large KL-exponent 3 € (0, 1] (corresponding to
a q — 00) is usually connected to fast local convergence behaviour as it increases the sharpness
around the stationary set. Using the aforementioned toolboxes from real-algebraic geometry in finite
dimensions, it is often easy to infer the existence of some KL-exponent 3 € (0,1). However the
computation of a concrete (3 for a certain objective is usually very difficult. We refer to [41, 61] for
an overview on existing approaches. Extensions to infinite dimensions are discussed in [20, 13, 35]
with applications to gradient-flow problems. In the infinite dimensional setup, the computation of KL-
exponents is even more delicate, as the finite dimensional toolbox, using the theory of real algebraic
geometry is to the best of the authors knowledge not available.

Note that by the assumptions we have that u* € U,4 satisfies a quadratic growth property around
u* in u-direction. However, for the subsequent part, we need uniform growth properties, for which the
following lemma forms the basis.

Lemma 3.17 (Uniform Taylor bound). Letu* € HJ () such that
(VI @R iy = 5By ) forailh € Hy(S).
Then there is an e > 0 such that
F () = 2 (o) + (V5 (w0),u = o) 10 + = [lu = o[y

whenever |[ug — u* || g3 ) < € and [up — ull g1 () < €.

Proof. The proof is a consequence of Taylors formula with integral remainder, i.e.

() = f*(uo) + (V f*(uo), v — uo) g—1(0) + %<V2fa(uo)[u — U], U — Up) H-1()

+ /0 (1 — )V (uo + 7(u — up)) — V2 f*(uo)][u — ug), u — Ug) g-1(0) 7.
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Adding and subtracting (V2 f*(u*)[u — ug], u — ug) y—1 (o) and using the assumptions, we deduce
£ () = £ (o) + (V. (1t0), w — ) 10 + 1w = ol 3y
<[V2fa(uo) - VQJM(U*)HU — Ugl, u — UO>H*1(Q)
+ /01<1 - T)([VQJM(UO +7(u — ug)) — V2fa(u0)][u — Ugl,u — UO>H*1(Q) dr
> f*(u) + (VF* (o), u = o1y + 7 1w = w3y

1 (0% o *
- §Hv2f (wo) = V2 () cemy ). 1w — woll Fa o

1
(37) — / (1=7)|V*f*(uo + 7(u — o)) — VQfa(UO)||£(H3(Q),H*1(Q))||u - UOH?{(%(Q) dr.
0
As f* : H}(Q) — Ris two times continuously differentiable, we may take €; > 0, such that
(o3 « K
(38) V2 £ (v1) = V2 £ (02) | 2oy, 1)) < 3

for all vy, vy € Hy(2) such that [|v; — u*|| g3 () < €1 fori = 1,2. Hence for £ := /2, we obtain
for [|u — uol| g1 () < € and |lug — u*|| g1 () < € that obviously |[ug — u|| g1 () < € < &1 and
luo + 7(u —uo) — w3 < llu—wollaa) + luo — u i) <e+e=-e

for 7 € (0, 1). Hence, from (37) and(38), we obtain
£(u) 2 £ () + (VF* (o) u = ooy + (5 = 75— 7¢) e = ol
which yields the desired estimate. 0

We will now show that the set-valued map, which sends z to the set of stationary points of J(-, z) is
indeed a single valued and Lipschitz continuous map.

Lemma 3.18 (Implication Robinsons implicit function theorem). Let 3.14 hold true at a weak accu-
mulation point (u*, 2*) € Hg(Q2) x Z and denote again by u*(z*) € H}(S)) a stationary point of
J(+, z*) for which (34) holds true. Then there is an e > 0 such that the solution mapping

w:Z = HY Q) w(z)=0,J(,2)(0)

admits a single-valued localization S : Z — H?'(S)) which satisfies S(z*) = u*(2*) and which is
L «-Lipschitz continuous in B(z*) for some L. > 0. Moreover, whenever ||z* — zx.1||z < € the
following inequalities hold for a constant C'; > 0 independend of k € N:

(39) 1S (zk+1) — wrllmr ) < Crllunsr — url g ),
l‘{ *

(40) J(S(2k41)s 2041) + g“S(ZkH) - S(Z*)H%{é(g) < J(S(2%), 2k41),

(41) 15 (z141) = S ) m) < Lo llzisr — 27| 2

Proof. For the proof we will summarize both convex terms into one R (u) = Ry(u) + Ty, ,(u) and
use the notation R; for both. By assumption, u*(z*) € w(z*) or equivalently, u*(z*) solves the
generalized equation

0€G(u,z") + 0R(u) ==V f(u) — aAu+ V,h(u, z*) + OR; (u),
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posed in H‘l(Q). We want to apply the generalized implicit function by Robinson in the version [25],
Theorem 8.5, see also [26]. For this purpose consider an approximated generalized equation around
z* € Z, namely
0e Gz* (U) + 6R1 (U),
with G« : H3 () — H () being defined as
G.-(u) == Vfu*(z") + V2f(u*(2*)[u — u*(z%)] — aAu + V,h(u, 2%).

In order to apply the generalized implicit function theorem, we need to show the strong regularity of
the linearized equation. For this purpose, it is sufficient to verify that the solution map of this equation,
i.e.
Se: HHQ) = Hg(Q)  Sa(p) = (Gar + OR1) " (p),
has a Lipschitz-continuous single valued localization around p = 0. This follows from the fact that
p € G.-(u) + ORy(u) if and only if
: * * * * * * « *
S.«(p) € arg min (V2 f(u*(2) [u—u* (2)], u—u* (2 )>H_1(Q)+§HVuHig(Q)—i-h(u,z )=, u) g1+ R (u).
u€Hj(Q)

