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Abstract

Matrix and Tensor Completion are key techniques, e.g., in recommendation systems.
We build on a recently developed matrix-completion method, BOMIC, which performs
nuclear norm regularized matrix completion jointly with trainable user and item biases:
Each predictor is a sum of a purely regression based model composed of user and item
biases, and a low rank model free of any behavior that could be seen as the effect of user
or item biases.

In this thesis, we extend this idea to 3-tensors. We propose the tensor completion method
BOTIC where each predictor again consists of a sum of different bias terms. In addition
to first degree bias terms for each of the dimensions and second degree terms consisting
of tensors exhibiting (low rank) dependence only on two of the indices our model includes
a low rank "pure" tensor free of effects which could be modelled by other terms.

We look at different ways to regularize this residual order 3 tensor, such that a low rank
tensor capturing only the most obvious of the purely order 3 phenomena in the data can
be obtained.

Since we believe many tensor completion problems involve mostly pairwise interactions,
with purely three-way interactions playing a relatively minor role, our model should be
better suited to model realistic low rank phenomena behind naturally occurring low rank
tensors.

Finally, BOTIC is compared against both pure tensor-based and matrix-based baselines
in experiments on synthetic data.
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1 Introduction and Overview

1.1 Introduction

Tensor completion is the task of imputing values in tensors that are missing, unobserved,
or corrupted. Many modern tasks and datasets are highly complex and often exhibit high
dimensionality. Understanding the underlying structure of the potentially huge amounts
of data is crucial in benefiting from the data and allows tackling important data-driven
applications. Often, the collected data is incomplete, only partial observations have been
made or some measurements have gone missing.

When dealing with this complex incomplete data, tensor completion as well as the closely
related fields of tensor decomposition and tensor approximation are key techniques that
enable many insights to be gained from collected data and aid prediction of the currently
unknown while keeping the prediction highly interpretable.

A special case of tensor completion, matrix completion, has been studied extensively and
is well understood. Advanced methods and frameworks like Orthogonal Inductive Matrix
Completion OMIC [1] have been developed and analyzed. Matrix completion methods
have already been used in many diverse applications.

Although many of the popular matrix completion methods can be indirectly used to
complete tensors, e.g. by working with slices of tensors or unfolding tensors into big
matrices, the inherent multidimensional structure present in the high dimensional data
can get lost and additional redundancies can be included thus weakening interpretability
and understanding. In addition to matrix-based tensor completion tensor-based tensor
completion has attracted increasing research interest.

Tensor based methods can be used everywhere where data can be represented in multi-
dimensional arrays, e.g. when the data depends on several categorical factors.
Applications include recommender systems, data mining, graph analysis,

computer vision, photo and video reconstruction, signal processing, psychometrics,
chemometrics and neuroscience |2], [3].

Throughout this thesis we will take a closer look at tensor completion in the context
of recommender systems where we are interested in learning how much a specific user
likes a set of items, including items not yet seen by the user. We can use this knowledge
to recommend new items and aid user guided searches by filtering and sorting possible
matches with respect to their unique preferences. Specific applications include recom-
mendations for movies, music, products or other content, i.e. in the context of social
media.

All possible interactions between a set of users and a set of items can be represented by a
matrix M where M;; is a numerical value representing the affinity of user i to the item j,
i.e. how user ¢ would rate item j, e.g. on a scale from 1 to 5. Each row M;. represents a
user 7 and contains all ratings of that user i on all items. Each column M.; on the other
hand represents an item j and contains all its ratings from all users.

Not every entry of M is known since not every user has seen and rated every item there is,
often each user only rated a handful of items leading to the case where only a (potentially
very small) portion of the needed data is available. Our goal is to fill in values for the



missing entries, since it would be beneficial to know how a user would rate an item they
haven’t already seen.

It is commonly believed that the preferences of a user can be largely attributed to a small
set of influences. For example, the affinity of a user to an item strongly depends on their
affinity to similar items and the ratings of users with similar taste on the specific item.
This justifies the assumption that the data has a low rank which can be used to our
advantage and allows predictions of unobserved data points.

In Tensor Completion we consider data that is influenced by more than two underlying
factors. For example, one could consider a recommender system model that also describes
how user preferences change over time. If a continuous time frame is divided into distinct
time intervals, the preferences can be represented by a tensor M.

This time M;;; indicates how much the user i likes item j in the time interval k.

Again the data is only observed very sparesly and M will be a tensor of low rank.

1.2 Contribution

The goal of this thesis is to develop the comprehensive and interpretable tensor-based
tensor completion framework OTIC closely build on the recently developed matrix-
completion framework OMIC.

BOMIC, a special case of OMIC, models matrices as a sum of purely regression based
terms including user and item biases and a low rank model free of any user or item biases.
This enables great interpretability of the results.

In this thesis, we extend this idea to 3-tensors. We develop and analyze a new tensor
completion method we name BOTIC.

While first order and second order terms are still an important part of our new model, we
also include a higher order term capturing the purely order three phenomena in the data
which can not be modelled by other terms. The first oder terms still consist of biases for
each of the dimensions while second order terms consist of tensors exhibiting (low rank)
dependence only on two of the indices.

We propose to use the overlap nuclear norm to dynamically select a tensor with a low
Tucker rank. Thus, most of the representational capacity of our model will come from
the matrix completion terms with an additional low rank tensor capturing the most
important higher order interactions.

We will show that this addition will improve the performance of BOMIC, demonstrating
that higher order interactions should not be neglected by tensor completion methods and
enabling future tensor completion methods based on OTIC.



1.3 Notation

To better visualize the difference between scalars, vectors, matrices and tensors we con-
sistently denote

scalars with small letters (e.g. x € R),
vectors with bold small letters (e.g. x € R™),
matrices with big letters (e.g. X € R"™*™),

tensors with big bold letters (e.g. X € R"™1*Xmd),

1.4 OQOutline

This thesis will be structured as follows:

Initially, in Chapter 2 the mathematical foundations needed for this thesis are laid, in-
cluding a formal introduction to tensors and the task of Tensor Completion.

Chapter 3 summarizes related methods in Matrix and Tensor Completion. Most notably
BOMIC and the OMIC framework will be described in detail.

In Chapter 4 we will be developing the OTIC framework and taking a thorough look
at the proposed algorithm, BOTIC. Regularization is discussed and the convergence is
proven.

Next, the capabilities of the algorithm are demonstrated on synthetic data and real
world data. Matrix based and Tensor based baselines are evaluated and compared to
our method. The experiments are described in Chapter 5 including a discussion of the
results.

Finally, in Chapter 6, we will evaluate the performance of the proposed method and
discuss its potential by giving an outlook on further work that could be done to elevate
the capabilities of OTIC.



2 Background

In this chapter we will be introducing the mathematical concepts that are relevant for
our tensor completion framework and our proposed algorithm BOTIC. We will start with
an introduction to tensors, explore the singular value decomposition and take a look at
tensor decompositions. Next we will formally introduce the task of Matrix and Tensor
Completion and finally we will briefly define subgradients.

2.1 Tensors

An element X € R™ %" X™Md ig called a real valued tensor of order d.
Tensors can thus be seen as a multidimensional generalization of vectors and matrices,
since all tensors of order 2 are also matrices and all tensors of order 1 are also vectors.

For tensors A, B € R™1*"*™d an inner product can be defined as

mi1 m2 mq
(A,B) = Z Z e Z Aiiy.iyBitigiy (1)
i1 12 iq

inducing the generalization of the Frobenius-norm through

2
A7 = V(A A)
making R™1**™d 3 Banach space, i.e. a complete normed vector space.
For two vectors u; and uys we denote the outer product with u; o ug = ulug
such that (U1 o 112)2‘11'2 = (ul)il (U.Q)Z‘z.
We generalize this concept to tensors and define:
1 2 d (2 d

(u( Jou®@ o...0ul ))i1i2...id _ ugl)uZ(Q) . ul(d)
In the following section X will always denote a tensor of order d, i.e. X € R™M1XXMd,
We now want to define an operation similar to the matrix product between a tensor and
a matrix. First note that for two matrices A, B of appropiate sizes the rows of the matrix
product A - B are linear combinations of the rows ('mode-1 vectors’) of B. Likewise the
columns of B - AT are linear combinations of the columns (‘'mode-2 vectors’) of B.
We can generalize the concept of linear combinations of 'mode-n vectors’ to tensors.

