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Stable ALS Approximation in the T'T-Format for
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Lars Grasedyck* Sebastian Kramer*

Abstract

Low rank tensor completion is a highly ill-posed inverse problem, particularly
when the data model is not accurate, and some sort of regularization is required
in order to solve it. In this article we focus on the calibration of the data model.
For alternating optimization, we observe that existing rank adaption methods do
not enable a continuous transition between manifolds of different ranks. We denote
this flaw as instability (under truncation). As a consequence of this flaw, arbitrarily
small changes in the singular values of an iterate can have arbitrarily large influence
on the further reconstruction. We therefore introduce a singular value based reg-
ularization to the standard alternating least squares (ALS), which is motivated by
averaging in micro-steps. We prove its stability and derive a natural semi-implicit
rank adaption strategy. We further prove that the standard ALS micro-steps are
only stable on manifolds of fixed ranks, and only around points that have what
we define as internal tensor restricted isometry property i TRIP. Finally, we provide
numerical examples that show improvements of the reconstruction quality up to
orders of magnitude in the new Stable ALS Approximation (SALSA) compared to
standard ALS.

Keywords. tensor completion, MPS, tensor train, TT, hierarchical Tucker, HT,
alternating optimization, ALS, high-dimensional, low rank, SVD, ill-posedness, sta-
bility
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1 Introduction

Data sparse formats for high-dimensional tensors are typically based on notions of (low)
rank(s) and non-unique representations with correspondingly few degrees of freedom -
for comprehensive survey articles, we refer to [14, 16, 18]. These representations can be
understood as technical tools to generate tensors, which are the main, or sole, objects of
interest. A method may be based on these representations, such as ALS, and follow the
same concept for any fixed rank. However, through the correspondence of data and full
tensor, the method may also yield an accordant map acting on the full tensor space.

In the setting of matrix completion, the data model, or tensor format 7, often is the low
rank representation, i.e. a function 7, : (X,Y) — XYT € R™™ for (X,Y) € D, :=
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R™ 7" x R™*" A method M applied to this model may be the least squares optimization
of Y, ie.

M, (X,Y) = (X, argmin | XY — M]|p), (1.1)
Y

where P is the sampling set. In order to obtain a well defined function, the minimization
of | XYT||r serves as secondary criterion if there is not yet a unique argument of the
minimum. Formally, for each value of the classical matrix rank r, these are different
functions. Our starting point as well as the central objective of this paper is the continuity
of these algorithmic steps as functions on the whole tensor space

AeRY, T:=Tyx - xTy, I,:={1,...,n,}, peD:={1,...,d}

Definition 1.1 (Stability). Let T be a tensor format in respect of which every tensor
has a unique rank r € NI* and hence belongs to one of the disjoint subsets T (r) C RT.
Let further 7, : D, — RT be the function that maps a representation to its tensor and M
be a method that maps any rank v to a function M,. : D, — D,. (the optimization method
for fized rank). We define the following properties:

o M is called representation independent, if 7.(My(G)) = 1.(M,(G)) for all r and
G, G € D, with 7.(G) = 7,.(G). We then define 77" to map to one possible repre-
sentation (we want to circumvent the use of equivalence classes).

o M is called fix-rank stable, if it is representation independent and for any fixed rank
7, the map 7, o M, o771 : T(r) = RZ is continuous.

o M is called stable (under truncation), if it is representation independent and the
function

f./\/l :RZ — RI, f./\/l(A) = Tp(A) © M’I‘(A) o TR({‘) (A), (1.2)

where r(A) is the rank of A, is continuous.

Certainly, stability implies any fix-rank stability. Properly calibrating the rank r
for unstable methods poses a very intricate problem. Most of the operators applied to
representations are stable, e.g. truncations based on matrix singular values. The situation
changes if we apply a partial optimization (or micro-) step on a low rank representation,
which is a very common step for many algorithms.

Example 1.2 (Instability of alternating least squares matrix completion steps). Let a €

R\ {0,1} be a possibly very small parameter. We consider the target matriz M and an
e-dependent initial approzimation A = A(e)

(7] 111 111 a 0 —a
M := 1 1 1], AlE)=1[1 1 1|+ell4+a 0 —-1—a],
1 1 1 11 1 l-a 0 -1+a

where the entry M 1 (the question mark above) is not known or given. The matriz M is
of rank 3 and A(e) is of rankr =1 for e = 0 and of rank r = 2 otherwise. We seek a best
approzimation of (at most) rank 2 in the least squares sense for the known entries of M.
In a single ALS step, as defined by (1.1), we replace Y (€) of the low rank representation
A(e) = X(e)Y ()T by the local minimizer, where in this case

1 1 a 11 1
AO)=[1] (1@ 1 1), Ae)=[1 1+a (5 0 6) ife > 0.
1 1 1—a



This optimization yields a new matriz, B(e) = 7, o M, o 7,7 1(A(¢)), given by

1.05 = = 14 20% %
B(0)=11.05 = x|, B(e) = 1.0 * x| ife >0. (xis some value)
1.05 * = 1.1

Now let a be fized and let £ tend to zero so that the initial guess A(e) — A(0). However,
B(e) - B(0), thus violating the stability. One minor detail is that the rank two approxi-
mation B(1) diverges as a — 0, in particular it is not convergent although the initial guess
A(1) converges to a rank two matriz as a — 0. Thus, the micro-step is not even stable
for fized rank. We want to stress that the initial guess is bounded for all €,a € (0,1), but
the difference between B(0) and B(e) is unbounded for a — 0. The unboundedness can be
remedied by adding a reqularization term in the least squares functional, e.g. +|| XY 71|,
but the ALS step remains unstable.

This example likewise demonstrates that ALS for tensor completion is not stable.
It is easy to see that this is not an exceptional problem, but occurs systematically (cf.
Example 2.1). For the rest of this article we consider the problem of (approximately)
reconstructing a tensor from a given data set Mp = {M;};cp, where P C T is fixed. For
the underlying tensor M it is assumed that there exists some (low) rank r € N¢=1 to
yield an approximation M, € TT(r) where TT(r) is the tensor train [28,29] (or matrix
product state (MPS) [35,39], or special case of the hierarchical [12,17]) format:

Definition 1.3 (TT format). A tensor A € RT is in the set TT(r), r € NI~ if for
p=1,....d and i, € I, there exist G,(i,) € R"»=1*"w (rg =rq=1) such that

A(ir, ... iq) = Gi(i1) - - - Galia), iel.

The representation of A in this form is shortly called the TT(r) or TT format. If we
want to stress the dependency of A on the so-called cores G, then we write A = 7,.(G) :=
G1X...XGy, where we define ¥ for two cores Hy, Hy as (Hy X Hy)(i, ) := H1(i) Ha(j)
(interpreting TT-cores as vectors of matrices). For the matrixz Kronecker product we use
the symbol ®.

We do not use any more information, explicitly no detailed knowledge about
the rank r = (r1,...,rq—1) is assumed and we will demonstrate why this can be
troublesome in the following.

Notation 1.4 (TT singular values). Analogously to the TT-ranks, we define the TT-
singular values o = (0(1), . ,a(dfl)) of a tensor A as the unique singular values of the
corresponding matricizations A1) g REX - XLu) X (TusrxxTa) qyith, entries

AG (i), (s -5 da)) = A7)

of A, such that o™ contains the ordered singular values of A%M =1, d—1.
Hence, the TT-rank r, is the number of nonzero TT-singular values in oW . We also
call ™) the p-th singular values and o the (TT-)singular spectrum.

Many tensors of relevance have very well and uniformly behaving singular values, but
this is certainly not the general case, as the following example demonstrates. One can
even prove that there is no limitation to the shape of the singular spectrum for fixed
rank, except the trivial |o(?||3 = ||¢?)|3, Vi, j, provided the mode sizes n1,...,nq are
large enough [22].

Example 1.5 (Rank adaption test tensor). For k € N, let Q € R™**" pe an orthog-
onally decomposable 4-dimensional TT Tensor with rank (k,k,k) and uniform singular



values o) = 0@ = ¢6) = (a,q,...) as well as B € R™*"s be a rank 2k matriz with
exponentially decaying singular values o®) (B71,872,...) for some a, 3 > 0. Then the
separable tensor A € R™**"6 defined by A(i) = Q(i1,...,14) - B(is,ig) has singular
values o and rank r = (k, k, k,1,2k). For an explicit construction, see Appendix A.

By definition, A is separable into a 4- and a 2-dimensional tensor (@, B). Knowing
this would of course drastically simplify the problem. We now consider the performance
of two very basic rank adaption ideas.

1. Greedy, single rank increase: We test for maximal improvement by increase of
one of the ranks r, (u = 1,...,d — 1) starting from r = 1. Solely increasing
either of 79, r3 or ry will give close to no improvement. As further shown in
[10], approximation of orthogonally decomposable tensors with lower rank can be
problematic. In numerical tests, we can observe that rs is often increased to a
maximum first. Thereby, extremely small singular values are involved that lie
far beneath the current approximation error, although the rank is not actually
overestimated.

2. Uniform rank increase and coarsening: We increase every rank r, (u=1,...,d—1)
starting from r = 1 and decrease ranks when the corresponding singular values
are below a threshold. The problem with this strategy is quite obvious, namely
that r5 = 1. If this rank is overestimated, the observed sampling points will be
misinterpreted (oversampling) and it does not matter how small corresponding
singular values become (see Lemma 2.1).

These indicated difficulties gain more importance with high dimension, but for one micro-
step at a time, can be resolved by regarding only three components of a tensor. We will
come back to this in Section 3.

1.1 Relation to Other Tensor Methods

Whenever a tensor is point-wise available, algorithms such as the TT-SVD [28] can just
establish the exact rank based on its very definition or a reliable rank estimate as well as
representation can be obtained through cross-approximation methods, a setting in which
the subset of used entries can be chosen freely [4,27].

If only indirectly given, adapting the rank of the sought low rank tensor can still be
straight-forward, e.g. when the rank has to be limited only due to computational com-
plexity, while in principle the exact solution is desired [2,5]. Here, an optimal regula-
tion of thresholding parameters becomes most important. This mainly includes classical
problems that have been transferred to large scales. These may for example be solved
with iterative methods [1, 3, 25], which naturally increase the rank and rely on subse-
quent reductions, or also by rank preservative optimization, such as alternating opti-
mization [8,10,19,32], possibly combined with a separate rank adaption.