As this problem is x-strongly convex, with > 0 from 3.14, it is a standard result that the associated
solution mapping S, is single-valued and 1/x -Lipschitz continuous. Moreover, we note that the
approximation error

e(u, 2) 1= Go(u) = Glu, 2) = Vf(u) = Vf(u(27)) = V2f (" (") [u — w ()],

does not depend on z, which implies for the partial uniform Lipschitz-modulus Ijl\pu (G.«—G; (u*(2%),2%))
as introduced in [25, p.8], that

le(ur, 2) — e(uz, 2) | a1

Lip,. (G — G; (u(z*),2%)) = limsup

ug,up—u* (%) Jur — u2HH&(Q)
z—z*
_ IV f(ur) =V fug) = V2 f(u*(2))[ur — us]l| 110
= limsup ,
u1,ug—u* (z*) [Jur — U2||H3(Q)

Using the mean value theorem, we obtain
IV f(ur) = V f(ug) = V2f(u"(2%))[ur — ualll g1

1
< (/0 ||v2f(u2 + T(u1 — Ug)) — V2f(U*(Z*))||H*1(Q) dT) ”U1 — u2“H§(Q)?

and henceforth

—~ \Y -V — V2 f(ur(z* — -1
Llpu* (Gz* o G7 (u*(z*), Z*)) — lim sup H f(ul) f(U’Q) f(u (Z ))[ul u2]||H (Q)
up,up—u* (%) |ur — u2||H(}(Q)
1
< tmsup ([ G0n 4 o = ) = P D ) 0,
uy,u2—u*(z* 0

as up,uz — u*(z*). Hence, by [25, Theorem 8.5], the mapping w : Z = H}(Q) has a single
valued Lipschitz continuous localization S : Z — H(} () in a ball B.(z*) with a Lipschitz-constant
0 < L.« < 1/k. Thus, the first part of 3.18 is shown. Now, consider the first order optimality condition
for deriving ux11 given z = 2.1, as in (F,). In this way we obtain the following variational inequality:

(42) Ri(u) > —(V f(urt1) — alupyr + V(Ui Zes1) — Qe U — 1) g-1(0) + B (Upg1),
for every u € HJ(f2), where we defined ¢, € H (1) as

@ = F' (1) [F (1) — f6] — F(ug)"(F" () [ug 1 — ug]) — An(upr — uy)
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viewed as an element in H~'(£2). Considering as well the first order optimality conditions for the
stationary point S(z;,.1) € HE(€2), we obtain again a variational inequality of the second kind,

(43)

Ri(u) 2 —(Vf(S(2k+1)) — @AS(zk41) + Vuh(S(2r41), 2k41), w — S(z41)) + Ra(S(2k41)),

forallu € H}(Q). Adding (42) with u = S(2x41) and (43) with u = w1 yields
0> (VF(S(zr41)) = VI (ur), S(zri1) = wrrn) g—1() + ol V(S (2k1) = wri) 720
+ (Vuh(S(241), 2k1) — Vah(ugia, 2r41), S(2r41) — Uni) m-1@) — (@ S(2r11) — Ubp1) H-1(0)-
By shifting the term with g;, on the other side, we obtain the desired bound:
1S (zh1) = w172 @) < Nawllar—10) 1S (21) = wisal| ey
< Olugesr — gl g )18 (2h+1) — Wi |30

for a constant C' > 0. The estimate larlla-10) < Clupgr — up|| g1 (@) follows as in the proof of
3131 [[u (2k+1) — Upt1l g1 () = 0, (39) is obvious. For the other case we obtain from the triangle
inequality

(44) [0 (2r41) = il ) < (C A+ Dllurs — il o),

thus (39) follows with C'; = C +1. By possible making £ > 0 smaller we may deduce (40) from 3.17:
By this lemma there is €; > 0, such that

FH) > (S () + (TS () = S (o)) ooy + = 1w = S (i) 33,
8 0

whenever [lu — S(zk+1)|lm1 ) < €1and [[S(2*) — S(z41) | Ha ) < €1- Hence, if ||z — 2417 <
1/ L.+, we deduce

FUS(27) 2 [0S (ki) + (VI (S (2k41)), S(27) = S(z11)) () + gHS(Z*) = S(zes 1)l 0

from which (40) follows by using the convexity of A(-, z;41) + Ry and the first order stationarity of
S<2k+1) for J(',Zk+1). OJ

Remark 3.19. In the following part of the article, we will always use the notation
S: B.(2*)NZ — Hy(Q)

for the single valued localization of w from 3.18.

Using 3.18 we show, that any weak accumulation point (u*, z*) of the sequence that satisfies C2. of
3.14 is a stationary point of J.

Theorem 3.20 (Strong subsequential convergence to stationary points). Assume that (T )keny C
HJ(Q) x Z is generated by algorithm 2 and let z* = (u*, z*) € Hy () x Z be a weak accumulation
point of that sequence. If C'2. of 3.14 holds true for a stationary point u*(2*) of J(-, z*), then u* =
u*(2*) and (u*, z*) is a limiting stationary point of .J.

Proof. According to 3.18, there is a radius € > 0 such that the solution map is well-defined and has
a single valued localization S : Z — H(Q2) which is L.-Lipschitz continuous on B.(z*). As 2*
is a weak accumulation point, there is, by finite dimensionality of 7, a subsequence (zx,, )men With
2k, — 2" asm — oo and with 2, € BE(Z*) for all m € N. Moreover, we obtain by (3.18)

[k, = S 3 ) < Nk — Sz | m300) + 19(20) = S(Z) 30
2k, — 2 |lz = 0 asm — oc.

< [Ju,, = Uppt1ll2 ) + Lox
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Here, we used, that |[ux, — ugt1llma) — 0 as k — oo and the choice of the subsequence.
Therefore, the subsequence (uy,, )men also converges to S(z*) strongly and we obtain u* = S(z*)
by the uniqueness of weak limit points. We conclude

Ty, — o strongly in Hy(Q) x Z,
J(uk,,, 2k, ) — J(u", 2") by continuity,
dist(0,0J(xy,,)) — 0, asm — .