Definition 2.1 (n-mode product).
Let X € RmM>xma gnd U € RFnxmn,
We define X x, U € R XMz X XMMp—1 XK XM X0 XMy g

(X X U)isin.cinrninsioia = 2aiy, Kirigewin-1inini1.iaUjnin

Note that for matrices A, B, Bx; A=A-Band Bxy A= B-AT.



The notion of a tensor rank similar to a matriz rank is ambiguous, there are two common
ways to capture the concept of low-rank tensors:
The multilinear n-rank (Tucker rank) and the (CP-)rank.

First, by fixing all but one of the indices of a tensor we get the n-mode vectors:

Definition 2.2.
X igssin 1, - sing1,mia € R is called a n-mode vector of R.

Now the n-rank is defined as the dimension of the vector space spanned by the n-mode
vectors, or more formally:

Definition 2.3.

The matriz unfolding X, € R™n X (M1 mnp2mamimn-1) s defined as
(X(n))inind(ir,...iq) = (X)irig...ig, 1-€. contains the element (X)iyi,. i,

at index (in,ind(i1,...in—1in41 - --,1q)) where ind is a fized indexing of
{L,..o,ma} <o x {1 oo mpo < {1, ympga X - x {1, mg )
For notational simplicity we also define the operator Pp(X) = X ).

Definition 2.4 (n-rank).
We set rank, (X) = rank(X,)).

On the other hand, one could define the rank of a tensor by the minimal number of
rank —1 tensors needed to yield the tensor in a linear combination:

Definition 2.5.
X has a rank of 1 iff it is the outer product of d vectors u™, u® ... @,
ie. X=uMou@o...oud,

Definition 2.6 (rank).
We set rank(X) = minr s.t.> ., u™D o w2 o ..o u™D for any set of vectors u™9).

Unfortunatly, finding rank(X) of an arbitrary tensor X is np-hard and thus often less
practical than the n-rank [3].

2.2 Singular Value Decomposition

In data-driven tasks the singular value decomposition, SVD for short, is one of the most
important mathematical tools building the foundation for many modern systems and
applications. The SVD is a matrix decomposition that exists for every matrix. It can
be used to compute optimal matrix approximations and to eliminate noise in low rank
matrices. Moreover, it forms the basis of the influential Principal Component Analysis
(PCA) that can be used to find the most statistically descriptive factors and dominant
patterns in the data |4].

Mathematically, the SVD of a matrix Z € R™*" is given by



Z=U-D.-VT

where U € R™ ™ and V € R™*"™ are orthogonal, i.e. whose columns form an orthonor-
mal system. D € R™*" is a diagonal matrix with non-negative entries, such that

D;; > Djj for i > j. 0; == Dj; is called the i-th singular value of Z and

U.; (V.;) is called the i-th left (right) singular vector of Z.

One of the defining properties of the SVD is the ability to provide optimal low rank
matrix approximations.

Theorem 2.7 (Eckart-Young [5]).
The best rank-k approxzimation w.r.t. the Frobenius norm

z-2

_min H
F

ZeRmxn
s.t. rank(Z) = k

is given by the rank-k truncation of the SVD of Z

Z=UDVT
where Z =UDV7T is the SVD of Z and 15” = Dy fori <k, f)m =0 else.

On a site note we define two concepts closely related to the SVD that will be used later.
In the following, let Z € R™*" and denote its SVD with Z = UDVT. First, we can use
the singular values to define the nuclear norm, a tight convex relaxation of the matrix
rank.

Definition 2.8. '
Let | Z], = 00" o,

Finally we define the soft-treshold SVD which arises naturally in the context of Matrix
Completion.

Definition 2.9.
We set Sx\(Z) = UD\VT where Dy is a diagonal matriz
with (D)\)“ == (D“ - )‘)Jr == max(D“ - )\, 0)

2.3 Tensor Decompositions

There are several types of tensor decompositions preserving properties of the SVD for
matrices. The goal of Tensor Decomposition is to give insights into the patterns found in
the tensors. Choosing only the most important patterns found in a decomposition will
result in low rank approximations of tensors. Unfortunately an optimal tensor approxi-
mation w.r.t a given fixed n-rank or rank can not be found as elegantly as in the matrix
case. We will take a closer look at two decompositions, the CP Decomposition and the



Tucker Decomposition / HOSVD.

A more complete overview on similar methods can be found in [3].

We also briefly note that there are other promising tensor decompositions and approx-
imations, e.g. based on the ¢-SVD |[6] or the tensor train decomposition [7| that try to
capture a different kind of tensor rank.

2.3.1 CP Decomposition

One way to approach a generalization of the SVD is to note that the SVD of Z € R™1*m2
can be rewritten as:

min(n,m) min(n,m)
Z=UDV'= > oU,Vhi= > ooV
k=1 k=1

Each summand has the interpretation of a distinct influence or mechanism that con-
tributed to Z where o} denotes the statistical importance of the factor.

The CP Decomposition generalizes the above to tensors. Historically it is also called the
canonical decomposition (CANDECOMP) or parallel factors model (PARAFAC).

Definition 2.10 (CP).

Let Z € RM1X " XMd phe o d-order tensor.

A CP of Z is a decomposition Z = 25:1 O'T’U,S-I) o 11,5,2) 0.0 u,s,d)
with minimal R where Huﬂ(ﬂn)Hz =1.

Depending on the application, some orthogonality constraints may apply.

Note that unlike the SVD, the CP is not unique.
A CP of Z can only be found numerically.
Given a CP of Z, we are also interested in the truncated CP, a fixed rank approximation

k
Z2=3 ouVou o ou
r=1

A

with rank(Z) = k < R.
The problem of a 'best truncated CP’ which minimizes HZ — ZHF is studied in [8|.

Without constraints a best truncated CP for a fixed rank may not even exist, altough

(n)

by imposing orthogonality constraints on u;  the existence can be guaranteed and a

solution can be found numerically.

2.3.2 Tucker Decomposition

An other way to approach a generalization of the SVD is to use the higher order SVD
(HOSVD) [9] which computes a special case of the Tucker Decomposition. This special
decomposition will also be called the HOSVD to avoid confusion.

First note that the SVD of Z € R™1*™2 can be rewritten as:



Z=UDVT =D x,U x5V

The HOSVD generalizes the concept of applying matrix products to a ’core matrix’.
Instead tensor-matrix products are used.

Definition 2.11 (HOSVD).

Let Z € RM>*X™Md pe q d-order tensor.

The HOSVD of Z is given by the Tucker decomposition Z =X x, UM xo U@ ... x U@
where additionally U®) € R™*™k qre orthogonal matrices and X € R™ X xmd

is all-orthogonal, i.e. all subtensors 3;, —, (where one index is fized) are orthogonal,
i.e. (Bi,—as Di,=8) =0 for a # f.

Note that we do not restrict ourselves to pseudodiagonal X, i.e. where only X i are
nonzero because then too few degrees of freedom would remain and not every tensor in
Rmaxxmd could be represented (Since a pseudodiagonal ¥ contains m = min(my,...,mg)
non-zero entries this decomposition would only have m(1—d(m+1)/ 2+Z§l:1 m;) degrees
of freedom which for d > 3 is less than the Hflemi independent entries of the original
tensor [9]).