Provided that the tensor restricted isometry property holds, the task may be interpreted
as distance minimization with respect to a norm that is sufficiently similar to the Frobe-
nius norm and analyzed based on compressed sensing [30]. Black box tensor completion
for a fixed sampling set, however, requires a certain solution to a positive-semi definite
linear system. Hence neither an exact solution is reasonable nor does any norm equiva-
lence hold. Thus, the available data is easily misinterpreted, the more so if the rank is
overestimated, and truncation based algorithms, including DMRG [19,21], are misled.
Nuclear norm minimization, being closely related to compressed sensing as well, for the
matrix case [6,7,15,31] has a very strong theoretical background, yet the simplifications
required for an adaption to tensors [11,24,33] do not seem to allow for an appropri-
ate generalization [26]. While these approaches rely on a direct adaption of the target



function, that is convex relaxation, our starting point are the micro steps provided by
alternating least squares. In that sense, we treat each update and adaption as part of a
learning progress.

For fixed or uniform rank, there have been proposals in hierarchical, or tree-, for-
mats [23,34] as well, the essential adaption of which however is rarely considered, all
the less in numerical tests, and remains an open problem in this setting. A mentionable
approach so far is the rank increasing strategy [13,37] and its regularization properties
are a first starting point for this work.

The rest of the article is organized as follows: In Section 2, we further inves-
tigate instability and exemplarily analyze approaches towards it in the matrix case. In
Section 3, we introduce further notations and thereby reduce the setting to essential
three dimensions. In the main Section 4, we continue with the previously carried out
ideas and thereby motivate a modified, iterate dependent residual function. We then de-
rive its minimizer and prove stability (Theorem 4.13) for the thereby obtained regularized
micro-steps. Subsequently, in Section 5, these results are transferred back to arbitrarily
dimensional tensors. Section 6 finishes with the necessary details for the algorithm, in-
cluding its rank adaption as it is naturally given through stable alternating least squares.
Comprehensive numerical tests (exclusively for unknown ranks) are provided in Section
7. Appendix A provides remaining proofs and in Appendix B, we shortly analyze a key
element of SALSA. Appendix C includes detailed, experimental data.

2 Instability and Approaches to Resolve the Problem

As previously mentioned, instability poses a systematic flaw in ALS, or for that matter,
in any such range based optimization:

Example 2.1 (ALS is unstable). Consider the micro-step M as in (1.1). Let U,V be
orthogonal, such that UXVT is a truncated SVD of a rank r matriz A = 7,.(U, VET).
We now let o, — 0 such that A* := A|,_—o has rank r — 1. The update is independent of
the value o, > 0:

fm(A) = 7(M, (U, VET)) = U argmin [[UY T — M||p = iy fra(Alo,=e)  (21)
Y €

Howewver, if o, = 0, then A|,,—o has rank r — 1 and a truncated SVD U.S. VL. It is easy
to see that the update

fM (A|UT:O) = TT—l(MT—l(UC7 chc)) = Uc arg}r/nin ||UCYT - M”P

is in general different from the limit (2.1). The same holds for an analogous update of
X=UX.

The micro-steps of ALS in the tensor case behave in the same way. The only dif-

ference is that there are two tuples of singular values ¢(*~1) and o) adjacent to the
core G,. Modifying the micro-steps such that stability is gained is one task. Another
aspect, however, is that we aim for a natural way to do this, which we will discuss in the
following.
A quite successful approach for completion has been the rank increasing strategy, e.g. [37].
By the given limitation to all ranks, a regularization is introduced to the target func-
tion. High frequencies, corresponding to low singular values, are excluded up to a certain
progress.



A similar kind of effect can be achieved by assuming an uncertainty of the current iterate,
or, equivalently, averaging the tensor update function. That way, the level of regular-
ization can be adapted continuously and is less dependent on the technical rank that is
currently used. We will first view this in a minimal fashion for the matrix case and the
method M defined by (1.1). With this approach, we can motivate an algorithm that
is stable under truncation and allows to straightforwardly adapt ranks nonuniformly. It
optimizes, in a loose sense, continuously between manifolds of different ranks.
Assuming local integrability of fa (as defined in (1.2)), we obtain that the averaged
function

Fud) = [ punan (2.2)
|VA,w| Va,w

Vaw:={H €image(rs) | ||H — A|| < w}

is continuous within ¢mage(75), where 7 may be considered an upper bound to the rank,
cf. Figure 1. However, this function does not preserve low rank structure and therefore
we cannot find a method M* for which f3, = faq-. Consider instead a scenario in which

image(T;) image(T;)

image(7y) image(7r)

Figure 1: The schematic display of the unstable function faq (left) and the averaged, stable f}, (right).
In both pictures, the image of T, is depicted as black curve contained in the image of 7= shown as blue
area (with magenta boundary). A is a rank r tensor, while C and each B; has rank 7. Left: Regardless
of their distance to A, the tensors Bi,Bs and Bs (and any other point of the dotted line except the
lower rank tensor A) are mapped to the same point faq(B;). Likewise, C is, although as close to A
as B1, mapped to a completely different point. The teal circle exemplarily shows one possible range of
averaging at the point A. Right: If a tensor (such as B1 and C) is close to A, then this also holds for
their function values. However, the f}, (A) is not rank r anymore (in fact, the image of frq is generally
not even rank T).

we limit the disturbance that the left singular vectors U receive due to the variation of
A to only one component (as limit case of 01 > 09 &~ w). From this, we will observe
important consequences.

Lemma 2.2 (Averaged low rank matrix approximation). Let M be defined by (1.1) and
P =1T. Let further A = ULVT € R™™ be of rank two, given by its SVD components
U= (u1 | uz), & = diag(o1,02) and V' as well as M € R™™ arbitrary and 0 < w <



V205. Then

fM(A) = ﬁ/‘/ m ((ul | Ug + A'UQ)ZVT) dAusg

2

200, —
= wulM + (1—a,)ugul M + =29 (I, —uiul —ugud )M (2.3)
N—— N——— m — 2
optimization reqularization replenishment

Vi = {Aus | [|(u1 | us + Auz)EVT — Al| = w, (uq | uz + Aug) is column orthogonal}

for a, = %, such that o, — 1 if w — 209. Alternatively, considering complete
2

uncertainty of the second singular vector, we obtain

1 1
|V|/ Im ((ur | Aug)XV)dAug = ululTM + 1 (L — ululT)M,
w Ve

m —

where here  V,, := {Aus | (u1 | Aug) is column orthogonal}.

Proof. We parametrize V,,. First, w = |[(u1 | ua + Auz)XV7T — A| = ||Aug|| o2 and

hence ||Aus]| = -=. By orthogonality conditions, we obtain Auy = —a,us + Auy with

Auy L range(U) for a fixed o, = % Hence, V,, is an (m — 3)-sphere of radius
2

Bw = 4 /‘;’—z — a2, that is 3,5™ 2. The update for each instance of Auy is given by
2

Fm((ug | ug + Auz)EVT) = (uy | ug + Aug)(uy | ug + Auz)TM.

We integrate this over V,, and obtain

/V sz/ ulu{MJr/V (1—aw)2uQu2TM+/V Au;Au;TM

Ve w

since all integrals of summands which contain Aus exactly once vanish due to symmetry.
We can simplify the last summand with Lemma 4.5 to
T 7200, — ai
(Hz)(Hz)" Mdx = HH 72|VM|M
m —

T
/ Auy Auy” M =
Vo Bw Sgm—2

for a linear, orthonormal map H that maps = € 5,5™~2 to Auy, that is, embeds it into
R™. One can then conclude that HHT =1, — ululT — uzu2T7 since the rank of H is m —2
and range(H) L range(U). The division by |V,,| then finishes the first part. The second
part is analogous. O

We can observe that, in this case, choosing w close to o9, or in that sense a low o9, will

filter out influence of uy. This is indeed in agreement to the update which the rank 1 best-
approximation to A would yield. Note however that we fixed ||Ausg| = w (for simplicity)
as well as that for w > /20, Example 2.2 does not make sense. Allowing perturbations
up to a magnitude w will prohibit that the influence of uy vanishes completely, hence us
is never actually truncated.
More importantly, the result fa((A) in (2.3) is not low rank, yet is close to the rank 2
approximation U(uf M, (1 — a,,)?>ud M)), in which the first component U has remained
the same. While the averaged model as in (2.2) remains the root idea, it appears too
complicated to use for the derivation of a stable method M*. We instead consider a
slightly modified approach in Section 4:



Lemma 2.3 (Low rank matrix approximation using a variational residual function). In
the first situation of Example 2.2, we have

1 ~
argmin W/ | (u1 | ug + Aug)V — M2 dAus = (ul M | (1 — au,)ud M) (2.4)
Proof. With the same derivation as in Lemma 2.2, we obtain

|Vw|1~/:/ (ur | s + Auz)T M dAus

Ve

= (ulTM|Vw| | ul M|V,,| —|—/ —aul M+ Aué‘MdAi@)

w

= |V, (uipM | (1— aw)uQTM) .
O

Comparing this to the rank 2 approximation of the previous result (2.3), we observe
that there is only one difference, i.e. (1 — a,,)? has been replaced by 1 — a,,. For our
purpose, these terms are sufficiently similar if ay, € (0, 1).

The replenishment term however, which we so far ignored, is crucial. Without this term,
some parts of the iterates will simply converge to zero for fixed w (cf. Appendix B). We
later bypass this problem by setting a lower limit to all occurring singular values.

We also refer to a Matlab implementation of a (superficially random) Monte Carlo ap-
proach to the unsimplified averaged micro-step fi, as in (2.2) for matrix completion.
Likewise, an implementation of the final algorithm SALSA (Algorithms 2, 3), which is
developed from the idea in Lemma 2.3, can be found for the matrix case, as well as for
the tensor case of course, under www.igpm.rwth-aachen.de/personen/kraemer.