By 3.5 we infer that (u*, z*) is a limiting stationary point of .J. d

As of now, we only considered subsequential convergence of the sequence, and investigated sub-
linear convergence rates. However we are now interested, which conditions are necessary in order
to maintain fast local convergence. However, before presenting the corresponding theorem, we need
slightly more general descent inequalities. Note that 3.14 is not needed for the following lemma.

Lemma 3.21 (Fundamental inequalities). For arbitrary u € U,y and step sizes A\, — Lo > Cles. the
following inequalities hold true for any k € N andu € H}(£2)

(45)
2M\, — L e + L
J(u, 241) > T (Uny1s 2141) + (%) lursr — wellFr gy — (%) 1w — wrell a0
(46)
2\, — L L .
I (up, 2k) = J (U1, 2011) + (%) [ Uk”fqg(ﬂ) + o1 Z Iz — 2%
=1

Here, L, > 0 denotes again the constant in 3.11.

Proof. By the definition of ./ and 3.11 we obtain directly the following inequality

(6%
J(u, z1) = flu) + §HVUH%2(Q) + h(u, 241) + Ba(u) + Ra(zk41)

L,

«
2 g(u, up) — - [lu = el a0y + §||VU||2L2(Q) + h(u, 2p41) + Ri(u) + Ra(zk41)-

Now we invoke the \x-strong convexity of gy, (-, uy) with respect to the H (£2)-norm, i.e.
(47) I (03 uk) 2 gy (1) + (Vg (s ue), v = wpr-1@) + - lu = vl g
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must hold for any v € H}(€2). Consequently we estimate:

Ak + Lo
J (U, 2pg1) > g, (u, ug) — <T> l|lu — uk||12qg(9)

«Q
+ §||VU||%2(Q) + h(u, Zk—f—l) + R1<u) + R2(2k+1)

2 g (W, ) + - [Jwess = will ey — ( 5 ) lu — w7 o)

+ %“VUH%?(Q) + h(ukt1, 2641) + Ba(u) + Ra(zp41) by (47).
> g(upt1, ur) + %Huk—H - Uk”?{g(g) + (%) (e u’“”%’é(ﬂ)
— (#) |u — ukH?{é(Q) + %HVUH%Q(Q) + hups1s 2i41) + Ba(uggr) + Ra(2r41)
> flunn) + (2572 ) s = ualiye
- (#) lu = w0y + hlwhsts zee1) + Ba(wsn) + Ra(zi),
which yields the desired estimate (45). We continue by setting © = u;. in (45) and obtain

2\, — L
I, zk41) = J(Wkir, Z41) + (%) lwrsr = wellz -

Using the descent property of nested inner loop algorithm, (20) for some o1 > 0, we further conclude

np—1
Tk, 2101) < Tk, 2) — o Y |z = 213
=1
Combining the previous two inequalities yields (46). U

Let us now prove, that strong local linear convergence to a stationary point is maintained, if the function
z* — h(u*, z) + R(z) satisfies the KL-condition with exponent ¢ > 2 at z*. The proof strategy is
inspired by the work [27].

Theorem 3.22 (Local convergence of (2)). Let (zx)r C H}(Q) X Z be generated by algorithm 2
such that 3.14 holds true at a weak accumulation point * € H}(§)) x Z. Moreover, assume that the
accuracies of the inner loop are given by n;, < k=7, v > 1/2. Then, there is a radius r > 0 such that
if 20 € B,.(z*), the following statements hold true:

(i) The function values converge linearly, i.e. there is ()1 € (0, 1) such that
(48) (g1, z41) — J(u*,27) < Q1 (J(uk, 2¢) — J(u*, 2"))  foranyk € N

(i) The iterates also converge with a linear rate, i.e. there exists aC' > 0 and a Qs € (0, 1) such
that

)y flun = gy 12— 2% < CQE (o, z0) — J(u',27)) foranyk € N

Proof. As the proof is a bit technical, we divide it into parts. First note, by 3.20 we obtain that (u*, z2*) €
U.q X Z is even a strong accumulation point and also limiting-stationary for the objective .J. Taking a
strongly convergent subsequence and the continuity of J into account, we even infer that

(50) J(x) — J(z¥), ask — oo,
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which will be important in order to make the application of the desingularization ¢ : (0,7) — R
possible.

Step I: Thereisane > 0 and a ; € (0, 1) independent of k& € N such that if ||zx11 — 2*||z < ¢
implies

(51) J (g1, 2641) — J(u*, 2%) < Q1 (J (ug, 21) — J(u*, 27)) .

We start with proving (51). First let us fix £, > 0 according to 3.18 such that z — S(z) € H}(Q) is
well defined and single valued for all z € B., (z*) and such that the inequalities (39), (40), (41) hold
true for || zx4+1 — 2*|| < &1. An application of the general descent 3.21 with u = S(2x1) consequently
yields

20, — L A+ L
J(S(z+1), 2h11) = J(Uk+1,2k+1)+(%) ||uk+1_uk||%{(}(9)_( - 5 2) 15 (1) =l a0y

If 1S (zxr1) — u’f”iIé(Q) = 0, nothing is to show. Otherwise we obtain from the latter inequality

A + L 2\, — L
s ) = (S ake): 271 < s — il (252 ) €1 - (22 22))

(52) = Cpalung — uk”?{é(ﬂ)a

where Cy > 0 is the constant from 3.18 with [|S(2x+1) — urllm@) < Cillur — upir |l ma(o)- If
J(u*, zp1) < J(u*, z*) the quadratic growth in 3.17 implies J(u*(2k41), 2k4+1) < J(u*, 2*) as
well. Consequently from (52) we obtain

(53) J(upy1, 2eg1) — J(u*,2%) < Cp,l|ursr — Uk”%{é(g)-
Invoking the descent inequality (46), we find a generic constant Cs > 0 such that

(54) J (U1, 2611) — J(u*, 2%) < Co (S (uk, 2) — J (W1, 2k41)) -

Ifinstead J (u*, zx41) > J(u*, 2*), we deduce from the KL-inequality with exponent § =1 —1/q €
(0,1/2) and the continuity of .J the existence of an exy, > 0 with J(u*, 2*) < J(u*, zx41) <
J(u*, z*) + nand