This unique decomposition has a lot of similar properties to the matrix SVD and is also
easily computable because the n-mode-singular vectors U™ of Z are just the left singular
vectors of Z,, hence we only have to compute d matrix SVDs.

Unfortunately unlike the matrix SVD where Theorem [2.7) holds, for tensors in general

the best approximation w.r.t a fixed Tucker rank [k, ..., kq]
112
min ‘Z — ZH (2)
ZEleX"'de F

s.t. rank,(Z) = ky

is not necessarily given by a truncated HOSVD where the respective values in 3 are set
to zero that correspond to the n-mode singular vectors U,(Z»n) with i > k,,.

However the resulting approximation is very close to the real optimal solution and tight
upper bounds on the resulting error can be shown.

Additionally, the Higher Order Orthogonal Iteration (HOOI) |10] can be used to itera-
tively improve the result obtained by the HOSVD. It can be shown that in most cases
HOOI converges to an optimal solution of . HOOI is based on an alternating opti-

mization of the factors U*®) by fixing all but one factor at a time.



Algorithm HOOI
INPUT: Z, initial factors U®) for k € {1,...,d}

repeat
foriec {1,2... K} do
U« Z
for j e {1,2...K}\{i} do
G0 x, (U7
end for
U@ argminUHfJ X UTH s.t. U is orthogonal.

end for
until Convergence

Note that Hﬂ' x; U TH under these constraints is minimized by the left singular vectors

of P;(U) and can be obtained by calculating a matrix SVD [10].

2.4 Matrix Completion

Let R € R™*™ be a ground truth matrix whose entries are partially observed. The set of
known entries is given by Q C {1,...,m} x {1,...,n} and the projection onto this set,
setting all other values to zero, is denoted as Pn. The values that are not observed are
denoted by O+ = {1,...,m} x {1,...,n} \ Q. Throughout the thesis we will write R
as a shorthand for Po(R), the observed entries of R.

The goal of matrix completion is to find a low rank matrix which also explains the
observations Rgq, i.e. while having a small loss (e.g. quadratic loss).

Using a simple model, a solution can be obtained through the solution of the following
optimization problem:

i k(Z 3
,lin - rank(Z) (3)

s.t. |Ra — Pa(2))|% <6

If we approximate rank(Z) with the nuclear norm || Z||, the Lagrange form of is a
convex optimization problem

IR — Po(2)) |3 + AIZ], (4)

. 1
min —
ZeRmxn 2

and thus has a unique solution.

2.5 Tensor Completion

Since Tensor Completion has the same goal of imputing missing values our considerations
mostly carry over from Matriz Completion.



This time let R € RM1*X™M2XXMd he g ground truth tensor whose entries are partially
observed. The set of know entries is denoted by Q C {1,...,m1} x---x{1,...,mg}, the
projection onto them by Pg, Rg := Pq(R).

Again we want to find a low rank tensor which explains our observations well.

For the sake of simplicity we will mainly focus on the case where d = 3, i.e. we observe
data with 3 dimensions, capturing the interactions of three factors. Higher order Tensor
Completion (d > 3) can however be solved with the same methods.

A basic model, similar to , is given by

min r(Z) (5)

ZEleX"'de
st. R — Po(Z)|3 <6

where 7(Z) can either be rank(Z) or the sum of the n-ranks (3¢_, rank(Z)). When

we choose a convex regularizer R (e.g. R(Z) = ZzzlﬂPk(Z)H*) we can again make the
problem convex:

1
min R~ Z|% + \R(Z) (6)

ZEle X Xmg

2.6 Subgradients

For later proofs we will need the subgradient, a handy tool for the optimization of convex
functions. With the help of subgradients a simple optimality criterion can be given.

Let f:R™ — R,z +— f(z) be a real valued function.

Definition 2.12 (Subgradient).
g is a subgradient of f at x if f(y) > f(z) + g(z)" (y — z) for all y € R™.

Definition 2.13 (Subdifferential).
Of([x]) = 0f(z) = {g|g is subgradient of f at x} is called the subdifferential of f at x.

The subdifferential shares basic properties with the differential, e.g.

Remark 2.14 (Linearity).
O(af(z) + h(x)) = {ag + 92|91 € Of(x), g2 € Oh(x)} = adf(z) + Oh(x).
Subdifferentials are especially suited to describe convex functions, as can be seen by:

Proposition 2.15.
If f is convex Of (x) is nonempty for each x € R™
and Of(z) ={V f(x)} if f is differentiable at v € R™.

Most importantly we obtain the following optimality criterion for convex functions that
follows directly from Definition

Lemma 2.16.
If fis convex 0 € 0f(2) < f(z) < f(z) for all x € R™.

10



3 Related Work

In this chapter we will review relevant works from the field of Matrix Completion and
Tensor Completion. We will start with Matrix Completion methods including Soft-
Impute and go into detail about OMIC and BOMIC. The chapter ends with a survey of
current Tensor Completion models and methods.

3.1 Soft Impute

Since the problem is convex it can be solved, for example, with (Sub-)Gradient
Descent [11]. However a more elegant solution is given by the algorithm Soft-Impute [12]
which will be explained below. Some concepts will still be relevant in our algorithm later
on.

As a first step we consider the fully known case, i.e. Q@ ={1,...,m} x {1,...,n}.
First note that simplifies to

i k(Z 7
,din - rank(Z) (7)

st. |R—Z||7 <6

whose optimal solution can be found with a truncated SVD of R (see Theorem [2.7]).
In the fully known case The nuclear norm regularized problem simplifies to:

1 2
min =R —Z||%+ \|Z 8
Lyl o I+ AllZ, (8)

Proof A.1 in [12] shows that can be solved with the soft-threshhold SVD Sy (R)
(see Definition [2.9).

Finally, based on the above, we find a general solution to including the case
QC{l,...,m} x{1,...,n} with Soft-Impute |12]

Algorithm SOFT-Impute
INPUT: )\, Rq, ¢

Initialize Z°¢, Z°l «+ 0
forie{1,2...K} do
repeat
Zold « gmnew
Zne Sy, (Ra(X) — Pou (2°7))
Zoldﬁznﬁw”
[z

until [ E <¢

end for

11



where different values for the regularization parameter A can be tested to select the best
one, e.g. using cross validation.

3.2 Orthogonal Inductive Matrix Completion

The model used in can be improved with more sophisticated approaches like the re-
cently developed Orthogonal Inductive Matriz Completion (OMIC) [1]. Its more complexe
model allows for greater interpretability and the potential to incorporate side information
to aid the prediction. In the context of recommender systems this side information could
for example be additional information about the items, e.g. which genre a movie or song
is in. OMIC imputes the missing values by finding a solution to

2

=

L K L
min % Rq — Paf XEprED T +3 3 )\le
M k=1,1=1 g k=li=1

(9)

—_

where the auxillary matrices X*) e R4 and YW e R™%%” form orthonormal bases
of their respective spaces, i.e. (X(k.l))T(X(k?)) = 0k1, k2 0j,, j, and spankyj(XEj)) =R"

(likewise (Y(ljll))T(Y(l;)) = 011,12 05,, j, and spang, j(Y( )) R™).

This ensures the orthogonality of the subspaces { X ®) M & (Y O)T|pf € Rdgk)x‘iél)}

and allows R to have a unique representation as R = Zsz’Ll 1y XB) RED (y T,

The Ap; can be searched for by cross validation. Prior kndwledge can reduce the com-
putational costs by tying parameters with each other and setting others to zero.

Moreover, the noteworthy special case BOMIC allows for joint training of regression
based bias terms and a low rank bias-free matrix completion term.