3 Notations and Reduction to Three Dimensions

As mentioned earlier, we reduce the d dimensional setting to a three dimensional one:
Notation 3.1 (Unfoldings). For a core H (possibly a product of smaller cores in the TT
representation) with H(i) € RF1*F2 j = 1,... n, we denote the left and right unfolding
L(H) € RFvnxkz Rj(H) € Rk xkzn py

(S(H))(0,5),q = HG))g g (RH)) g (g = (H(F))gq

for1<j<n,1<l<k andl < q<ky. For a representation G, we correspondingly
define the interface matrices

GH=gGIK...KG,_1) € R Pu-1XTu-1,
G7F =R(Gu1 B...KGy) € Rw*"uttnd (cf Definition 1.3).
We further define the core A,y € (R”l'“"ﬂflX”““'“"d)z“ as core unfolding with respect
to mode u of a tensor A by
A @) (i) e, i) = A0)-
For any representation it hence holds
(TT(G))(M) =G"K G, X G~*. (3.1)

From now on we will mostly skip the symbol X in terms as in (3.1) or for any scalar
product of a core and a matriz (where the matrix is regarded as scalar). This relation is
displayed in Figure 2.
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Figure 2: The decomposition of a core unfolding with respect to 2 of a four dimensional tensor into the
left and right interface matrices as well as the intermediate core.

We will further use the following, convenient notations, since we often have to reshape,
restrict or project objects.
Notation 3.2 (Restrictions). For any object A € R! and index set S C I, we use
Als € RS as restriction. For a matriz M, let M_ ; be its i-th column and M; _ be its i-th
row. Furthermore, whenever we apply a restriction to an object or reshape it, we also use
the same motation to correspondingly modify index sets.

For example, for P = {p(¥ | i = 1,...,|P|} and the rearrangement (-),), which is
used to summarize components s =1,...,u—laswellass=pu+1,...,d, let

Py = {0V o0 )0, 00, By i =1, | P

Thereby, A|p has the same entries, however in another shape, as (A(u))‘Pm- For the
selection of one slice, (-)(,)(j), we denote

Py () = (0 20, @2 ) | PP =G i =1 P (32)
Likewise, the vectorization of an index set S C R™*™ is defined by vec(S) = {s1 +n(s2 —
1) eR|seR?.

W.l.o.g. we can restrict our consideration to three dimensional tensors that correspond
to the left and right interface matrices as well as the respective intermediate cores (cf.
Remark 3.1):

Notation 3.3 (Reduction to three dimensions). When u € D is fized, we will only use
the short notations

e (L, N, R) = (G=H, G, G°H)

o (nr, ny, nr) = (N1 ... Ny—1, Ny, Npt1 ... Na)

e (7, 0) = (oD, o) and (T, ©) = (2w, W) = (diag(c*~V), diag(c)))
o (ry, m9) = (Tp—1, Tp)

o B= M) and S = P,

The micro-steps MM,  M(D of ALS for the tensor train format only change the
respective G, and are given by

MU(G) = (G1,...,Guo1, G G, ..., Ga)
G, = argmin ||7,(G) — M| p = argmin||L - N - R — B]|s (3.3)
N

"

or equivalently G} (j) = argmin g |IL-N(j)-R— B(j)|ls¢j) - an equation in which only
matrices are involved. In that sense, we only need to consider three-dimensional tensors



A= £ Y(L)XNKR(R) with mode size (n,ny,nr), rank (r,,7s) and singular values
(7, 0). For simplicity, we redefine 7, for this case via A = 7,.(L, N, R).

4 Stable Alternating Least Squares Micro-Steps

Our motivation is to adapt the target function of each micro-step in order to obtain a
stable method M*. One may construe a tensor as one test function. A micro-step of ALS
then yields a minimizer only for this specific point. It is hence a reasonable approach to
instead consider a set V,,(A) of variations AA along the manifold of three dimensional
TT-rank r tensors:

Vo(A) ={AA| A+ AA e TT(r), |AA| <w}, r=rank(4)

Let A=7.(L,N,R) and (AL, AN, AR) such that A+ AA = 7,.(L+wAL, N+wAN, R+
wAR). Then

|AA|% = ||(L + wAL)(N + wAN)(R + wAR) — LNR||%
— |w(ALNR+ LANR + LNAR)||% + (O(w?))?

The term ||[ALNR + LANR + LNAR|* can be approximated, assuming the angles
between the three summands are small', by ||[ALNR||?> + || LANR||?> + || LNAR||?.
Definition 4.1 (Variational residual function). Let w > 0, $1,82 > 0 and B,S,L, N, R

as in Notation 3.3. We define the averaged residual function C := Cp s,1 N g for V,, 1=
Vu(L,N,R) by:

C(N) ::/ (L + s1AL)(N + AN)(R + $:AR) — B|%dALAAN dAR, (4.1)
Vw(L,N,R)

Vo = {(AL,AN,AR) | |ALNR|?* + | LANR|]® + | LNAR|? < w?}

where s1, 89 are scalings that only depend on the proportions of the representation, to be
specified by Lemma 5.1.

It is easy to see that AN does not influence the minimizer, so we omit it from now
on. It should further be noted that V,, does not depend on the unknown V.

4.1 Standard Representation of a TT-Tensor

A representation G = (L, N, R) can be changed without changing the generated tensor
A = 7,.(GQ) ( [20,32]), more specifically

(@) =7.(G) & G=(L,N,R) = (LT, TyNT;*, Ty R) (4.2)

for two regular matrices 71 € R™*"™ Ty € R"*"% . Using the unique TT-singular values,
one can define a standard representation that is essentially unique (in terms of uniqueness
of the truncated matrix SVD?). For the construction, an only slightly modified TT-
SVD [28] is used.

IThis is generically the case for large vectors v, w with uniformly distributed entries in (-1, 1).

2Both USVT and USVT are truncated SVDs of A if and only if there exists an orthogonal matrix w
that commutes with ¥ and for which U = Uw and V = Vw. For any subset of pairwise distinct nonzero
singular values, the corresponding submatrix of w needs to be diagonal with entries in {—1,1}.

10



Lemma 4.2 (Standard representation). Let A € R"LX"NX"R pe g tensor.
There exists an essentially unique representation (with minimal ranks)

g = (£7FaN7 @?R) (43)

for which A = 1,.(L, TN'©, R) as well as LT RNOR) and £(LTN) © R are (truncated)
SVDs of AU and AUL2Y | respectively. This in turn implies that £ and L(TN) are
column orthogonal, as well as R and R(NO) are row orthogonal.

Proof. uniqueness: B

Let there be two such representations G and G. Since the left-singular vectors of A
are essentially unique, we conclude £ = Lw; for an orthogonal matrix wy that commutes
with T'. Via an SVD of A{L2D it follows that R = wlR for an orthogonal matrix ws
that commutes with ©. Furthermore £(LTwiN) = £(LTN) = £(LTN)w,. The map
x +— £(LT'z) is linear and, in this case, of full rank. This implies N = wi Nws.
existence (constructive):

Let A = 7,.(L,N,R) where $3(N) and R are column orthogonal (this can always be
achieved using (4.2)). An SVD of L yields L = £ T VT, since LT R(V;T N R) is a
truncated SVD of A1) A subsequent SVD of £ VT N) yields T' V;T N = N © 7
since £(L ]V) © (VL R) is a truncated SVD of A®1:2)) We can finish the proof defining
N:=T"!Nand R = Vi R. Note that, by construction, £(I' N) is column-orthogonal.
implied orthogonality:

Using the essential uniqueness, it follows that £(T' A/) must indeed be column-orthogonal.
By analogously constructing the extended representation from right to left we would
obtain that R(N ©) is row-orthogonal. By uniqueness it follows again that this is always
the case. O

Remark 4.3 (Conventional form of standard representation). Throughout the rest of the
article, the standard representation will mostly appear in form of a specific, conventional
representation

(L, N, R)=(L, T N ©, R), (4.4)

hence with interface matrices L and R given by corresponding singular vectors.

4.2 Minimizer of the Averaged Residual Function

We define (from now on) our method as

M*(L, N, R) = (L, argmin C(N), R) (4.5)

with C' = Cp s, n,r as in (4.1). Although Theorem 4.7, or more specifically the regular-
ity of Y'(j) given by (4.7), later provide the uniqueness of the minimizer, we up to that
point formally use the minimization of ||7.(L, N, R)||r as secondary and representation

independent criterion. The special cases p € {1,d} are derived from the general case
(Remark 5.2).

Lemma 4.4 (Representation independent). The method M* is representation indepen-
dent.

Proof. Let NT := argminNC' C=0Cgs,r, NR( ) and Nt := argmin g 6,
C = Cgz g1 np(N) for representations 7.(L,N,R) = 7.(L,N,R) as well as V,, =

11



Vo(L,N,R) and V,, = V,(L, N, R). According to (4.2), there exist two matrices Ty, T}
such that A
(LTy, Ty *NTy, T, 'R) = (L, N, R).

Hence
~ ~ ~ ~ 2 ~ ~ ~
O(N) = [ H (L+ s ALTy DT NTy YR + 5 ToAR) — BHS dALdAN dAR,
Ve
with V,, = {(AE,AN,AE) | |AZTINR|? + | LT ANTLR|? + |ILNTRAR|? < w2}

The substitution (AE,AZ/\?,AE) N (ALTl,TflANTQ,TglAR) introduces a constant
Jacobi Determinant | det(.J,)| for some J,. We obtain

~ o~ ~ 2
C(N) = \det(J)|/ H(L+31AL) (TlNTgl)(RHQAR)—BHSdALdANdAR
Vo
= |det(J)|C(TyNT; )

The determinant is irrelevant to the minimizer and hence Nt = T, 'N*T,. This is the

same relation given for N and N and therefore 7(L,NT,R) = TT(E, N+, ﬁ) (which is a
set equality if the minimizer is not assumed to be unique). O

Lemma 4.5 (Integral over all variations). Let n,m € N, w > 0 and H € R™*" be a

matriz as well as
VO™ = (X € RV X p = w}.