J(u*, zpy1) — J(u*, 2%) = h(u”, zp41) + Ro(2k1) — h(u™, 2*) — Ra(2")
S C(KL dlSt(Ou az‘](U*a Zk+l))q7
whenever ||z;11 — 2*||z < ek Application of the triangle inequality yields
J(u”, zpy1) — J(u*, 2%) < Ok dist(0,0,J(u*, zk41))?
q
< Cxr (dist(O, 8,0 (g, 21s1) + Cillu — uk||H3(Q))
< CKL(diSt<O, (9ZJ(uk, Zk+1) + CgHU* — u*(2k+1)”Hé(Q)
+ Csl|u* (zr41) — wrll )

For a constant C'3 > 0 that bounds the Lipschitz constant of V,A(-, z;41). From (21), we know that
dist (0, 0. J (ur, zr41)) < oal|2p* — 27| 2 and by 3.18 we have

[u*(2ht1) — Uk”Hg(Q) < Losf|ugsr — Uk:”Hg(Q)-
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Hence, also using Y ., a; < \/n\/Y ., ai for a; > 0 we estimate

J(u*, zp41) = J(u', 2%) < Ok (02||ZZ'“ 2"z + CrCslunsr — ull o)

q
+Callu (za11) = 0 iy )
< Crcr (a3l = 713 + (CLCs) s — el
q
2

+ Ol (1) — 07 oy )

ng—1
< Ckr (03 Dzt = 2 G A+ (C1C) uksr — ull o)

[ SIS

+ Cllu* (2141) — U*’ﬁ{g(n))

Using the convexity of z > 192 as q > 2 and summarizing all constants, we infer the existence of a
constant C; > 0 such that

g

ne—1 2
* 7 7 * * 2
J(u", zp41) = J(u”, 2") < Cy <Z 12" = 212 + s — Uk”if&(g)) +Cy (HU (k1) — u ”?qg(m) :

Using the descent inequality (46), we deduce
(55)

q

T 2p1) = T, 2*) < Co (I (up 1) = I (nsn, 2100)? + Co ([l (101) = @y )

Now choose min(ey,e1) > €9 > 0, such that ||2* — zx41]|z < €2 implies

. K
(56) o () =5ty < o

Also taking into account (40), we obtain for || 2,41 — 2*||z < &2 from (55) that

J(* (241), 261) — J (", 27) < Oy (J(up, 21) — J (Upg1, 2141))
(57) < Cs(J (urs 21) — J (Uks1, 2841)),

q
2

where we introduced a constant Cs > 2C, > 0 possibly larger then 2C, (since z%/? < z only for
x < 1). Now adding (52) and (57) we obtain
T (e, 25e1) = J (U, 2%) < Cppelluner — wellFaoy + Cs (I (uns 21) = I (U, 2141)) -

Recall that the inequality above holds only in the case J(u*, zx+1) > J(u*, z*). However by taking
into account also the other case in (54) and again invoking the descent inequality (46), we find a
generic constant C' > 0, such that

(58) J (U1, 2611) — J(u*, 2°) < C(J (ug, 2) — J (Ukt1, 241)) -

The previous inequality (58) can be equivalently rephrased as follows, which will ensure the linear
convergence of function values later on:

J(uk’-i-la Zk—i—l) - J(U*v Z*)

(L) (J (g, 2) — J(u*, 2%))

“\1+C
(59) =: Q1 (J(ug, zx) — J(u*, 2%)).
The inequalities (58) and (59) only hold under the premise, that ||zx+1 — 2*|| < & := &5. This

eventually proves (51) and therefore step I.
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Step II: Show, that there is an 0 < r < € such that 2y € B,.(z*) implies z, € B.(z*) for all k € N.

We will construct the radius r > 0 iteratively. We start choosing 7 := ¢ > 0 such that 2y € B.(z*)
where € > ( is given from Step I. Then, using the stopping index n; € N in algorithm 1 we recall
from 3.9 that

2k (J (k) — J(wp1))

(60) n, < forall £ € N.
01

Hence we deduce for the next iterate,

Iz1 = 2%z < llz12 = 20llx + [[20 = 27|z

no—1

SN E N E [P
=0

< V2/01(J(w0) = J(21) + ||20 — 27| 2
(61) < V2/o1(J(x0) — J(27)) + [|20 — 27|z,

where the last inequality follows from J(xy) > J(x*) for all k, by the remark at the beginning of the
proof. Invoking continuity of .J we may reduce r > 0 such that also z; € B.(z).

Now we assume that z; € B.(z*) for j =0, ..., k for some k € N. We take very briefly the general
viewpoint of KL-functions in (36) and call the desingularization function ¢ : (0,1) — R, as in the
convergence analysis in [7]. By eventually making > 0 smaller we may assume, again by continuity
of J, that J(z;) < J(z*)+nforall j > 0. Hence the KL-inequality is applicable for z;, j = 0, ..., k.
We then deduce by concavity of ¢ that

©2)  o(J(x;) = J(@")) = p(J(zj41) = J (7)) = ¢ (J(z;) = J(2") (S (x;) = T (zj42))-

Note, that for the KL-exponent 3 = 1 — 1/q with ¢ > 2, we have that p(t) = t° and '(t) <t
Therefore we estimate first for general 57 > 0

Q=

/ A *)) > 1
) TN Z
6) > -
Q1 (J(zo) — J (%))
where we used z; € B.(z*) for j = 0,...,k and inequality (51) from Step |. From the descent

inequality (46) we infer that there exists a constant C's > 0 with

n;—1
J(5) = J(2j41) = Collujn — w0y + Co PN Eame |
1=0
Cs
> Collujr1 — ujllz @) + 2~ %%
J
Cs Cs
(64) > = (Jlugs = il + e = 213 ) = s — ol
J J
Then it is concluded from (62), (63) and (64) that
CG : *\\ & * *
(65) w41 — zill% < Q7 (J(xo) — J(x%)) s (p(J(5) = J(2¥)) — o(J(2j01) — J(z7))),