In BOMIC we set X(1) = ﬁlT, Yy = ﬁlT and X@ and Y@ to their respective
orthogonal complements. The resulting model is equivalent to optimizing

2
+ (10)

c,u,m,S

1
min 2HRQ — Po(c11” 4+ u1? + 1m” 4 9)

F
Atle] 4 Azflully + Asfjmlly + A ST

under orthogonality constraints (u, m, S. ; and S; . sum up to zero for all 4, j).
The prediction f;; can thus be written as a sum of a zero order term (constant), first
order terms (individual biases) and a second order term:

fig=c+uwi+m;+ 5,

12



3.3 Tensor Completion

There are many different approaches to Tensor Completion, a summary of recent meth-
ods can be found in |2]. Most approaches fall into two categories - there are methods
which are based on tensor decompositions and methods that find fitting tensors directly,
regularized by different regularizations.

First, Tensor Decomposition methods can be extended to also handle missing data. One
common way to solve the resulting optimization problems is to use repeated Imputation,
very similar to Soft-Impute. The decomposition is used indirectly by repeatedly alter-
nating between imputation of the known entries and approximation of the current iterate
until convergence is reached.

There are also more direct optimization approaches, simply ignoring the missing values.
For example there are several methods based on the CP decomposition (Section ,
including the gradient-based CP-WOPT [13| and the Bayesian approach FBCP |[14].

In [15] a method based on the Tucker decomposition (similar to Section was used
to find tensors with low n-rank.

An other approach is to solve optimization problems similar to @ directly, often using
some generalization of the nuclear norm. A popular generalization is the overlap nuclear
norm which is a sum of the nuclear norms of the matrix unfoldings Zzzl Y|Pk (bM)]|,
[16]. Solutions to the resulting problem can be found using Block Cordinate Descent |17],
the Alternating Direction Method of Multipliers (ADMM) [18] or the Frank-Wolfe Algo-
rithm |19]. [18] also explores the latent nuclear norm which instead of finding a tensor
that exhibits a low rank in each dimension, searches for tensors that can be represented
as a sum of several tensors each having a low rank in only one dimension.

As mentioned in Chapter [2.3] we briefly note that there also methods based on the Tensor
Train Decomposition [20] and the tSVD |21].

13



4 Orthogonal Inductive Tensor Completion

In this section we will present the new tensor completion framework OTIC which extends
OMIC |1] to tensors. An algorithmic solution to the general model is developed, putting
a special focus on the proposed algorithm BOTIC. Finally, different regularizations and
warm starts are discussed.

4.1 The Model

We now introduce a generalization of OMIC that is called Orthogonal Inductive Tensor
Completion (OTIC) which for d = 3 is given by

H&/i[n L(Rq, M, A) with (11)
1 K1,K2,K3 2
L(Rq,M,A) = 3 Rq — Py Z Mktkaks) oy (k) o, yrika) oy Z(ks)yy
K1 k2, k=1 r
K1,K2,K3
+ Z )‘klk2k3R(M(k1’k2’k3))
k1,k2,ks3=1

where R is a convex regularizer, A € RKlXK?XK3,Ak1k2k3 = Ak1ko ks are the
regularization parameters and MF1k2k3) — M s (X FNT sy (Y )T 55 (ZKa))T
Further explanations are given in the next section.

For now we will focus on the special case BOTIC (an extension of BOMIC') by setting
XM = ﬁlT, Yy = \/%IT, ZzM) = ﬁlT and X Y@ 7@ to their respective
orthogonal complements. This allows for the joint training of individual biases, matrix
completion terms and an aditional tensor completion term modelling pure order three
interactions between all dimensions.

We will use a regularizer that is an extension of the nuclear norm. This means

R(Z) = ||Z||, for Z € RF1>*k2xks where ky = 1, kg = 1 or k3 = 1, i.e. when Z can be be
understood as a matrix, vector or scalar respectively.

In that case the model is equivalent to optimizing a prediction function

fighk=c+bi+b5+b} + 8} + 87, + 8% + T (12)

under orthogonality constraints (bl, S,lyj, Sf’,, T. ;% Ti.rand T; ;. sum up to zero
for all [, 4, j, k) and w.r.t an regularizer that is given by

3 3
Nolel 7 Awa|[B||, + D2 Aeall Sl + AaR ().
=1 =1
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In addition to first order terms (b) and second order terms (S) this model also takes a
third order term (T) into account.

To reduce the need for cross validation and thus computation time we will set the reg-
ularization for zeroth and first order terms zero and tie the second order regularization
parameters together,

Le. Ao = A1t = A2 = Az (= M = Aar = Mz1 = M) = 0, Ay = ¢\ and
A2 = A3 (= A222) where ¢; is a universal constant depending on the size of the ground
truth tensor.

As a result only two regularization parameters have to be choosen, A1 and As.

4.2 The Algorithm

The first step to a solution of is to find a solution for the fully known case were all
entries of a tensor R € R™1X™2X™M3 gre observed.
Note that the subspaces

k1 a2y qks
Sk kaks = {M x1 X x5 Y2 x5 78 |M € RN %% 77y

are orthogonal w.r.t the inner product defined in ([1)).
The projection onto those subspaces is given by

Hk‘1 kaks (R) .

= Hskl,kQ,k3

(R) = [R x1 X K1) 5o y(k2) oo Z(ks)] )1 (X TN sy (Y k)Y T s (7 (RN T
where

Phikaks (R) = R x; X(01) 5y Yk g Z(ka) g Rebi™ xda? xd5?

is the unique representation of IT¥*2k3(R) w.r.t. the base vectors X,(fll), Y,(;;Q) and Z,(f;’):

dkl dk}Q dkg
1 %2 »73
ITehs (R) = Z phikaks (R) (M)j1j2j3 X
J1,52,J3=1
The problem can be rewritten as:

(k1) (k2) (ks3)
gy oY ey

Ki1,Ks, K3 2 Ky Ka K
~ 1 ferkok kv kok
min —||IR — E o5 (M) + E Ay koks R(PFH25 (M) (13)
MeRm1Xm2Xm3 2
k1,k2,k3=1 F k1,k2,k3=1

Because the Si, i, k, are mutually orthogonal we can uniquely decompose
R = Zglkfiﬁl IT¥1%2k3(R) and thus find an optimal solution by solving
K7 - K5 - K3 independent optimization problems of the form
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2
Hklkzkg (R) . Hk1k2k3 (M) HF 4 )\klkgkgR(H(klk2k3)(M))

1
min fH
MERm1Xm2Xm3 2
| . 2
. 5| (R) = M|+ Ao, ROMD. (14)

k1, gk2
MGRdl Xdg ><d3

= min

Denote the optimal solution to with Sy, . (ITFF2k3(R))
and the optimal solution to (13)) with Sp(R).

Note that:
Ki1,K2,K3

SAM) = D Sy M xa (XM xg (YF2)T x5 (Z59)T) 5y XM xq Y2 x5 2
k1,k2,ks=1

(15)

How to find the solution Sy, , .. (TL(k1k2ks) (R)) to will be described in Section .
Building on the solution of the fully known case , a solution to the partially observed
case (2 C {1,...,m1} x --- x{1,...,my}) can be found by first setting all unobserved
values to zero (or any other constant value) and then repeatedly alternating between
imputation of the observed values and application of the solution of the fully known
case, i.e.

M’=0
Mt = S\ (Rq + PgL (MY)).
Proposition 4.1.

If R is the overlap nuclear norm, i.e. R(M) = ZZ:1 Vil Pr(bM)]|,.,
the sequence M defined as above converges to an optimal solution M of .

Proposition 4.2 (Worst Case Asymptotic Convergence).
In this case, for a fixed A we get the following bound:

2
|M° — <[
) < .
1+ 1
These propositions are generalizations of similiar theorems that also hold for OMIC.

A proof of Proposition [£.1] can be found in Section [7.2] while the proof of Proposition
is exactly the same as the proof of the similar Theorem 2.2 in [1] for the matrix case.