Then

W V™)

/ XTHXAX =
Vsnam) nm

tr(H) L, V™™= / 1.
v

Proof. The proof mainly works with symmetry arguments. See Appendix A for details.
O

Corollary 4.6 (Integral over Kronecker product). Let wq > 0.
Further, let H € Rnxmy)x(nxny) g5 yell as Y € R™ ™ be matrices and

VGO = (X € RMOMN |1 X|r = ).
Then

V)

Iny YTH'Y
nxmx

/( )(X®Y)TH(X®Y)dX:
\% nx,.mx

“w1

for (H*)i; = tr(hiz), H =73, hi;® 6iej-T, hij € R">x*"x_ For an analog VQE;LY’MY),
wo > 0, we further have

R VAT v )

XoVWHX®Y)dXdY = H) Lo -
|| @evraxey) o e ()L

(nx.,mx) y,(ny,my)
v R

Proof. Using the splitting H = Z” hij ® eie?, hi; € R™>"X Lemma 4.5 can be

applied to each summand, separately for X and Y. O

12



We now derive the minimizer of the variational residual function (4.1). Due to Lemma
4.4, we can use the standard representation in form of Remark 4.3 for simplification. In
this case, V,, takes the convenient form

Vo(L, T N O, R)={(AL,AN,AR) | |ALT|? + |[TANO|? + |OAR|* < w?}. (4.6)

Theorem 4.7 (Minimizer of the ALS averaged residual function). Let (£, T, N, ©, R)
be the standard representation (4.3) for a tensor A. The minimizer Nt of the residual
function Cp s crnve.r as in (4.1) is given by

N7 (j) = argmin [|£ N(j) R — B3+ Y () vee(NG)IE, G=1,....ny5
N(j)

standard ALS reqularization

where

nptG Ros(), @T7!
Y(j) = /711_31<2 @71 ®LS(j)17— (47)

VP26 Ot

with S(4); = (xgl),xl(-z), ), for S(j) = &M 2@ .. i =1,2. The constants C,p only

depend on the proportions of the representation and sampling set (c¢f. Remark 4.9) as
well as the constant scalings s1, So.

Proof. The proof is rather technical and can be found in Appendix A. O

This result may appear to be intricate. However, to calculate the minimizer is of
the same order (with near same constant) as for standard ALS, for which the matrices
Ls),,— € R%*™ and R_ gy, € R"*% (a; = {p | p € P, p, = j}|) are required
anyway (for further explanation, see (5.2),(5.3)). As an example, for the approximation
of a fully available tensor, Theorem 4.7 reduces to the following.

Corollary 4.8 (Filter properties). For P = T, the update is given by the so called filter

Fi=(I@I+¢ I@T 2460201+ 072027 (4.8)
Nt=Fo (" BRY),

where ® acts matrix wise as Hadamard product.

Proof. From P = Z, it follows that R_ g(;), is an nz-order copy of R and Lgj, — is an

e
ng-order copy of £ (cf. (4.7)). Hence Y (j) =: Y is independent of j. The minimizer
N*(j) is given by

RT® L
ny G RT @I .
vec(B(j)) ) nr-times
(KTK)'KT 0 for K = '
nplG 0718 L .
) nr-times

\/41’2 o1 = s
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The factors \/nzl and \/”1_%1 vanish in K7 K due to the multiple rows involving the

orthogonal matrices R and £. Furthermore, (K7 K)~! is diagonal, such that equation
can be restated using the Hadamard product. O

Remark 4.9 (Specification of constants (cf. Appendix A)). Let #r = size(R), #n =
size(N), #r := size(L) be the sizes of the tensor components. The constants in Theorem
4.7 are given by p12 = |S(j)|nZlnl,_{1 =|S)|(IZ]/nn)~t and

<2 — UJ2S2 #R
“ro(#c+#x + #r +2)
Cl = WZS% #L )
Ty (Fo + H#N +H#HR +2)
2.9 HRrRH#L

(2= wts?s .
b P ro(#e + # + #R T 2)(He + Ha + H#R )
We finish this subsection with the central theoretical statement of this paper. The
Tensor Restricted Isometry Property (e.g. [30]) does not hold for any non trivial sampling
set P & Z. We however only need to work with a modified version as follows.

Definition 4.10 (Internal tensor restricted isometry property (iTRIP)). We say a rank
r tensor A = 7.(L,N,R) has the internal tensor restricted isometry property for the
sampling set S, if there exist 0 < c <1 and p > 0 with

(1= A% < pll Al < (1 + )l AlIZ

for all A€ A(L,R) := {r,(L,N,R) | N arbitrary }.
Note that the constants are independent of the specific, chosen representation.

Lemma 4.11 (Likelihood of the iTRIP). Let T be the subset of 3 dimensional tensors
with rank r = (ry,79). Let P be a (random) sampling that fulfills |S(j)| > ryre for all
j=1,...,ny. Then almost every A € T has the iTRIP. If for one j, |S(j)| < ryrg, then
no A €T has the iTRIP.

Proof. A tensor A = 7,.(L, N, R) has the iTRIP (for some valid constants) if and only if
the linear map N + (LNR)s is injective, or equivalently, (RT ® L)vec(s(s)),— has full
rank for each j. Due to the provided slice density of P, each matrix (RT ® L)vec(s()),—
is of size |S(j)| x 7y79. Hence generically, it is of full rank. If |S(j)| < r,r¢, then the
matrix cannot have full rank. O

Tensors themselves that do not have the iTRIP, assuming sufficient sampling, pose
just a marginal phenomenon for high dimension d (in the matrix case for example, some
columuns or rows may indeed have very few samples). If the iterate is close to such a tensor,
the likelihood grows to encounter overfitting (cf. Example 1.2), but the regularization
(4.7) already compensates this.

Lemma 4.12 (Partial matrix inverse by divergent parts). For a partitionof indices
{1,...,n}2 = (w1 ULw;) x (we UCwy), we define Q := w;y x way and Q° := Cw; x Cwy. Let
{AENY, {TEY, € R™ ™ be series of symmetric matrices, supp(J*)) C Q.

If limg 00 A®)|qe = Alqe, Alqe s.p.d, and Umm(,](k)b) — 00, then B = limy, o (A% +
JEN=L ezists and we have Blge = (Alge)~! and Blgge = 0.

3The symbol C denotes the set-complement to a (by context) given set W, i.e. Cs=wW \ s.
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Proof. First, w.lo.g., let Q@ = {m +1,...,n}2. Otherwise we can apply permutations.
Further, let B(*) := A®) 4 () We partition our (symmetric) matrices M for M, ; €

R™*X™ block-wise as
M1 Mo
M=% 2
(M17:2 MM)

Note that Jl(ﬁ), 1(k2) = 0. Since Agkl) = Bikl) and Ay 1 = Alg- is s.p.d, Agkl) is invertible
for all K > K for some K and hence 1imkﬁoo(B§]f1))_1 = AI% Further, Umin(BgB) >
Umin(Jz(,kz)) - UmaX(Ang)) — oo and hence ||(B§k2))’1|| — 0. Therefore, for k > K
and H® = BY) — BN (BI) 1B, it is opin(H®) > oypin(A1,1)/2. By block-
wise inversion of BX®), it then follows ((B®))~1);; = (H®)~ — (A{"))~'. Similarly,
(B®™)~H)|q — 0. O

One last step remains, since we cannot allow ¢ to depend on the rank r. For now,
we redefine the method M™* to directly yield the result in Theorem 4.7 for arbitrary
constants (, i.e.

ME(L, N, R):= (L, N*, R). (4.9)

We explain in Section 5 and Lemma 5.1 how the scalings s1, s as well as w are used to
obtain one specific M¢ from M?*, for which ¢ is indeed independent of r. It is easy to
see that M is (trivially) representation independent as it is defined via the essentially
unique standard representation.

Theorem 4.13 (Stability of the method MZ) Let B be the target tensor, S the sampling
set, arbitrary but fized and M as in (4.9).
o (w=0) The unregularized method (3.3) is stable for fized rank at all points A* that
have the iTRIP (cf. Def. 4.10).
o (w>0) The regularized method M7 as defined by (4.9) (for (1,2 > 0 and ¢1 2 >0
that do not depend on r) is stable at all points A* (and hence also fix-rank stable).

Proof. Let A* be a fixed tensor with TT-ranks r*.

1. fiz-rank stability

We first show that M* is stable for fixed rank. Let A; be a sequence with rank(4;) = r*
and A; — A*. Let G* = (L*,T*,N*,0* R*) be the standard representation of A* as
well as G; correspond to A;. We partition the indices for v* and 6* by k and ¢ according
to equality of entries, such that 7§ = ... =7} >, 1 =... =7, > ... >, 1=
<o = Yie > 0 and likewise for 44,...,¢;. Since A; — A*, their singular values also
converge (e.g. [38]). We can hence conclude from [9,36] that there exist sequences of block
diagonal, orthogonal matrices W; and M; with block sizes k1, ks —k1,...,kx —kx—1 and
by, 0y —Ly,..., 4 — €1, _1, respectively, such that

since the standard representation includes left and right singular vectors. We have to
show that the tensors Z; = 7,.(L;, N;, Ri) = 7-(M*(L;,T;:N;0;,R;)) converge to the
analogously defined Z*. For fixed j, we define for each single G; the matrix Y¥; = Y (j)
from Theorem 4.7 and z; := (R} ® £;) such that

<(2i)veC(S(j)),—) vee(N (j)) — (VGC(B(J')NveC(S(j))) H7 (4.11)

N;(j) = argmin : 0

N()
vec(Zi(j)) = zi vec(N;(j)).
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We define the shifted matrices

ZA/[’W = (‘2\4z Rl)T X (»Cz Wz)

Vread 4 R 550,07 & (071 W)
MW —
}/i = \/@ (61 ! MZT) ® (ﬂs(j)l,* Wl)

\/ Vs—l,sC{fg) (61_1 MZT) ® (rz_l WZ)

Due to (4.10), it holds (%gM’W)VGC(S’(j)),f — Z;k/eC(S(j)),—' Inserting I = (M @W;) (M ®
W)™ into (4.11), we obtain

‘ T omw\
vee(Zi(7) = 2" (Voo (1 Ivecisan,— + YT M)
'(Z;\J’W)gec(su)),_ vec(B(j))|vec(s())-

Since WZ»TF*Wi = I'* for all i, it follows WZ»TFiWi — I'*. Likewise MZTG),M7 — ©* and
T
thereby also YiM’W YiM’W — Y*T v*. We treat the cases w = 0 and w > 0 separately:

(i) w = 0: In this case, ¥;'""" = 0 = Y*. If the iTRIP holds for A*, then

Tmin(Zvec(s(j)),—) > 0 and therefore

—1 —1
MW MW . .
((Zi )\Tfec(s(j)),— (% )vec(S(j)),—> - ((Z )z;eC(S(j)),— (2 )vec(S(j)),—)

This directly yields convergence of (Z;(j)) — (Z*(j)) since all involved factors converge.
(i) w > 0: Here, we use that oy, (Y*) > 0 and oy (23ecs(j)),—) = 0- We then obtain
convergence since

T _1
((wa’wﬁec(su)),f (ZiM’W)vec(s(j)),— + YW YiM’W)