J
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and henceforth

o1 = wllx S VQE ((a) = T )E (I (ay) = (@) = ¢l wjen) = (@)}

< 20,Q] (J(x0) — J(=")* + 2 (@I (2) = T(@")) — (T (x11) — T(a")))

(66) < 2777Q7 (J(wo) — J(2) + 2 (oI () = T(@*)) — (T (wy41) — T(a)))

where we used Young's inequality in the second step and 3.9 for the estimate of 7 < jQV in the last.
We deduce by summing from j = 0, ..., k and using (66) that

12611 — 2"z < lzksr = wollx + (120 — 27|z
k

<Y g — zillx + llz0 — 2% 2
=0

S Ulan) = It Y70

+2) (p(J(x;) = (") = e(J(2j41) = J(27))) + (|20 — 27|z

[
Il >
o

S Ula) = J@ )t Y 2C

+o(J (o) = J(z7)) — (S (zps1) — (7)) + l20 — 27| 2,

where Z;’io(j)Qo‘Q{ < +o00. Denote the constant hidden in the ” < ” to be C; > 0 and if
1 I 1
67)  Cr(J(xo) = J(x"))7 D jQf + Crp(J (o) — J (7)) + Crllz0 — 27|z < e,
=0

then also 2.1 € B.(z*). This is possible by choosing a smaller r > 0. Eventually, by induction we
have shown Step Il. It is important to note, that actually no constant hidden in 7 < ” above does
depend on k.

Step lll: Show that the assertions of the theorem are true.

Using the results from steps | and Il, the linear convergence of function values in (i) follows immediately.
Now, let us prove the strong convergence of the sequence (). By Step | and Step Il, we have that

DOI 10.20347/WIAS.PREPRINT.3135 Berlin 2024



Dong et. al. 30

2, € B.(2%) for all k > 0 and therefore for arbitrary [ € N

k+1
2kt = 2ll% + llunss = unllizy) < D Nz = 2illz + lluisn — willfy o)
j=k
k+l nj—1
<> (Z 25 = 513 + g — uﬂ'”?fs@)
j=k 1=0
k+1
<> m () = J@)
j=k
k+l1 ‘
S (J(wo) = J(2) Y 57¢
=k

(68) < (J(xo) — J@) QF QIR S (j + 1)PQ) — 0 as k — oo,

where we used again the definition of the accuracy 1, < k7. Hence () ren is a Cauchy sequence
in H}(Q) x Z and converges to some element (i, Z) strongly. As (u*, 2*) is a weak accumulation
point by assumption we infer (4, Z) = (u*, z*). The linear convergence in (iii) follows from (68), by

& .
sending [ — oo and using C' = sup, Q7 k*" ;08(]' +1)2Q% and Qs = Q1'% in (49). O

Remark 3.23. Let us comment briefly on the results of 3.22. It is interesting in two different aspects
and it also provides hints on possible future research directions and potential ways to improve the
algorithm.

1. The strong monotonicity of the Hessian of f“, as stated in 3.14, is a somewhat restrictive
condition but a classical assumption in second-order and Gauss-Newton methods to achieve
locally fast convergence (see the classical references [11, 46]). Without the inclusion of the
learning term, i.e. if h(u, z) + Ra(z) = 0, the argument in [27] would guarantee locally linear
convergence. However, when the learning term h(u, z) + Ry(z) is included, we require an
artificially high KL-exponent ¢ > 2 to preserve locally fast convergence. To benefit practically
from this result, it might be useful to incorporate alternative discrepancy terms h(-, -) that exhibit
sharper local curvature. This could help improve convergence behavior and enhance the overall
performance of the algorithm. However this is out of the scope of the current article.

2. From the convergence proof above, it becomes evident that the local convergence behavior is
almost entirely determined by the convergence properties of the sequence (zy ). It is crucial
to ensure that this sequence stays within a potentially very small neighborhood of the station-
ary point z*. Although this is a strong assumption, and the exact radius € in 3.22 is unknown
and difficult to verify in practical applications, it highlights the importance of good initialization
for the variable z. This can be achieved through appropriate pre-training. However, a detailed
algorithmic and theoretical investigation of this observation lies beyond the scope of the present
work.
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4. NUMERICAL EXPERIMENTS

We present the numerical results of the nested alternating algorithm applied to the gMRI problem ().
For spatial discretization, we adopt the approach from [24], where a simple finite difference scheme is
used. Further details can be found in [24]. In addition, the update steps for the variable z = (D, C)
must be specified. Here, we roughly follow the methods proposed in [50, 52], which apply blind dic-
tionary learning regularization to the linear MRI problem. For the reader’s convenience, the algorithm
from their work, along with some of its key properties, is included in algorithm 5 in the appendix. The
ground truth parameters for our numerical experiments are displayed in Figure 1. The ground truth im-

100

%
60

30

20

T -map. T5-map p-map

FIGURE 1. The set of ground truth parameters 1}, T5 (milliseconds) and proton den-
sity p (dimensionless).

ages (physical parameters) follow a standard configuration commonly used for testing gMRI methods,
and has been employed in previous studies, such as [23, 24]. To streamline the parameter search and
improve the conditioning of the subproblems, we scaled both the 7} and T5 variables to the range
[0, 250] ms. Although these ranges differ from typical relaxation times, which typically lie in the ranges
Ty € [0,6000] ms and 15 € [0, 600] ms, this adjustment provides a simplified setting that effectively
demonstrates the performance of our algorithm. while still being relevant for practical applications.