L(M') — L(M™

Using Proposition a solution to can be computed using the following pseudocode
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Algorithm OTIC (simple)
INPUT: V, R, ¢
OUTPUT: M”" and PF#2k3 (M) for all ki, ky, k3 and A € V

Initialize M™% «+ 0
for A€V do
repeat
Mold « M"ew
M"%  S)(Ro(X) + Pgu (M)
MoldiMnew HF

until e <e
MA « M"ew
end for

where a solution will be calculated for all A € V.

Each subproblem is initialized with the result of the preceding subproblem.

The best solution can be selected using cross validation.

If Vis a cross product, i.e. V = Xp 1 Vi ko ky Where Vi, g,y is a finte set of all
possible values for Ag,k,k,, the runtime can be further improved by warm starts similar
to |1]. First a set of tensors is computed using A = pg, xy ks (A), A € Vi, ko ks Where

A for ’il = kl,ig = kg,ig = k‘g

(pk17k2,k3 ()‘))ili2i3 = {

oo else

that can be combined later.
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Algorithm OTIC
INPUT: V = Xkl,kg,kg Vkl,kg,k37 RQ, g
OUTPUT: M”" and P*1*2ks (MM for all ky, ko, ks for all A € V

for k1 € {1,...,K;} do
for ko € {1,..., Ky} do
for ks € {1,...,K3} do
Initialize M™% < 0
for \ € Vkl’]@’]€3 do

repeat
Mold i Mew
ld
MW Spk1k2k3 (N (RQ (X) + PQL (MO ))
. Mold_Mnew
until I Il IF <e
F
A
MG, o ) € MY
end for
end for
end for
end for
for A€V do N
.. . Kl,K27K3 kikok
Imtlahtze Mnrew Zkl,kg,kgzl M(kll,kz,lig)
repea
Mold « M"ew

M"™% < S (Ro(X) + Pgu (MO4))
||Mold_Mnew HF

until R <e
MA « M"ew
end for

Again remember that for BOTIC only two hyperparameters have to be choosen
and many A, k,k, are set to zero and can thus be ignored because Sy, , , (M) is the
identity for Ag,kors = 0.

Since the only auxillary matrices used are the scaled 1 and its ortogonal complement we
can simplify further. Note that M xj, 17 has the effect of summing all entries over
the k-th mode of M, effectively reducing the number of dimensions by one. Similarily
M X, 1 repeats the elements multiple times along the k-th mode, effectively increasing
the number of dimensions by one.

For example, the zeroth order term

1 7 1 7 1 1 1 1
1 X9 1 X3 1 X1 1 X9 1 X3 1
/M1 VALY /M3 /1M1 V12 V13

can be calculated using

C= MXl
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1 K1,K2,K3
Cijp = —— Z My, ok for every i, 7, k.

mimom
1HE2T03 k1,k2,k3=1

Similar simplifications allow the calculation of Sy via the following algorithm

Algorithm BOTIC (fully known)
INPUT: A = (A, \2), M
OUTPUT: Sy(M) = M

1 Ki1,K2,K3
C 4 rmamms 2aky ko ka1 M, koks > zeroth order
Mk1k2k3 < Mkl[é/?k]% —C
1 1 2,K3
by, s ok k=1 My, ko > first order

sz m1m2 ZkK11,}clg{2 1 ~Vtkikoks

bl s Skt Miskaks

M, ok <_ Mk1k2k3 - bllcl - biQ - b%g

Sk1k2 Zk?, 1 M, koks > second order

Sk2k3 ml Zkl 1 Mk1k2k3

Sk1k3 ma ZkKQ:I Mk1k2k3

Mk1k2k3 A Mk1k2k3 - Sélkg - S’%Qk;; - S]:jlkz

T+ M > third order
M£1k2k‘3 «— C+bllel +b%2 +b%3 +S>\1 (Sl)k1k2 +S>\1 (52)k1k2 +S>\1 (Sg)kﬂw +S>\2 (T)k1k2k3

where Sy, (S!) is the soft-threshhold SVD of S as defined in Definition .

4.3 Regularization

We will now discuss the regularizer R used in our model . This choice heavily
influences the optimal solution Sy(M) to and thus the quality of our results.

As discussed above Sy, . (M) should reduce to the soft-tresholding SVD if M
corresponds to a term of order 2 or less.

Our goal is to only capture the most important of the purely order 3 phenomena in the
data. Hence, a first idea would be to fix the Tucker rank to a low value [ry, ra, 73]

(e.g. [2,2,2]) and to simply set Sy(IM) to the solution of

min %) (16)

s.t. rank(Pj(M)) = ry, for k € {1,2,3}.

This approximate can be found with HOOI (see Section . As can be seen in

Chapter [5|, this simple approach suffices when [ry, 79, r3] is close to the true Tucker rank
of the respective ground truth term Pk1k2k3(R) that has to be approximated. Although,
even in that case, it is prone to overfitting, in particular when the respective component
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only has a small influence in R.

When [rq, 72, 73] can not be estimatated beforehand this approach quickly becomes use-
less, under or overfiting dramatically.

One potential way to combat these flaws is to always overestimate the Tucker rank and
N
zero. Unfortunatly the solution to ((16)) stays the same even with this additional penalty
term (until A gets to big and the all-zero tensor becomes the optimum).

use a simple additional regularizer like 5\‘ - to force the third order term to tend to

A better way would be to use a regularizer that enables the dynamic selection of the rank
best fit to the data. This can be achieved by using any generalization of the nuclear norm.
We choose a scaled variant of the overlap nuclear norm R(M) := 2221 Y ||Px(M)]|, since
it is relatively easy to compute and forces the order three term to have a low rank in

each dimension. With this norm Sy)(R) is the optimal solution to

d
1, _
min §HR—MH§+A§ e Pe(M)]],. (17)
k=1

4.4 The Fully Known Case

In this section, the tensor that has to be approximated is denoted with R.

With the choosen regularization we can finally discuss how Sy(R) can be computed.
Although the overlap nuclear norm is a sum of nuclear norms it can’t be solved directly
by applying the soft-threshhold SVD because of the high dependence of the summands.

There are however several methods to solve the optimization problem including ([18],
[17], |19]). We will use a simpler version of the alogrithm from [18] which uses
the Alternating Direction Method of Multipliers (ADMM).

4.4.1 ADMM
ADMM can be used to solve problems of the form

iDL F(X) +9(x) (18)
st. Ax =1z

where f and g are convex functions by minimizing the Augemented Lagrangian (AL) of
the problem defined as

Ly(x,2,0) = f(x) + g(x) + a7 (Ax — ) + gHAx _ 2|

Under some mild conditions (which are fulfilled when f is the quadratic loss [22]) a
solution can be found iteratively with the update step
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(xt“rl? th + 1) = a'rgminxvz Ln (X7 z’ at)

at+1 — at + T}(AXt+1 _ thrl)‘

In ADMM we alternate between the optimizing for x and z

= argmin, L, (x,z’,a")

t+1

Xt+1

2, a)

ot = ol 4 p(AxtT — 2t

zlt + 1 = argmin,, L, (x

which converges to a solution of for every n > 0. [23]

4.4.2 Tensor Approximation

In this section we will be following the ideas of [18] and adapting them to our setting
and notations. Before ADMM can be applied to ([17]) we first have to introduce several
auxiallary tensors Z, ..., Z4 and rewrite our problem to

d
1
M,gll,l.r.l.,zd 2HR—MH?‘F/\;’YkHPk(Zk)H*

st. Z; =Mforie {1,...,d}

which for A > 0 is the same as

d
. 1,-= 2
wE g, 23R~ MIG+ Pz, (19)

st. Z; =M fori e {1,...,d}.

The Augemented Lagrangian is given by

d

d
1, = 2 n
LMo AAH) = o5 R~ M+ 30 PoZ)l, + (0w M - Ze) + LM — 2 )
k=1 k=1
(20)

where we also scaled the A by 7.