*\T' * «T « -1
- ((Z Jvec(s(j),— (ZF)vecs(y,— +Y Y ) )

This proves fix-rank stability. 2. stability

Let now A; have arbitrary ranks. Without loss of generality by consideration of a finite
amount of infinite subsequences, we can assume that rank(A;) = r for all 4. Then, since
TT(r*) is a manifold, it follows v > 4* and 6§ > 6*. We can therefore have singular values
(Yi)ks41s s (Vg — Oaswell as (05)e, 41, ., (0i)e,,, — 0. We expand the matrices
W; and M; by identities of appropriate sizes to account for the vanishing singular values:
Wi < diag(Wi, Iy —ky )s Mi < diag(M;, Iy, ¢, ). In regard of Proposition 4.12, let

T
Q) be the smallest cross product set, such that (YZ»M’W YiM ’W)|Qc converges (which is

the set that corresponds to vanishing singular values). Then, due to the definition of

YiM’W7 Jmin((YiM’WT KMW”Q) — 00. We can conclude that
T -1
<((2iM’W)€ec<S<j>)7 (2" )veesgn.— + Y YiM’W> ) e
*\T % «T % -1
- ((Z Jvec(s)),— (2 vecsy,— +Y Y ) .
and

T _1
<((2f\4’w)€ec(sg)), (" Yvecrsiyy,— + YV YiM’W) > lcae — 0.
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Because of this restriction, we in turn again get convergence to the limit (Z;(j)) —
(Z*(4)), since all parts that correspond to vanishing singular values, also vanish within
the update. This finishes the proof. O

5 Results Transferred Back to a d-Dimensional Tensor

In this Section, we return to a d-dimensional tensor. In Remark 4.9, we have #r =
size(R) = 19 Hf:sﬂ ni, #n = size(N) = ryngre, #o = size(L) = r, Hf;ll n;. By
combining modes (cf. Notation 3.3), the sizes of the left as well as right side have been
drastically overrated and distorted, considering that the degrees of freedom of £ = G<*%
and R = G~% are given by a sum, not a product, of the degrees of freedom of the single
modes. We choose one of the few remaining options through which the method becomes
stable. We artificially set

d pn—1
#HR Ty E Ni, FL 4 Tuo1 E n;
i=pt1 i=1

using appropriate scalings s; = sgu), So = sg‘) (differently for each mode p). Otherwise

we will not obtain a stable micro-step. Furthermore, the near common parts of the
denominators, #r + #n + #r + 2(+2), can be incorporated into w?, so we omit them
in the following sense:

Lemma 5.1 (Rescaled target function). The previously discussed rescaling is achieved
by choosing

-1 d
(1)\2 —F Zgzl s (1)\2 - B Zs:p,-i—l N
(Sl ) u—1 d ) (52 ) d d )
(Hs:l TLS) Zs:l Ns (Hs:,qul 718) Zs:l s
d pn—1
E=r, H Mg+ Tp— 1My +Tu1 H Ng
s=p+1 s=1
Thereby,
_ d
25:1 n J. Zs: +1 ns L _
W = S ¢ = S ¢ =+ oE™).  (5.1)
s=1"'"s s=1"'"s
Proof. See appendix A. O

The value E~! is in general far below machine accuracy, such that we (from now on)
ignore the factor (1+ O(E~!)). There might be a more suitable realization of this result
and it should be remarked that the exact scalings are not important for the validity of
Theorem 4.13. In this context, for fixed u, the matrices Lg(;), - € R%*™ and R_ (), €
R a5 = [{p|p € P, pp=J} = [Pyl (cf. (3.2)), are given by

(Lsgn—)e_ =G -+ Gua(pl?), (5.2)
(Restiya) = Guin ) - Ga(0y"), €=1,...,a;, p) € Poy(5),  (5.3)

for a representation G for which £ = G<* and R = G~%.
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Remark 5.2 (Case u = 1,d). For p = 1,d in Theorem 4.7, the same formula can be
used by formally setting G<' =L =1, GZ* =R =1 and Cél) =0, (jl(d) =0, Cf,lg)’(d) =0,
respectively.

Since all micro-steps M™ are stable, we call this regularized ALS method stable -
hence the name SALSA (Stable ALS Approximation). We summarize in Algorithm 1
one full left sweep u =1 — d of SALSA for some fixed rank r. Note that the algorithm
remains with the same order of computational complexity O(dr#|P|), and near same
constants. The simpler matrix case (d = 2) is carried out in Algorithm 2.

Algorithm 1 SALSA Sweep

set og=o0g4=1
Require: limits Uﬁfﬁn’ parameter w, initial guess A = 7,.(G) for which R(Gs), ..., R(Gy)

are row-orthogonal and data points M|p
for u=1,...,ddo
compute the SVD USMWVT := ¢(G,,) and update o
update G411 := VTG4 and G, via £(G,) = US®)
set ¢*, ¢§, ¢ as defined by (5.1)
forj=1,...,n, do
compute the update N, (j) from the least squares problem given by Theorem 4.7
for L =G<*, R = G”* (cf. Remark 5.2)
end for
if 4 # 1 then _
compute the SVD UXVT := R(N)
update N via R(N) :=U diag({max(&i,a(m”i_nl)) li=1,...,r,}) VT
end if

if u # d then B
compute the SVD UXVT := £(N)
update UE“) = max(&i,a(”? ), i=1,...,1,
min

update N via £(N) :=U
set Gy = E(“)VTGMH
end if
update G, := N
end for

6 Semi Implicit and Non Uniform Rank Adaption

The stabiliy of SALSA is used to establish an in principle simple rank adaption. For a
more detailed analysis and motivation, we refer to Appendix B. We capture the magnitude
of regularization caused by the individual singular vectors o(*):

Definition 6.1 (Minimal filter values). Define the entries of F") € (0,1)" via

= maX(ffi)yfi(ﬁJrl))’ (6.1)

3

where FOO = F(4) .= 0 and F® (for each u) is defined in Corollary 4.8.

This magnitude is then used to define certain thresholds for all singular values.
Definition 6.2 (Virtual ranks and virtual singular values). Let 0 < Fyp < Fgpop < 1
be fized. A singular value o™ s called virtual, if Fi(“) < Fy;pt and denoted stabilized

%

18



Algorithm 2 Stable Matrix Completion

Require: limit o,;,, parameter w, initial guess A = XYT € R™*"2 guch that YV
contains the right singular vectors of A and data points M|p
fori=1,...,n; update

|P; | w?nq

X o= argmin | X; YT - M; _|[},_+ 1 X272 (5.4)

X ng np+neg
compute the SVD UXV? := X and update o; := max(d;,0pj,), ¢ =1,...,7
set X :=U and YT := V7Y™
for i =1,...,n9 update
~ P_; 2 ~
Vs = argmin | XVT, - M_ 3+ Lol 2 o2 (g
v . ’ ny ’

ny1 —|—7’L2

K3

compute the SVD USV” := Y and update o; := max(6;,0p5,), ¢ =1,...,7
set X := XUY and YT := V7T

(with respect to Fgyp) if Fi(“) > Fyop- The virtual rank of A = 7,.(G) is given by its
exact rank r = r(A), while the stabilized rank only includes the stabilized singular values.

The trick is to overestimate all ranks by 1 and to gradually decrease w (as well as the
(#)

singular value limit). During several iterations, each last singular value o;,” just equals

Ugﬂn (cf. Algorithm 3). It does thereby only marginally influence the optimization,

which is why we use the term virtual. However, at a certain point, the according singular
values exceed the minimum and then stabilize. Each time this happens and certain
criteria hold, the technical rank is increased by 1 (by adding a virtual singular value
using random terms). Vice versa, a rank is cut if the stabilized rank is by 2 lower than
the virtual rank. The rest of this subsection will deal with remaining details.

Definition 6.3 (Control set). For a given index set P, we define P, C P as control set.
This set may be chosen randomly or specifically distributed as well. The actual set used
for the optimization is replaced by P < P\ Py (keeping the same symbol).

It is not easy to give a general criterion when to terminate the algorithm. Often, an
estimate for an upper limit to all ranks provides an efficient criterion. We here measure
the improvement between rank increases, but there might be more suitable approaches.

Remark 6.4 (Blocking rank increases). For every previously taken value k, let G®) pe
the representation given immediately before the k-th rank increase. Set

Rx(k+1):=|m(G®) = M||x, X €{P,P,}.

|1 - _l(@-M|x ‘
Define Bx = |1 A (51— (D)) for the current representation G.

As long as Zf;ll r; > 2(d—1) and one of the following criteria is fulfilled, rank increases
are blocked:

° BP < ﬂmin

e Bp, < Bmin (¢f- Definition 6.3)

o Zle T 17Ny — Zle r% > |P|/1.2 (degrees of freedom too high)
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Definition 6.5 (Unblocked ranks). We define

)0 if rank increases are blocked (cf. Remark 6.4)
S l{se{2,....d} | ru+1< Min(nsrs—1, Ns 17511, 7)) otherwise

where 1y, € N is a given, technical limit to any rank.

Remark 6.6 (Decline of w). Let GUt7) be the representation after iteration number
iter =1,2,.... Define
i Resy (G®) L )
’YX::W, Z=1ter—4...1ter,X€{P,P2}
the arithmetic mean of the last 5 residual reduction factors for the sampling and control
residual. We say w is minimal, if there exists a stabilized rank equal to ry;p, or if U = {}

(Definition 6.5) and all ranks are stabilized with respect to ﬁstab for a fized Fgy,p < Fepop
that is close to, yet less than 1. The parameter is requlated as follows: Initialize W = wy.
After each iteration iter, if
e w is not minimal and if either
— the singular spectrum does not currently change too much and
— 7p < orp, <7
or
_ ReSP(G(iter)) > ReSP(G(iterfl))
then @ is decreased by a constant factor of f,. Set then w = @||7,.(G*")] 7.
Remark 6.7 (Changing ranks). The u-th rank is increased if the following conditions
hold:
o u €U (Definition 6.5)
e W has been decreased in the previous iteration

° 0,(«’:) is stabilized

The representation is then expanded randomly, such that for the new singular value holds

Ui’:)ﬂ = J%Zn and all other singular values remain equal.

If, in contrast, at any time 05‘:11 is virtual (and hence 0,(,‘:)

by 1 and the tensor truncated.

as well), the rank is decreased

By this kind of rank adaption, only virtual singular values are ever introduced or
removed. This is to be understood as the main idea behind SALSA. The exact rank is
not relevant anymore within the optimization, only the magnitude of w compared to the
singular values matters.