The discrete optimization problem. For our numerical tests, we employ a uniform grid and a finite
differences discretization for the variable u = (p,T7,T»). This approach leads us to consider the
space U := R"*"2X3 'where n;, no € N denote the number of pixels in each direction. In our case,
we set ny = no = 256. We also make use of the classical finite difference approximations for the
image gradient, denoted by V" : R™1*"2 — R™MX72X2 and the Laplace operator with zero boundary
conditions, denoted by A" : R™1>xm2 —y R™ X2 with a mesh-size h > 0. If V" and A" are applied
on elements of U/, we will use the same notation and apply the operators component wise, i.e.

Vh: U — Uy = R mxnex2, Vhu = (Vhp, VT, V'),
AV U - U, Aly = (AMp, AP, AMTY),

foru = (p, T1,T2) € U. We equip both spaces, U, Uy, with the following scaled norms, defined by:

2 2 h2

2 . 2 2 2

(69) Jull == R0z lollz + R 17313 + 7 17213,
h2 2 h2

2 2 2 2

(70) lollz, = Rz [[va]2 + R [[vall2 + 07 [[vs|2,
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where we used M, = 100 and My = M3 = 250 as scaling parameters. This results in the following
discrete problem:

h2

. «
L min (D, 0) = A0 () — £+ SVl + T,
o1
(P + 3% (FIPGul - DI + Bk,
i=1 J

which we aim to minimize over the space X := U x O3 x RM*Kx3 ysing the admissible set of
parameters U,y

) U= {u ()T Ty e U] P € [0,110], (T1)s; € [0,300], (T2);; € [0,300] }

foralll1 <:<njand1 <75 <ny
In (), the discrete variant of the Bloch solution operator is given by
I, : U — (Cnlxnng [Hd(u)]iﬂ = W(uij)l, 1< < L,

where 7 : R? — CF is the function, defined in (8). Moreover, the linear operator A, modelling the
observation process, is defined by

(72) A Crxnexly cmxnexle Ayl = S F[y] 1 <1< L.

In the definition above, F : C™*"2 — (C™*"2 denotes the normalized, discrete 2D-Fourier trans-
form and S; : C™*"2 — (C™*"2 denotes a predefined sampling pattern which acts on the [-th
magnetization slice as

S(y)i ;s = y;; if frequency y;; € Cis sampled.
N = 0  if y;; is not sampled.

Regarding the sampling-pattern, we follow exactly the setting in [24]. Moreover, we make use of the
linear patch extraction operator P, which cuts out small image patches and puts them into a large
matrix. More precisely, we define:

. X MxK
P:R"™ R Pu = [Ryu, Roju, ... Ry1u, Rigu, Rogu ... Ryou, ..., Rinyu, ... Rynyul

for j = 1,2, 3. Here Ry, : R™*"2 — RM s an operator that extracts a patch of size p x p from an
image u € R"*"2 where the top-left corner of the patch is located at pixel (k, (). The extracted patch
is then vectorized into a column vector of size K = p?. We use overlapping patches, as described in
[49, 52] such that exactly M = ny - ny can be extracted. The normalization factor 1/Mj is introduced
because, empirically, we observed improved reconstruction quality for the dictionary learning problem
when the data is normalized. Additionally, this normalization significantly simplifies the process of
hyperparameter tuning. The overall discrete version of algorithm 2 is eventually given by:
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Algorithm 4 Computation of a stationary point of (/).

1: Getinitial values (ug, Do, Cp) € U3N x O3, x REXM>X3 ‘parameter v > 0 to define the stopping
accuracy for the nested subroutine, step-size parameter for the u-step \yg > 0,7 > 1 and 03 €
(O, 1), €1,69 > 0.

2: Setk=0.

3: while no stopping criterion is satisfied do

4:  Dictionary-learning-step: Given (uy, Dy, Cy) € U x O3 x RM*Ex3

5 forj =1,2,3 do:
6: Use algorithm 5 with initialization DY := (Dy,);, C} := (C}); and
7 stopping accuracy 1, := k7+/||Co||% + || Dol|% for the problem :
1 1 8.
i —||DC — P[—u;]||% + =L ||C|}1,

o S sl + 1l
8: to obtain (Dj11); € O and (Cj11); € REXM,
9: end for
10:  u-step: Given (uy, Diy1, Cry1) € U X O3 x RM*EX3,
11:  forj=1,...do:
12: Take \g > 0, set A\, := \o7’ and compute a global solution @(\) € U,q of

. d QO oh, 12 "N 1 2
(73) nin 95, (uw, ug) + §HV ullz, + 21 EHP[EU] = (Di41)i(Crosr) sl 75
]:

13: where g&’k(-, ug) : U — Ris defined as the discrete analogue of the model in (23) as

h2
g5, (u,ug) == 7“14 o IT) (ug) [u — ug] + F(ur) — f°|13

Ak
+5 (le = we|f + IV (w — we)[1Z,) »

14: until the descent condition
Ja(W( M), Dit1, Cry1) < Ja(ug, D1, Crtr)
o )\k —~ ~
(74) - 32 (a) = ueller + IV (M) — VPurll?,)
15: is satisfied.

16: end for
17: Set U1 = ﬂ()\k)
18: Setk=Fk+ 1.

19: if ||up — wpr |3 + ||V ur, — V1|3, < el and | Dy, — Dy |3+ |Ck — Cr||7 < €3
then

20: stop the while loop.

21: end if

22: end while
23: Return u; € U as the desired physical parameter.

Details on the implementation. The main difficulty in the implementation of algorithm 4 is the solution
of the subproblem (73). We use the built-in quadratic programming solver in MATLAB, which relies on
the trust-region subspace method, combining techniques from [22] and [16]. However, the subproblem
is still very delicate to solve, as the Hessian involves the term:

(75) (T1a)" (ur) " A" A(TLa) (ur.),

DOI 10.20347/WIAS.PREPRINT.3135 Berlin 2024



Dong et. al. 34

with A being the matrix defined in (72). Note that if S; = Id forevery 1 <[ < L, i.e. if no subsampling
is applied, then A*A = I. If instead subsampling is used, i.e. if S; # Id,l = 1,..., L, the matrix in
(75) is generally dense and of large scale, which complicates the solution procedure of the subproblem
significantly. To mitigate this issue, we follow the approximation approach, proposed in [60] and replace
the term F”(uy)* F” (uy) by the approximation

* * 1 *
(76) ()" ()" A A(Ma) () ~ —(Ia)"(ur)" (Ta)' (u) -
where » € N is the undersampling rate. In our experiments in the next paragraph we use r €
{16, 32}. Let us comment that, while the quality of this approximation seems well documented in

practical applications, a rigorous proof that quantifies potential deviations is missing.