Since L, is a combination of convex functions it is also convex and we can find the global
minima w.r.t M by finding the critical points of L, i.e. setting the respective derivative
of L, to zero:
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d
(M-R)+ > nAy+n(M=—1Z) =0
k=1

oL, _ 1
OM )\

d

1 1

@(X+nd)M: XR—nZAsz
k=1

R+ MY 7, — Ay

M —
< 1+ And

On the other hand we see that minimizing L, w.r.t. Zj; is the same as finding

min — (A, Zi) + 5 [M = Zel* + 5[ Pr(Ze)]
. 1 2 | Mk
=min — <Ak7Zk>+§HM_ZkH +;”Pk(zk)”*
o1 2 1 2 | Tk
=min §||AkH +<Ak,M>—<Ak,zk>+§\|M—Zk|| +?||Pk(zk)”*
L1 1
=min §HAkH2+(AkyM—Zk)+§|!M—Zk!\2+%\\f’k(zk)\\*
1 2 | Yk
=min §||Ak+M*Zk|| +?|’Pk(zk>”*
o1 2, Yk
=min §HPk(Ak+M) — Pi(Zy)|| +7HP,€(Z,€)|]*

.1 2, Wk
= —|Pr(A M) -PrL(Z —||P(Z
pn 5 IPk(Ax +M) = Py(Zy) " + . 1Pxk(Zi)|.

where the unique solution Py (Zy) is given by S/ (Pr(Ag + M)) (see Section .
To find the optimal Zj, we have to fold So/n(Pr(Ag + M)) back to a tensor, reversing

the effect of Py. This reverse folding operation will be denoted by P,;l.
Note that M = P~(P,(M)) and

argming, L,(M, {Z}{_, {Ar}i—y) = P;Zl(S%k (Pr(Ax +M))).

Thus we can iteratively repeat the two steps above until M! converges
(see |18] for an explanation of the convergence criterium). So finally,
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Algorithm Tensor Aproximation with ADMM
INPUT: R, \, v, for kin {1,...,d}, €
Initialize M, Zy,, Ay for each k
repeat
N d
M ¢ (R + A 2, Zy, — Ay)
for k€ {1,...,d} do
Zy, < P (S, (Pr(Agk + M)))
Ap — Ap+n(M —Zy)
end for

until |[M — Z;|| < ¢ and H%(M “R)+ Y, AkH <e

where M converges to a solution of for every n > 0. 1 can influence the number of

iterations needed, 18| suggests using n = d"(‘iw). A few experiments show that setting

n = 1 performs similarly well in our context.

4.5 Unbalanced Tensors

The results in Chapter [ show that with the regularization choosen in Section
BOTIC can achieve great results on synthetic data R € R™*m*m,

However, without further precautions, good results are only obtained for balanced data
where each dimension/axis of our data has a similiar size, i.e. R € R™1XM2XM3 where
mp &~ mg &~ msz. When working with real world data this assumption is often not
fullfilled. For example in the context of recommender systems where R;;;, is the affinity
of user i to movie j at time k. In that case we are given have a huge pool of users
and movies but are often only interested in the change over bigger time intervals like
weeks or months. This results in mg3 being several magnitudes smaller. Generally, when
using BOTIC on unbalanced data, the second order terms have varying sizes and thus
are likely to have different ranks as well. While the user-item second order term may
have a (comparably) high rank (e.g. 50) the user-time term will be of a much lower rank
(e.g. 5). A solution would be to use a different regularization parameter for each second
order term. Since increasing the number of cross validated parameters also exponentially
increases the running time other solutions have to be found.

To mitigate this problem we will instead only use one parameter for second order terms
but scale according to the size of the tensor

A3i = G\ = \/minjE{l’z’S}\{i} M Al

MiNje{1,2,3} M

Similarly, the scaling factor for the overlap nuclear norm is set to v, = /my to allow the
tensor to have a low rank in each mode but also adapt to the size of the tensor.
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4.6 Warm Starts and other Heuristics

With many regularization pairs to cross validate, our method has to be evaluated many
times and should thus be as optimized as possible. The main contributer to the runtime
of our algorithm are the many SVDs that have to be computed in each iteration. For
BOTIC we need three soft-threshold SVDs for each second order term and three more
soft-threshold SVDs at each iteration of ADMM when approximating the third order
term.

This leaves us with two chances for improvement. Either make the SVD faster or use
less SVDs overall. To compute the SVD we will use the highly optimized FORTRAN
routine ARPACK [24] that only computes the k largest singular vectors. Thus singular
vectors coresponding to small singular values that don’t contribute to the soft-threshhold
SVD are never computed. We use the soft-threshold SVD computed in the last iteration
to choose the value of k in the current iteration. One could potentially use the SVD of
the last iterate as a strating point for iterative improvements, however since ARPACK
usually converges in only very few iterations anyway the benefits would only be small.
With a fast SVD the next step is to reduce the number of SVDs that have to be computed.
This can be done by reducing the number of iterations BOTIC needs until it converges.
Since the number of iterations for each A € V strongly depends on HMO — M Hi,
(Proposition , choosing a good estimate M of the solution M> can speed up the
convergence significantly.

We will now discuss several possibilities of these so called warm starts and evaluate their
performance. ¥V = V) x V@) ig assumed where \; € V) is the second order regular-
ization and Ay € V@ the third order regularization. As a baseline the warm starting
method based on the OMIC framework will be used [omic]. As detailed in Section

a series of intermediate results are computed for A = Pk ko ks (A)s A € Vi, iy ks such that
ZK17K27K3 Akykgkg

P Sy (kl’k%kg) can be used as a warm start for A.

An other approach would be to use already computed M as a warm start for similar A.
We propose several warm starting schemes:

last: L
for (V( ) V(Q)) j > 1 use MY V6o
lastt: Y @)
1 2
for (V(l) V(Q)) 7> 1 use MY VG 1))
pyd (2)
for (Vi(l)aV]@))vj =1,%>1 use M( anYs )
last mean: Yo N
for (V,(l) V(,Q)) t>1,7>1use 1(M(VZ Vi-) 4 Mo Vs ))’

W @)
for (V( ) V(Q)),Z —1,5>1use MY VG-,

(2)
for (V(l) V(z)) i>1,j=1use M( (Vi)
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An evaluation of warm starting methods can be found in table[I BOTIC was evaluated
on synthetic data (described in of the size 10 x 10 x 10 with 10% observed entries.
VW) and V@ were equidistantly sampled in the log domain of real intervals.

omic last last+ last mean last+ without heuristic

SVD 43.424.172 11.261.118 7.660.158 31.615.980 25.852.464
BOTIC 699.152 170.623 116.063 479.030 115.099
ADMM  672.604 170.628 116.063 479.030 668.309
time 2830 s 706 s 464 s 2041 s 1604 s

Table 1: Several warm starting methods and the number of ARPACK(SVD) iterations,
ADMM iterations and BOTIC iterations needed as well as the total computation

time. All but the last method use the described heuristic, i.e. only evaluate one
ADMM iteration per BOTIC iteration.

Additionally, we can use the heuristic that the first few iterations of BOTIC don’t need
high precision results since the iterates change quite a bit from iteration to iteration
anyway. As long as the direction is approximately correct, we will eventually start
converging and can start using a higher precision to guarantee convergence.

This heuristic can be applied to the overlap nuclear norm regularization of the third order
terms. Instead of waiting for ADMM to converge we can only computed very few ADMM
iterations at each iteration of BOTIC. The state of the ADMM from this approximate
result is saved and used as a starting point for the next few ADMM iterations. This also
means that the third order terms are not very accurate at first but will get better and
better at each step until ADMM converges in the few iterations it is given.