Remark 6.8 (Termination). Let i* = argmin,Resp,(G) and fp, > 1 be fized. If one
of the following criteria holds, then the algorithm terminates.

e w is minimal (Remark 6.6) (convergence)

e iter > 10 and Resp, > fp, - Resp,(G*) (Definition 6.3) (divergence)

As final result, G* is chosen (it may be cut to its stabilized rank).

It remains to substitute the replenishment term in (2.3) in order to prevent virtual
singular values from quickly converging to zero. Otherwise, they become essentially
invisible to the algorithm and are not be picked up in subsequent steps.

Definition 6.9 (Singular value limit). The lower limit to the singular values is defined
as fizpoint of
1 ;
O.(IL) _ (1 _F(#) (0.(#) )) Reseat (6.2)

min d min\’ min
> p=1"u
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) ¢ (1) N - (w) .
where F 2o (o, 5 is defined the same way (aé; F) (see (6.1), (4.8)), but assuming that
o

all last singular values equal the minimal T i
estimator for the full residual,

Res®! := (\/|Z|/|P2|Resp,)*? (/|Z|/|P|Resp)~ /2.

In practice, it is sufficient to perform a damped fixpoint iteration parallel to the decreases
(1)

min

The value Res®' > 0 is a pessimistic

of W to obtain o . Furthermore, the decrease of W is accelerated if Fz%)’t 18 much lower.

6.1 The SALSA Algorithm

We summarize the previous results in Algorithm 3. For the technical realizations, we
refer to Section 7 and for the explicit choices of tuning parameters, see Subsection 7.3.
The Matlab implementation (as well as all programs necessary to produce the results in
Section 7) can further be found under www.igpm.rwth-aachen.de/personen/kraemer.
The order of computational complexity does not exceed O(dr*#P), where r = max,, r,,.
Note that the computational complexity per sweep can actually be lower, since not all
ranks are kept equal, but some are lower than others.

Algorithm 3 SALSA Algorithm

Require: P C Z, M|p (and parameters)
initialize G s.t. 7,.(G) = const, |P|||7.(G)||% = |Z||M|p||% for r =1 and @ = 1/2
split off a small control set P, C P (Definition 6.3)
proceed one or a few ordinary ALS sweeps (Algorithm 1 for w = 0)
for iter =1,2,... do
ONCE: after a few iterations, introduce virtual ranks (= r = 2)
proceed SALSA sweep* (Algorithm 1)
*: decrease  if progress low (Remark 6.6 applies)
if *: a singular value becomes stabilized/virtual (Remark 6.7 applies) then
increase/decrease the virtual rank
end if
if final breaking criteria apply (Remark 6.8) then
terminate algorithm
end if
end for

7 Numerical Experiments

We consider the following two algorithms:

e standard ALS (Algorithm 1 for w = 0)

e SALSA (Algorithm 3)
We explain how ranks are adapted for ALS in Section 7.1, give details for data acquisition
and measurements in Section 7.2 as well as tuning parameters in Section 7.3. We analyze
the results in the latter Section 7.8.
For each test, we give a (too large) upper bound r};,, for the maximal rank of the
iterates. We like to emphasize that, in contrast to rank adaption itself, such a bound
can subsequently be increased if this might yield improvements - since this does only
pose a one dimensional problem. Such a limit is not obligatory, but in specific cases the
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necessarily coarse criteria in Remark 6.4 only hold for very large rank, such that the
algorithms would use up a lot of time without changing the results. For simplicity, we
use a common mode size n =ny = ...,ng.

7.1 Rank Adaption for Standard ALS

Since ALS itself is not rank adaptive, the (so far) most promising approach, that is greedy
rank adaption, is chosen. When the progress stagnates, the algorithm searches for the
highest (new) singular value ag_“) which any of the rank increases may yield. These values
are estimated as follows. Let u be fixed and G be a representation for which G<H~1 is

column-orthogonal and G”# is row-orthogonal. Further, let

T:= (G HT (M ~7(G))|p) (G717,

Qi 1y = grgmin |G+t (Gu=1(ip—1) - Gu(iy)

Qip_1rip

+ aiuflfiuT(iP’*h zl‘)) G>M - M(#_l»l‘) ||P(u71,u)(iur—1»iu)'

(n—1,p)

We define the core H(-,-), H(iy—1,i,) = o, i, T(ip—1,9,) € R™=2*"+ and stack its
entries to form the matrix §) € RM#—2"u-1X"u"u  Then a&‘) = ||9|2, the largest singular
value of ). This approach is very similar to two-fold DMRG micro-steps as defined in [19],
but a bit more regularized. The corresponding rank y = argming US_” ) is increased by 1,
using a rank 1 approximation of §). Basically the same termination criteria as for SALSA
are used, although some criteria that are based on w are replaced as well as possible.
No rank decreases are proceeded since this involves tremendous difficulties, of which the
most important one is the sheer incapability to decide when and which rank actually to

decrease.

7.2 Data Acquisition and Measurements

Sampling: In order to obtain a sufficient sampling for each slice of M, we generate the
set P in a quasi-random way as follows: For each direction p = 1,...,d and each index
iy € 1, we pick Csf-r%; indices i1, ...,%y—1,%u+1,-- ., 1q at random (uniformly). This gives
in total |P| < Cs-dnr% samples (excluding duplicate samples). The rank rp is artificial,
such that Cg¢ can be interpreted as sampling factor. After all, the degrees of freedom of
a TT-tensor of common rank r is slightly less than dnr?. As a verification set C, we use a
set of the same cardinality as P that is generated in the same way. Order of optimization:
Instead of the sweep we gave before (1 = 1,...,d) for simplicity, we alternate between
two sweeps (u=1,...,h, p=d,...,h, h=|d/2]) to enhance symmetry. Averaging:
With (-)ar we denote the arithmetic mean and by (-)geo the geometric mean which we
use for logarithmic scales.

7.3 Implementation Details and Tuning Parameters

All tests were done using a (pure) Matlab implementation, so the time performances
should be evaluated carefully. Section 6 involves several parameters and relations to
enable a full understanding of the black box algorithm. These have been chosen equally
for all experiments with respect to best results, not speed, and could be relaxed for easier
problems (or in practice for first trials) to reduce timing considerably. It shall hence
be mentioned in advance that the number of iterations for the regularized algorithms
is in general much higher. Straightening the tolerances for ALS (hence allowing more
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iterations) however, does not lead to notable improvements, or even the opposite.

The parameters are given by: ~v* = 1073, f, = 1.1, Fyipt = 0.33, Fgap = 0.99,
ﬁstab = 0.999, Bunin = 0.02, fp, := 2.5, |Py|/|P| = 1/20. The specific choices are
heuristic (based on experience), but likewise recommendable for other problems. We
observed that any reasonable values near these work as well, the more so for larger
sampling sets. The performance is in that sense not based on how close the parameters
are to some unknown optimal choices. We also refer to the implementation for all details.

7.4 Approximation of a Tensor with Near Uniform Singular Spectrum
At first, we consider the completion of the following tensor:

d—1 -1

D(iy,. .. iq) = 1+Zi’” =1, p=1,....d
pn+1

p=1

This tensor is not low rank, but has well ordered modes and uniformly exponentially
decaying singular values. It can therefore very well be approximated with uniform ranks.
For a black box, rank adaptive algorithm however, this is not trivial to recognize. The

n=12 n = 20
T T T T
. — @ SALSA (d = 6) —@— SALSA (d = 6) ||
10 F —M— SALSA (d =9) [] — @ SALSA (d =9) ||
F\ —v— SALSA (d = 15) [ —v— SALSA (d = 15)
= F —o— ALS (d = 6) H = —©— ALS (d = 6) |
= \ g ALS (d = 9) 1= g ALS (d=9) H
'g | —%— ALS (d = 15) 'g —%— ALS (d = 15) H
= = H
—a | |
e 1 l
+ I - +~ |- .
) 8 108
g i 1 &
3 | 1074 | |
107 | \ \ \ E L \ \ \ |
0.5 1 1.5 2 0.5 1 1.5 2
sampling size 104 sampling size 104

Figure 8: (d=6,9,15, rp = 6, rp;,, = 10, n = 12,20, Csy = 2,4,6) Plotted are, for varying dimension
and mode size, the averaged relative residuals (Rco/||Mcl|)geo and accordant standard deviations as
functions of the sampling size |P| as result of 20 trials, for ALS (black) and SALSA (blue, filled symbols).

results are plotted in Figure 3 (see Appendix C for Table 1).
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7.5 Approximation of Three Generic Tensors with non Uniform Singular
Spectrum

We want to demonstrate how different results can be through proper rank adaption,
considering the following three generic tensors:

. - 2
M i) = L cos(is — ig) + — 2
f (Zl, .. .,Zg) : 4 COS(Zg Zg) + 7;1 + iG + i7

f(Z)(il,...,i7) = <

+ 52 sin(ig + i3)

2
i2+i6+i1+igi5i7> y iuzl,...,nﬂ,uzl,...,d

FOin, i) = \/23 +i2 + E(ZS +i7 + 4 + 15 + i) + %(211 + i1 — i10 — i6)%;
In contrast to the tensor in Section 7.4, the modes are not (and hardly can be) ordered
in accordance with the TT format. A different ordering may of course yield other results,
but we cannot assume to find a better ordering if the approximation fails in the general
case. The results are plotted in Figure 4 (see Appendix C for Table 2).

£(1) £(2) £(3)

e S B SR ey R S e

Tg EO\—G‘OE 1071 g —o— ALS [¢—————o—0]

1073 | E F i -2 L =

2 g 11021 EI

et 4| | B E [ B
10 E E! -3 L .

2 f - 11070 E

= 105 | 4 1074 | | B B

g 6 i | 1075 i E 10_4 E E

1077 | | | N E | | L] L | | |

03 05 07 09 1.1 0.3 05 07 09 04 0.7 1 1.3
sampling size .14 sampling size .14 sampling size 14

Figure 4: (d1 =8,d2 ="7,d3 =11, rp =6, ry,,, = 10, n =8, Cs5y = 2,4,6) Plotted are, for the tensors
FO (left), f@ (middle) and f®) (right), the averaged relative residuals (Rc/||Mc||)geo and accordant

standard deviations as functions of the sampling size |P| as result of 20 trials, for ALS (black) and
SALSA (blue, filled symbols).