Two experiments with different noise levels and under sampling. We test our algorithm on two artificial
testcases. For both we take the groundtruth image u,... € U depicted in Figure 1 and simulate noisy
data using the forward operator according to

(77) f2 = Ao Uy(tsrue) + >N (0, 1).

We utilize complex noise with a standard deviation of 02 > 0 and apply Cartesian subsampling pat-
terns, following the approach in [24]. In the first experiment, we use a 16X undersampling rate and
set the noise standard deviation to 0 = 2. In the second experiment, the undersampling rate is in-
creased to 32X and the standard deviation to ¢ = 5. For both experiments, we fix L. = 100, a small
yet realistic value for practical applications. Our method is compared against the BLIP reconstruction
technique proposed in [23] and the Levenberg-Marquardt method from [24]. It is important to note
that the Levenberg-Marquardt method guarantees convergence for zero-residual problems, where
| F (tyre) — f6||L2(Q7(cL) = 0. For other configurations, the outcome is strongly influenced by the
number of algorithm steps executed, and convergence to stationary points is not typically expected.
Although numerous well-established stopping criteria exist in the inverse problems literature, we do
not apply them in this study. Instead, we manually adjust the number of Levenberg-Marquardt steps
for our experiments. For the linear system that must be solved at each update step of the Levenberg-
Marquardt method, we employ the approximation (76). We also compare our algorithm with the dic-
tionary learning algorithm, where, instead of using the nested update procedure, only a single update
step for both D and C' is performed. We refer to this algorithm as one-step-dictionary-learning or
dictionary learning (one step). The parameter settings, along with a description of the parameters for
both configurations, are presented in Figure 2.

Results and observations. The results of all algorithms are visually presented in Figure 6 for the small
noise case with 16X undersampling and in Figure 7 for the 32 x undersampling with a higher noise
level. The relative errors

HXreconstruction - Xgroundtruth”2

HXgroundtruth H2

for X € {p, 11, Tg} are shown in Figure 3 for the low noise regime and in Figure 4 for the high noise
regime. We observe that, in all experiments, the nested algorithm consistently produces the smallest
relative error. While the difference compared to the one-step approach is visually almost unnoticeable,
the quantitative values show improvements of up to 10 percent. Additionally, the function values are
lower in comparison, as seen in Figure 5. The results for the 32X undersampling are particularly
promising, as the Levenberg-Marquardt method was unable to produce meaningful results in this
scenario. However, one downside of the algorithm is, that the subproblems in (73) become very ill-
conditioned for small mesh sizes h > (0 and step-size parameters \,. This leads to convergence
issues, forcing us to set A = 1 and to stop the algorithm after 100 iterations in most cases for time
reasons, rather than waiting for the stopping criterion in line 19 of algorithm 4 to be met. More tailored
algorithms could improve performance in this regard.
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List of parameters for algorithm 4
Parameter Description Value
a = (aq, a9, a3) € Rog | Regularization parameters for the sparsity of C'. 0.0045 x (1,1, 1)
0.0095 x (1,1, 1)
A= (AL A2 N3) € Ry | Stepsize parameters in eq. (73) 45 % (1,1,1)
50 % (1,1,1)
(A5 L) € Ry Step size parameter for the dictionary learning sub- (1,1)
problem in algorithm 5.
v>0 Accuracy parameter for the nested algorithm 5. See 0.75
also the input of algorithm 4.

(Ao, T,03) € Ry Parameters for the backtracking search in algorithm 4. (1,8,0.5)
(My, My, M3) € Ryo | Scaling parameters for the norm in (70). (100, 260, 260)
peN Patch size of the squared p X p patches 8
KeN Size of the orthogonal dictionary K = p? 64
h € Ryg Mesh-size for the differential operators 1

FIGURE 2. The list and the description of the different parameters in algorithm 4. The
upper value corresponds to the experiment with 16X undersampling factor and the
lower value to the experiment with 32 undersampling. If only one value is provided,
we used this value for both experiments.

5. CONCLUSION AND OUTLOOK

In this paper, we propose a dictionary learning-based regularization approach to solve a parame-
ter identification problem within a general framework involving a time-discrete dynamical system as
a physical prior. This is a nonlinear inverse problem, where dictionary learning is used to adapt the

Numerical results of the algorithm.

BLIP | Levenberg Marquardt | Dictionary learning (one step) | Dictionary learning (nested)
T1 1 0.231 0.155 0.091 0.086
Ty | 0.26 0.177 0.09 0.077
p | 0.25 0.222 0.12 0.12

FIGURE 3. Results of the reconstruction algorithm for moderate 16 x undersampling

and low noise.

Numerical results of the algorithm.