The best results were obtained when only one ADMM iteration is performed in each
iteration of BOTIC. In this case, only six SVDs are computed in each iteration of BOTIC.
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5 Experiments

In this chapter several experiments are designed to test the capabilities of BOTIC. The
synthetic is introduced, followed by a description of the evaluation metrics and the base-
lines we used to compare the obtained results. Next, the experimental setup is detailed.
The results are described and discussed thoroughly. The final evaluation of BOMIC will
then be given in the next chapter.

5.1 Baselines and Metrics

For the synthetic data experiments we compared the performance of BOTIC (and the
BOTIC variant with fixed Tucker ranks described in Section against several tensor-
based and matrix-based completion methods. As mentioned in Chapter [3| we can use
an Imputation procedure (similar to Soft-Impute in Section to find the best rank-r
approximation and the best rank-[r,r,r] approximation even with missing data. The
best rank-r approximation was found with Alternating Least Squares (ALS) [25| and
the best rank-[r,r,r] was found with HOOI (see Section [2.3.2). Additionally, we used
cross validation to dynamically choose a Tucker rank from a restricted set of possibilities
(HOOI-sel). optTR [15] is used as a representative for methods that are not build on
the idea of Imputation. Instead a gradient-based approach was used. Finally, in avg-SI,
Soft-Impute was applied to 3 matrices each obtained by averaging over one mode of the
tensor. After these matrices have been completed the three matrices were recombined to
form a tensor. To sum up, we investigated:

e [BOTIC] with overlap nuclear norm regularization,

[BOTIC-TR] with third order terms fixed at a Tucker rank of [2,2, 2],

[CP-ALS-r| Imputation-based, best r-rank,

[HOOI-r] Imputation-based, best [r,r, r]-rank,

[HOOI-sel] Imputation-based, best rank-[r,r,r] with r € {3,...,7},

[optTR] Gradient-based, low Tucker rank,

[avg-SI] Soft-Impute on the averaged tensor.

Internal regularization parameters are searched for with 5 fold cross validation, other
parameters (e.g. which n-ranks to use for HOOI-sel) with 10 fold cross validation. All
methods are given 5000 iterations per set of investigated parameters. If no parameters
are to be selected the method is given 5000 iterations in total. The optimization tol-
erance is set to ¢ = 107*. Second order regularizations (BOTIC, BOTIC-TR, avg-SI)
are selected from 8 samples in the log domain of [0.001,2]. Third order regularizations
(BOTIC) are selected from 8 samples in the log domain of [0.01, 5].
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We will now discuss the metrics used to evaluate and compare the results from our
methods. Since the goal of the OTIC framework is to minimize w.r.t to the Frobenius
norm, the most important metric to evaluate the quality of a tensor completion is the
root mean square error (RMSE).

Definition 5.1.
The RMSE between two tensors A, B € R™M1* x4
on a set of entries Q C {1,...,m1} x - x {1,...,mg} is definied as

1
RMSE(A, B,Q) = \/‘Q’HPQA — PoB|3.

If the ground truth is known we can decompose the RMSE into several orthogonal com-
ponents of the OTIC model. We can then analyze how well sepecific terms are completed.
The resulting metric is called tensor bias deviation (TBD).

Definition 5.2.
The TBD between two tensors A, B € R XMd y.rt. Sy i, ks s definied as

1 2
TBDpypoks (A, B) i= \/Wunklkzkg(A> _ Hklkgka(B)HF.

Note that under the BOTIC model T BD11; meassures the deviation in the mean of
the tensors, T BDs11, TBD191, TBD112 the deviation of the specific biases, T BD199,
TBDs1o, TBDoy1 the RMSE of the second order terms and T'BDs9s the RMSE on the
third order residuals. Using T'BD we can explain the error meassured by the RMSE of
three dimensional tensors A, B € R™1*™M2X™M3 more precisely:

1
RMSE(A,B)? = ———||A - B}
mimaoms
. 22,2 2,2,2 ’
_ 1 Z Hk1k2k3 (A) . Z Hk’lk‘zkii (A)
mymamg ||, ki1,ko,kz=1 F
22,2
= Y TBDjjuu(A,B)
k1,k2,k3=1

Additionally, we define BO := T BD111, Bl = \/TBDg11 +TBD?%y, + TBD?,,,
B2 := \/TBD?,, + TBD3,, + TBD3,, and B4 := TBDs;,

comprehensively contributing the error to zeroth, first, second and third order terms:

RMSE(A,B)? = BO(A,B)? + B1(A,B)? + B2(A,B)? + B3(A,B)?

Finally we define the Spearman Correlation (SPC), the corellation between the scores of
two ordered sets.
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Definition 5.3.
The SPC between two tensors A, B € R™>XMd 45 defined as

cov(rga,r9B)
std(rga)std(rgs)
where rgpr are the scores of M, i.e. M i, i, is the (rgnp)ivio...iy-th biggest value of M.

SPC(A, B) = pryprop =

5.2 Synthetic Data Experiments

The goal of this set of experiments is to design synthetic data that allow us to control
how much of the data can be attributed to first, second and third order interactions.
We then investigated the influence of the portion of observed entires and the influence of
second and third order terms on the quality of the prediction.

5.2.1 Generation Procedure

The data consists of three orthogonal summands, T(l), T(2), TG) ¢ Rmaxmaxms,
Every summand is normalized to have the same Frobenius norm as a tensor which has

ones everywhere, i.e. HT(Z)HF = /mimoms.

The first term T™) consists of a sum of pure (first order) biases, i.e.

T,(Cll) Koks = b](:l) —i—b](;) —l—b](j;) where b®) are centered normalized random gaussian vectors.

The second summand T consists of a sum of purely second order terms that caputure
the interactions of pairs of items, free from any item specific bias. These effects can be
represented with low rank matrices, i.e. Tl(c21)l<:2 ks = S,g),~C2 + Szi)kg + S,g?l’)k?) where S®) has
a (low) fixed rank r; and is free of order one phenomena (Si(l.) and S.(lj) sum up to zero).
More precisely,

where u"? = v(b) —
j=0

where v(47) are again centered normalized random gaussian vectors.
TG is a purely third order term. This tensor has a (low) fixed Tucker rank [rg,r9, 7]
1) Tl

. . . )
and is free of lower biases, i.e. T_7k2,k3, oy ks and Tkl’k%_ sum up to zero.
More preciesly,

T2
SO — Zw(l,i) o w2 o w3
i=1
i—1 (LT (L]
where W(M) — X(l,i) _ Z Mx(l:j)_

=[x
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We combine the three tensors with a weighted sum so we can control the influence of
each factor,

TW 4+ oT® 4 TG

V1+a?+ 32
where « controls the influence of second order terms and 8 controls to influence of third
order terms. The resulting data has norm ||T|, = /mimam3 and a Tucker rank of
[r,r,7] where r =1+ 1+ 2r; + 7.

T =

5.2.2 Results

We ran a set of experiments on the synthetic data described in the previous section
investigating the capabilities of BOTIC and the baselines under changing conditions.
The second order terms were set to be of rank 2 (r; = 2) and the third order term had
Tucker rank [1,1,1] (ro = 1). For a > 0, § > 0, the data thus has a Tucker rank of
[7,7,7] and a rank of ~ 11-13 (shown by numerical experiments).

The plotted results can be found in the Appendix (Section. All plots show the RMSE;,
the SPC, B0, B1, B2 and B3. The graphs are smoothed out with a moving average by
replacing each point with the mean of the point itself and its direct neighbors. Note that
for CP-ALS-r, r > 9 no useful predictions could be made because the Imputation did
not converge.

Percentage of Observed Entries

First, we will investigate how the methods perform with different percentages of observed
data. Synthetic data is generated for 20 different percentages p; which are sampled
equidistantly in the log domain of [0.5%, 50%]. For each p;, 5 tensors are generated and
(1 —p;) % of the values are hidden from the methods. All tensors have an equal portion
of first, second and third order terms, i.e. @« = 8 = 1. Each method is started on each
tensor and the quality of the result is measured with the metrics described in Section
b Figure[I] and Figure [2 show the performance of HOOI-r and CP-ALS-r for different
values of r while in Figure|3|a complete overview of all methods is given. In all figures the
percentage of observed entries (p) is plotted against RMSE, B0, B1, B2, B3 and SPC.
For BOTIC we excpect low values of RMSE, B0, B1, B2 and B3 as well as a SPC close
to 1, indicating a small prediction error.