7.6 Recovery of Random Tensors with Exact Low Rank

We next consider the recovery of quasi-random tensors with exact low ranks. Although
this in practice will never occur, it is a very neutral test*. Here it is required to set
Bmin = 0. The ranks are generated randomly, but it is ensured that (r),, > 2/3k and
max(r) < k for some bound k € N.

Each of these is generated via a TT representation A = 7,.(G) where we assign to each
entry of each block Gy, ..., G4 a uniformly distributed random value in [—0.5,0.5]. Sub-
sequently, the singular values (1) ... 2@ are forced to take uniformly distributed
random values in [0, 1] (up to scaling). This is achieved by successive replacements of the

4Note that in some papers, uniform distributions on [0, 1] are used such that all entries of the target
tensor are positive, causing each first singular value to be huge compared to all following ones. This
leads to a tremendous simplification of the completion problem. There is no indication yet that the
sampling required for the completion of a random tensor is in general close to O(nrlog(n)) as in the
matrix case [7].
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current values in G.

As results, we plot the number of successful recoveries (R¢/||Mc| < 1079) for different
mode sizes n (each single tuple uniform), dimensions d and maximal ranks k of the target
tensor (Figures 5, 6).

d=5 ALS d=5 SALSA d=6, ALS d =6, SALSA d =7, ALS d =7, SALSA

-
) T T T T 20
+ 64 |- — — —
g 32 | 15
& [ [ . =

16 [ - | =
& 10
= 8 [ —
=
E 4 - B 5
g au 0
n 12 16 20 12 16 20 12 16 20 12 16 20 12 16 20 12 16 20

mode size n

Figure 5: (d = 5,6,7, rp = 6, Thm = 9, n = 8,12,16,20, Csy = 2,4,8,16,32,64) Displayed as 20
shades of blue (black (0) to white (all 20)) are the number of successful reconstructions for random
tensors with mazimal rank k = 6 for ALS and SALSA

d=5 ALS d=5 SALSA d=6, ALS d =6, SALSA d =7, ALS d =7, SALSA

i “‘% 7‘ ‘ ‘7 ? . i
12 16 20

32 | H —
12 16 20 12 16 20

sampling factor
>

12 16 20 12 16 20 12 16 20

mode size n

Figure 6: (d=5,6,7,rp =8, Tlim = 11, n = 12,16, 20, Csy = 2,4, 8, 16, 32,64) Displayed as 20 shades
of blue (black (0) to white (all 20)) are the number of successful reconstructions for random tensors with
mazimal rank k = 8 for ALS and SALSA

7.7 Recovery of the Rank Adaption Test Tensor

Last but not least, we consider the recovery of tensors as in Example 1.5, for which
Q1,Q4,Q5 and Qg are generated quasi-randomly for each trial. For an explanation of
the results in Figure 7, we refer to Section 7.6.

k=2 ALS k=2 SALSA k=3, ALS k=3, SALSA k=4, ALS k = 4, SALSA

”
i) FT T 7 - = - = 20
Q

& B R I R 15
o = ] = ]

o | N | | 10
k|

g I B 5

12 20 12 20

mode size n

Figure 7: (d =6, rp = 2k, rj;, = 2k + 3, n = 12,20, Csy = 2,4,8,16,32,64) Displayed as 20 shades
of blue (black (0) to white (all 20)) are the number of successful reconstructions for the rank adaption
test tensor with rank (1,k,k, k, 1,2k, 1) for ALS and SALSA
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7.8 Analysis of Results

SALSA is superior in nearly all observed cases. For tensors which could as well be
approximated with uniform ranks, the differences are marginal, but SALSA yields better
results (the timing however is worse). The two generic functions show that the residuals
can be multiple orders of magnitude better, and although the functions were chosen quite
randomly, we do not want to over-interprete these specific results. Finally, for the more
neutral test of random tensor recovery, the required sampling seems to be overall 4 to 8
times lower. For the rank adaption test tensor, the performance of SALSA becomes even
better for larger rank & (this is due to the larger total sampling), while greedy ALS runs
into the predicted trouble. As mentioned before, the tuning parameters of SALSA could
be relaxed to better keep up with the speed of ALS in case of larger sampling.

8 Conclusions

In this article, we have demonstrated that the most successful completion algorithms
do not behave continuously with rank changes and that existing rank adaption methods
suffer from this.

In order to correct this, as proven for SALSA, we suggested a regularization motivated
by averaged micro-steps in order to uncouple the optimization of a discrete, technical
rank. While the exact derivation and implementation of SALSA is presumably improv-
able, we take the notable numerical results as indication that stability (under truncation)
is a worthwhile property. Briefly said, SALSA can crack harder problems by investing
an advanced amount of time. Let it be mentioned that, although we focused on tensor
completion (with possibly small sampling sets), the derivations given in this paper allow
for a straightforward generalization to arbitrary semi-elliptic problems.

The computational complexity remains the same and it poses an open question whether
it can be reduced. Furthermore, it may be possible to adapt the presented ideas to man-
ifold based method.
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9 Appendix A (Proofs)

Construction of the tensor in Example 1.5:
We define a representation G for A = 7,.(G) via left and right unfoldings by

£(G1) == Qx,

Ga(iz) = G3(i3) := I, 1 <42 <ng, 1<i43 <ng,
R(Ga) = Q1 ,

£(Gs) == Qs,

R(Ge) := QT

for (column-) orthogonal matrices Q1 € R™M*™  Q € R™™X"s Q5 € R™"5X™s Qg €
R™*"s and (05); < 7%, B > 1. This tensor has exactly the properties postulated in the
example.

Lemma 4.5:

Proof. Let V =V TuV, Vi+/_ ={X eR"™™ | X;1 >/<0, | X||r =w}. We can split
the integral and simplify

([ o+ [ xTEXAY = [ (X | X | X )T H (X | X | i)
V.+ — ‘/i+
+ (Xai— | =X | X>i,—)TH(X<i,7 | =X | X5i,-)dX
Hence, for i # j,

Y;; :/ X HX; +(-X;)THX,;_dX =0.
vie o

It follows that the matrix Y is diagonal and must therefore, considering permutations
P, st. V = PV, be a multiple of I,,. Now, let H 4+ H” = QT DQ be an eigenvalue
decomposition. Then tr(D) = 2tr(H) and since @ is orthogonal, we have

n
2tr(Y) = /tr(XTDX YdX = Z/ tr(X7_di X, - dX:Zdi/ Xi- X[
i=1 v
Further, due to symmetry
n
n/ X, X dX:/ doxiox] dX:/ tr(XTX)dX
\% Vs 14

for any j. Thereby

o(xT t(H) [ T _
2nZd/t (XTX)dX = /Vt(X X)dx

n

This then gives the result. O
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Theorem 4.7:

Proof. We omit the scalings sy, s3 for simplicity since they only have to be carried along
the lines. We search for N* := argmin g Cp s 2, rave.n (V). Substituting

(AL,AN,AR) — (ALT L, TIANO7L, ©071AR)

we can (up to a constant factor) restate C as

Cesrrve.r(N) / (£ + ALD Y N(R 4+ ©7'AR) — B||2 dALIANAAR,

Vo = {(AL, AN, AR) [ AL + [AN|? + [AR|* < w?}. (9-1)

Each of the independent matrices of the minimizing core is restated as

NT(j) = argmin/V (R4 O AR @k (L + ALT ™)) vee(N(5)) (9.2)

NG)
— vec(B(5))[vec(s(jy) IALAANIAR (9.3)
Let j be arbitrary but fixed from now on. For any z, it is ||2[lvec(s(y) = [H(j)zl|r =

a7 H(j)z for a diagonal, square matrix H(j) € RIZI/nvxIZl/ny with
H(j)(s),s) = dses(y) (hence H(j)?> = H(j)). Using the normal equation, we obtain
N*(j) = Y~ 'b, where

Y:/ (R+O'AR) @k (L +ALDHT
Vw

H(j) (R+0'AR)T @k (L + ALD V) dALIAN AR

and
- (/V (R+O'AR) @k (£ + A/:rl)T>

H(j) vec(B(j)) dAALIANAAR.

In both Y and b, any perturbation that appears only one-sided vanishes due to sym-
metry of Vw. Hence b = |Vw‘ (RT QK E)VeC(S(j)),—T VeC(B(j))VeC(S(j)) and for dé :=
dALAANAAR

y :/ (RT @5 £)T H(j) (RT @5 £)ds
Ve

+/ (RT @ AL YT H(j) (RT @k ALT 1) d6
A\

w

+/ (ARTO ' i £)T H(j) (ARTO ' @K £)dd
A\

w

+/ (ARTO ' @k ALT™HT H(j) (ARTO ' @k ALT ) dd
A\

w

Now, let £ = #xr, n = #ar, k = #. Since V is a version of the (£ + n + k)-sphere, we
can use the following integration formula: Let f : R — RF be a sufficiently smooth
function and S”~! be the v-sphere of radius w. Then

w/2
/S+ lf(:cmxm)d:c:/ w/s 1 /S o f(an,2m) Az day du.
HR 0 n- m—

w sin(u) w cos(u)
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We use it twice and thereby split the integral. For a function f we then obtain

w/2
/ Fds = / / Fdsd = [ A / / / Fdsdgd =
P A=0 -1 gt+k—1

)\mn(q) A cos(g)

/2 /2
/ A / / Acos(g / / / FAALAARAud AN dgd
A=0 -1 u= gé—1 gk—1

/\sln(q) X cos(g) sin(u) X cos(g) cos(u)

If f is independent of AN, this then simplifies to

/2
)\2 \S | cos(g fAALAARdudgd)
=0 A sm(g) 1 .
u= S S

A cos(g) sin(w) )\cos(g) cos(u)

We further use the identity (where the function I'(+) is not to be confused with the given
diagonal matrix T")

P((p+1)/2) I'((¢ +1)/2)
2T ((p+q+2)/2)

/2
/ cos(z)P sin(z)?dx = =:v(p,q)
0
We apply these and Corollary 4.6 for different f = (X ®x Y)TH(j)(X ®k Y). For
81,02 € {0,1} we set X as RT (6; = 0) or ARTO7! (§; = 1) and analogously Y as £
(82 = 0) or ALT ! (62 = 1). For the summands Y (0,0) +Y(1,0)+Y(0,1)+Y(1,1) =Y
this then yields