BLIP | Levenberg Marquardt | Dictionary learning (one step) | Dictionary learning (nested)
11 1 1.195 0.838 0.192 0.184
T5 1 0.733 0.4 0.204 0.185
p | 0.236 0.305 0.136 0.134

FIGURE 4. Results of the reconstruction algorithm for moderate 32 x undersampling

and higher noise.
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FIGURE 5. Comparison of function values over iteration number for the one-step ap-
proach (orange) and the nested optimization algorithm (blue). In (a), the graph corre-
sponds to the 16 x undersampling regime, and in (b), to the 32 undersampling. The
nested method demonstrates a faster reduction in function values in both cases.

regularizer based on the given image data. Our primary motivation is to develop innovative and ac-
curate methods for quantitative MRI, which leads to the minimization of a highly complex objective
function. To address this large-scale, nonconvex, and nonsmooth optimization problem, we employed
a nested alternating scheme and attempt to establish a theoretical foundation for better understanding
the optimization process under regularity assumptions on the subdifferential. We demonstrate strong
subsequential convergence and provide a result indicating that artificially high KL-exponents are re-
quired to maintain fast linear convergence of the algorithm. The theory does not align with classical
block optimization frameworks, which are typically investigated under the assumption of a global KL
inequality. In fact, block optimization schemes in the nonconvex regime are still not well understood.
From an optimization standpoint, and with regard to convergence rates, most existing results rely on
the use of the global KL-exponent, which is difficult to determine in many practical applications. Ad-
ditionally, to the best of our knowledge, fast local convergence rates for block optimization schemes
have not been well studied in the literature. For this reason, we sought in this work to examine the
blocks separately and to investigate conditions on the dictionary learning problem that ensure overall
fast local convergence.

Another remaining issue is that the choice of step size A\, > 0 has not been thoroughly investigated.
We anticipate that incorporating acceleration techniques, such as those developed by Nesterov, or
more universal methods, could lead to faster convergence rates. Exploring these strategies could fur-
ther improve the efficiency of the algorithm.

From inverse problems point of view, many questions related to regularization theory of the proposed
formulation are open. For instance, the stability of the regularized solutions, and their convergence to
the model solutions. This naturally raises the question of how to select the parameters A and (3 in the
numerical implementation, which is a critical issue but not addressed in the paper. This problem re-
mains open even in the finite-dimensional case for linear inverse problems, and there are no available
results for the infinite-dimensional, nonlinear context.

As a starting point, in the limit as 0 — 0, which represents the noise-free case, in (F), we would
formally end up with the following optimization problem

(78) migl | DT PD ||, st F(u) = f°,

where || - |1 4 is the Moreau-Yosida regularized £;-or Hubernorm. However, it remains unclear to what
extent () is capable of identifying a good dictionary and producing a high-quality reconstruction,
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even in the noise-free case. These so-called identifiability issues are challenging to analyze, even
in the context of pure matrix factorization problems, as discussed in [32, 21, 36], and they appear
to be unexplored in the context of nonlinear inverse problems. It is worth noting that blind-dictionary
regularization shares several similarities with recently studied deep image priors, where instead of
learning a dictionary, a neural network is trained jointly with the reconstruction process. Some recent
recovery guarantees for this approach can be found in [18] and the references therein.

Dictionary Dictionary
Levenberg learning learning
Ground truth Marquardt (one step) (nested)

T5 Error maps T5 maps T} Error maps T maps

p maps

p Error maps

FIGURE 6. Comparison of the estimated parameters 7} and 75 (milliseconds) and
proton density p (dimensionless; relative ratio). The figure compares the reconstruc-
tion quality of the BLIP method, the Levenberg-Marquardt approach from [24], and the
dictionary learning approach proposed in this work for the 16 X undersampling case.
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FIGURE 7. Comparison of the estimated parameters 7} and 75 (milliseconds) and
proton density p (dimensionless; relative ratio). The figure compares the reconstruc-
tion quality of the BLIP method, the Levenberg-Marquardt approach from [24], and the
dictionary learning approach proposed in this work for the 32 undersampling case.
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APPENDIX: DICTIONARY LEARNING ROUTINE

Let us briefly describe the dictionary learning algorithm from [52]. Note that we need to apply this
algorithm for any u; € {p, T, 1>} separately. The algorithm described below aims at computing a
stationary point of the objective

1
79 min —
(79) DEO ,CERMXK )

IDC = Pullz + Bl Clh

for a given single image u € R™*"2_ It can be seen as a denoising algorithm for the patches collected
in the matrix Pu.

Algorithm 5 Orthogonal dictionary learning by alternating optimization, [52]

1: Getu € R™*™2 (Dy, Cy) € O x RM*E accuracy 7 > 0, sparsity regularization parameter
B > 0 and step-size parameters A\, \¢x > 0, forn € N.

2: Setn = 0;
3: Initialize with (D,,, C},) := (Dy, Cp) .
4: while no stopping criterion is satisfied do
5:  Compute D,, .1 € Ok by solving
1 AT
(80) D,y € argmin§|]DCn —Pu|]%+7DHD—Dn\|§.
DeOgk
6:  Compute C,,; € RM*K by solving
1 A%
(81) Cpi1 € argmin o || Dpy1 C — Pullf + 7C = G5 + B[O
CGRMXK 2 2

7 Setn=n+ 1.

8 it | Dy — Dy y]|%+||Cp — Coy]|% < 12 then
9: stop the loop.

10: end if

11: end while

12: Return (D,,, Cy,).

We collect the properties of algorithm 5 in the following lemma.

Lemma 5.1 (Properties of the dictionary learning algorithm). Consider algorithm 5. Then the following
assertions are true:
(i) Problem (80) admits a closed form solution, which is given by
Dn+1 = UVTa

where USV' T = (Pu)C,| + \},D,, is the singular value decomposition.
(ii) Problem (81) admits a closed form solution, which is given by

D] Pu+ \.C, PR
1+ A% R APV

On+1 = pI‘OXﬁ"H,Hl (

where the proximal operator proxg, |, : RM** — RM** s defined as the soft-thresholding
operator

Cij — Bn ifCij > B
if=B, < Cij < By

[proxg, 1., (O)]i; = 4 0
Cij + B, ifCiy; <8
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(i) Let the sequences (A}, \%),,cy be bounded, ie. ap < N}, < bp and ac < A < be
for 0 < ap,ac,bp,bc and all n € N. Then the sequence (D,,, C,,)nen that is produced
by algorithm 5 is a descent sequence for problem (79) in the sense of 3.6 with parameters
o1 = min(ap, bc) and oy = max(L¢, be, bp), where

Lo :=sup ||Cy||r < +00.
neN

Proof. The proof of this statement is standard and we exclude it here for the sake of brevity. U
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