N /2 7/2(\sin(g))" !
Vi) = //\:0 g /:0 cos(g) : g\(n/;i]))

/2 o1t (Ncos(g)sin(u)) "ty o s

/u:O T(/2) (/\ cos(g)” sin(u) )

27%/2 (X cos(g) cos(u))F~1
I'(k/2)

w
_ C'/ )\n+ﬁ+k71+2§1+252d)\
A=0

(A cos(g)? cos(u)2)62 dudgdX - Cg (61, 82)

/2
. / Cos(g)£+k—1+251+262 Sin(g)n—ldg
g=0

w/2
. / cos(u) 1202 gin (u) =142 dy - O (61, 62)
u=0

wn+£+k+251+262

TR+ k+ 20, + 20,
V(£+k—1+2(51+2(52,n—1) V(k—1+2(52,€—1+2(51) CH((SI,(SQ)

for ¢ = %. The constant matrices C'y are given by

Cr(0,0) = K(0,0)" K(0,0), K(0,0) = (R" @ L)vec(s(j)),—
npreCp(1,0) = K(1,0)" K(1,0), K(1,0) = R_ 5(j)," @x T "
ngr,Cpu(0,1) = K(0,1)" K(0,1), K(0,1) =0"' ®x Lgj, -

IS npnpr,reCr(1,1) = K(1,1)T K(1,1), K(1,1) =0 ' @ T}



w71,+l+k

v+ k—1n—1) v(k—1,¢—1). Factoring out this

base volume in Y = |Vw|}~/ by using properties of the I' function, one derives:

Furthermore, it is [V, | = ¢

Y (0,0) = Cy(0,0), Y (1,0) = ¢;Cx(1,0), Y(0,1) = (Cx(0,1), Y(1,1) = (2Cx(1,1),

where the constants s; and sy have been added again. Restating the result again as a
least squares problem finishes the proof. O

Lemma 5.1:

Proof. First,

d ;
B Zs:l Ns

. For the mixed term, we have

p—1 pn—1
1 n _1n
Cl(u) _ UJQS% Hs—l s w2 Zs-l s

with an analog result for ¢

E 2
gtz) — Ciu) éu)E+ 5= {u)céﬂ)(l _ m)

10 Appendix B (Behavior of the SALSA Filter)

We investigate the behavior of the filter F as defined by (4.8) and its relevance for SALSA
in order to motivate Definitions 6.1, 6.2 and 6.9. Throughout this section, we assume
that the sampling is such that the minimizer in Theorem 4.7 is basically equal to

Nt =Fo " BRY), (10.1)

which at last holds for P = T (cf. Corollary 4.8). Since (1(2 = (1,2 (cf. (5.1)), we can
rewrite

Nt = DCl(F) (‘CT B RT) DCz(G))

Du(%) = (I + =727
We are interested in the fixpoints of this update, i.e. we postulate N* =T A/ ©. Then,
since R(N O) is row-orthogonal (cf. Lemma 4.2), it holds
D, (T) Z =T, (10.2)

Z =R((L" BR") D¢,(©)) RN ),
where Z =: diag(c(#)) is necessarily a diagonal matrix (certainly, an analogous argument
holds for © as well). The focus of our analysis is hence on the fixpoints of the function
dpz) i 0= (1+ co2)"1o(%) because (10.2) can only hold if dy(z) ¢, (vi) = i for all

i. For each pair (0(%),¢), the only attractive fixpoint (if existent) is given by fstab =

104 4+ 1,/(6(2))2 — 4c and the repelling one by frep = 304 — 1/(0(9)2 — de. At
the point where fg 1, = frep, it holds 0 = ¢ = %a(z). The minimal value which the
term (1 + co~2)7! can hence take in any attractive fixpoint, is F' = 1/2. This behavior
is shown in Figure 8. The relation to the filter is given by

Fin = (D¢, (T))iyi - (Dey (©))1,1 -

~1
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0.4}
0.2}

Figure 8: Left: Plotted are the fixpoints (continuous for attractive, dashed for repelling ones, in teal) of
da<Z),c for one fized ¢ with repect to o(%). Within the hatched area, singular values rise until they reach
the upper boundary. A lower limit to the singular values is indicated as dotted, magenta line. Right:
Different values of ¢ are considered. The turning point o = ¢ = %U(Z) corresponds to a filter value of
1/2.

A (stabilized) singular value corresponds to some attractive fixpoint of d,(z) .. Therefore
it necessarily holds (D¢, (I'));; > 0.5. In practice, the value Fy,1, should be chosen
larger, as well as Fy;p4 lower, not only to reduce the computational cost, but also to
avoid premature reactions within the optimization. Since the singular values I" take part
in another, neighboring micro-step as well, the accordant value is also taken into account
(cf. 4.8).

It is now easy to understand why a lower limit to all singular values is required. As
displayed in Figure 8 (left), for any fixed 0(#), a singular value o must be above a certain
threshold (that corresponds to the repelling fixpoint) to be increased by an accordant

micro-step. So we cannot allow it to converge to zero.
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11 Appendix C (Experimential Data)

Following are the precise values for Figures 3 and 4:

n=12 ALS SALSA
d | Css || (Bo/l[Mc)geo | (Bp/lIMpll)geo | (time)ar || (Ro/[Mcl)geo | (Bp/I[Mpl))geo (time) o
2 6.3e-04(1.9) 8.4e-05(2.5) 90(31) 3.1e-04(1.1) 2.1e-05(1.9) 391(78)
6 4 2.2¢-04(1.8) 6.5e-05(2.3) 78(17) 1.3e-04(1.2) 2.8¢-05(1.3) 615(62)
6 1.4e-04(1.1) 5.5e-05(1.1) 86(7) 8.8e-05(1.1) 3.2e-05(1.1) 892(52)
2 7.5e-04(2.2) 2.3e-04(4.2) 145(71) 1.7e-04(1.1) 1.1e-05(1.6) 1031(146)
9 4 8.0e-05(1.1) 2.0e-05(1.1) 306(30) 4.0e-05(1.1) 9.8e-06(1.1) 2370(201)
6 6.5e-05(1.1) 2.5e-05(1.2) 295(12) 3.1e-05(1.1) 1.2e-05(1.0) 3291(423)
2 6.6e-04(1.5) 3.3e-04(2.3) 444(261) 5.6e-04(1.6) 1.7¢-04(3.0) 2132(633)
15| 4 3.2e-05(1.1) 6.9¢-06(1.1) 1219(60) 3.2e-05(1.3) 5.1e-06(1.4) 11498(1886)
6 2.7e-05(1.1) 8.7e-06(1.1) 1575(78) 1.1e-05(1.4) 3.4e-06(1.3) 20186(4826)
n =20 ALS SALSA
d | Coy || {(Ro/lIMclDgeo | (RP/I[Mpl)geo | (time)ar (Be/lIMc)geo | (Bp/IIMp|)geo (time) oy
2 3.8e-03(1.1) 1.8e-03(1.1) 79(40) 9.2e-04(1.2) 6.6e-05(2.3) 632(141)
6 4 5.5e-04(1.2) 1.7e-04(1.2) 155(46) 3.7e-04(1.2) 5.3e-05(1.2) 918(136)
6 4.6e-04(1.3) 1.5e-04(1.5) 224(69) 2.9¢-04(1.2) 6.7¢-05(1.1) 1271(129)
2 2.6e-03(1.0) 1.4e-03(1.1) 170(72) 5.3e-04(1.1) 3.2e-05(1.2) 1334(266)
9 4 2.9¢-04(1.1) 1.0e-04(1.1) 363(31) 2.4e-04(1.1) 4.5e-05(1.3) 3119(629)
6 2.0e-04(1.1) 7.7e-05(1.2) 677(123) 1.3e-04(1.1) 4.4e-05(1.1) 5104(1302)
2 1.6e-03(1.0) 8.6e-04(1.0) 638(217) 1.7e-03(1.1) 7.1e-04(1.2) 3152(491)
15| 4 1.1e-04(1.1) 2.4e-05(1.2) 1994(144) 1.1e-04(1.1) 1.9e-05(1.1) 15622(2465)
6 8.2¢-05(1.0) 2.8e-05(1.1) 2929(91) 4.9e-05(1.5) 1.6e-05(1.4) 32167(9352)

Table 1: Results for Subsection 7.4 (with arithmetic and geometric variances in brackets) using a (pure)
Matlab implementation

d=8n=28 ALS SALSA
Csy (Re/IMc)geo | (Bp/l[Mpl)geo | (time)ar || (Rc/[[MclDgeo | (Bp/IMPp)geo (time)ar
2 6.7¢-03(3.3) 3.2e-03(6.2) 82(59) 2.4e-04(10.0) 9.3e-06(36.5) 498(179)
4 4.2e-03(1.2) 3.8e-03(1.3) 38(22) 1.1e-05(3.8) 1.7e-07(15.4) 1276(523)
6 3.8e-03(1.2) 3.6e-03(1.2) 40(25) 2.1e-06(4.6) 4.9e-08(11.7) | 2278(967)
d=T7n=38 ALS SALSA
A K Jeoo | R/ IV o | {EmeTar | (Rl TMcllzeo | R/ 1Mzl | (el
2 1.4e-01(6.4) 3.1e-02(8.9) 76(98) 1.9e-03(2.4) 3.0e-05(3.5) 403(93)
4 6.5e-04(39.5) 2.2e-04(63.8) 99(59) 2.9e-05(1.5) 6.9e-06(1.0) 954(627)
6 6.9e-05(23.3) 4.2e-05(26.8) 84(32) 1.5e-05(1.1) 8.2e-06(1.0) 659(45)
d=11,n=28 ALS SALSA
Csy {(fic/[[Mcl])geo Jgeo | (time)ar Jgeo | )geo (time)ar
2 4.2e-02(1.7) 3.8e- 02(2 3) 52(43) 2.0e- 03(6 4) 4.6e-04(16.8) 759(493)
4 3.1e-02(3.4) 2.3e-02(6.6) 110(134) 6.4e-05(1.3) 9.7e-06(1.6) 2527(752)
6 3.4e-02(4.3) 3.0e-02(6.2) 99(152) 3.8¢-05(1.4) 7.5e-06(1.8) 4657(1162)

Table 2: Results for Subsection 7.5 (with arithmetic and geometric variances brackets) using a (pure)
Matlab implementation
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