As to be excpected, when p gets smaller all methods perform worse until they approach
a RMSE of 1 where they become useless, not finding any of the patterns in the data (The
all-zero tensor has a RMSE of 1 on the synthetic data).

Both HOOI-r and CP-ALS-r perform increasingly well with r increasingly closer to r = 8
because when using a rank that is too low the data can’t be represented well and the
methods will underfit. When the ranks are choosen too high both methods are prone
to overfitting, finding patterns in the observed values that are not present in the ground
truth.
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Note that in Figure [T} in particular on RMSE and B3, when the percentage of observed
entries is low enough the optimal performance was not always achieved by choosing the
true ranks of the ground truth. Instead smaller ranks gain an advantage because of the
lower number of values that have to be fitted. Around p; = 5% HOOI-4 performed best.
Generally CP and Tucker based methods show very similiar performance.

The gradient-based optTR can reconstruct the ground truth near pearfectly for high p
but is worse than the other methods for p < 15% and ’useless’ for p < 10%.

BOITC and BOTIC-TR generally perform better than all other methods, especially for
small p. The RMSE in Figure [3| is smaller then 1 at all times and only really high for
p < 5% (p < 2% for BOTIC-TR).

When comparing BOTIC and BOTIC-TR we first note that for high p (> 11%) BOTIC-
TR is the only method that is not able to score a RMSE near 0. As discussed in [£.3]
this is likely due to overfitting of the third order term. Still BOTIC-TR outperforms
BOTIC for 3% < p < 10%. This can be explained by the additional information that
BOTIC-TR is given about the data. BOTIC only searches for a rank [2,2, 2] third order
term, not considering all possibilities. While this is definitely a great disadvantage for
higher values of p, when only a few entires are observed this limits the overfitting that
can occur.

Second Order Terms

Next, we will investigate how the methods perform with an increasing influence of second
order terms in the observed data. We will steadily increase «, increasing the proportion
of second order term in the data.

Synthetic data is generated for 20 different percentages of «; which are sampled equidis-
tantly from [0, 5]. For each «;, 10 tensors are generated. Five tensors have p = 5% while
the other five have p = 10%. Additionally, we set 3 = 0, i.e. don’t allow any order three
interactions in the data.

Figure [f] and Figure[5]show the performance of HOOI-r and CP-ALS-r for different values
of r and p = 5%. Figure[f]and Figure [7]show an overview of selected methods for p = 5%
and p = 10% respectively. optTR is excluded from the graph for p = 5% due to its
terrible performance.

Similar to the first set of experiments, HOOI-r and CP-ALS-r show the best performance
when the estimated ranks are close to the ranks of the ground truth.

In Figure [6] we can see the superiority of BOTIC over all other methods when p = 5%,
i.e. when the percentage of observed entries is low. While HOOI-r and CP-ALS-r show
high variance in the quality of the approximation, BOTIC has a consistent RMSE smaller
than 0.1 and a perfect SPC very close to 1 outperforming any other method despite not
having any rank information about the ground truth. Although BOTIC-TR and avg-
SI are more consistent than HOOI-r and CP-ALS-r, Figure [6] shows that their RMSE
grows as the influence of second order terms increases, surpassing both HOOI and CP-
ALS based methods. Note that HOOI-sel, which used less information about the ground
truth data performs considerably worse than HOOI-6 which knew the exact Tucker rank
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of the data. Figure [] also shows that the matrix based avg-SI has problems in finding
the first and second oder bias terms making it the worst performing method after optTR,
despite its perfect B3 score.

When the percentage of observed entries is increased to p = 10%, optTR and HOOI-sel
can close the gap reaching similar near-perfect scores on all metrics. This can be seen in
Figure []] BOTIC-TR doesn’t reach an RMSE below 0.1, again indicating an overfitting
due to the overestimation of third order ranks.

Third Order Terms

Finally, we will investigate how the methods perform with an increasing influence of third
order terms in the observed data. We will steadily increase 3, increasing the proportion
of third order term in the data.

Most of the experimental setup is the same as in the above paragraph, this time sampling
20 values 3; from [0, 5] and setting o = 0.

Again, Figure[§land Figure[9]show the performance of HOOI-r and CP-ALS-r for different
values of r and p = 5%. Figure [10| and Figure show an overview of selected methods
for p = 5% and p = 10% respectively. avg-SI is excluded from the graph for p = 10%
due to its (expected) terrible performance (Because avg-SI is based on the avergages of
the tensor, it can’t find any order three interactions).

Similar to the other sets of experiments, HOOI-r and CP-ALS-r show the best perfor-
mance when the estimated ranks are close to the ranks of the ground truth. Note that
unlike in the previous paragraph, BOTIC is not achieving near-perfect results for p = 5%.
Instead, Figure [I0] shows that the methods based on CP-ALS and HOOI perform best.

BOTIC-TR has the best RMSE and is the only method that has a consistent SPC of 1
even as the influence of third order terms incerases. This can be attributed to the fact
that BOTIC-TR is using a very accurate estimation of the true ranks of the tensor. Even
tough BOTIC has a relatively high RMSE it also shows good results on B0 and a SPC
score which is not that far of from 1. This indicates that BOTIC can find many relevant
patterns in the data without any known rank-information.

When the percentage of observed entries is increased to p = 10%, BOTIC shows an
increased relative performance as well, beating all methods except opt TR. Figure [7]shows
that it is the only method that detects that the data doesn’t contain any second order
interactions, resulting in a perfect B2 score. Most notably, BOTIC-TR is outperformed
by all other methods demonstrating that the disadvantage of its inflexibility becomes
more notable with higher percentage of observed entries.
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6 Conclusion

In this thesis we developed the flexible and interpretable OTIC framework which allows
the completion of tensors with missing entries. We examined the special case BOTIC
and compared its performance against other baselines. The results of the synthetic data
experiments in the previous chapter show that BOTIC can dynamically find the most
important patterns in the data even when the percentage of observed entries is so low
that the other baselines could not be used in a meaningful way, this is particularly true
when the second order terms have the biggest influence. We note that although the
performance of BOTIC on tensors consisting of mainly third-order terms is great it can’t
match the performance of some of the other methods which use an good estimate of the
rank structure of the ground truth. However, BOTIC doesn’t need any rank information
about the ground truth. This means that it has a big advantage in real world applications
where the true ranks can’t be estimated since the performance of methods like HOOI-r
and CP-ALS-r whose performance strongly depends on the quality of the rank estimste.
Evaluating BOTIC on a large real-world dataset requires some ingenious tricks in the
implementation and paralelisation which will be left to future work. We will conclude this
thesis by noting that other methods could be build on top of the developed foundations.
For example, the OTIC framework has the potential to also include side information
which could further improve the performance, especially in real world applications.
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7 Appendix

7.1 Figures

All plots and other visualisations from Chapter [5] as discussed in Section Starting
with the results under changing percentage of observed entries, followed by the results
under increasing influence of second order terms. Finally, the results of a changing
importance of third order terms are presented.
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1.0 % 10.0 % 1.0% 10.0 %
p (percentage of observed entries) p (percentage of observed entries)

Figure 1: Tucker Decomposition based Imputation using HOOI for different n-ranks.
Choosing the true n-ranks (r = 7) performs best for high p, while underesti-
mating works even better for small p.
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Figure 2: CP Decomposition based Imputation using ALS for different ranks.

Choosing a rank close to the true rank performs best.
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Figure 3: All methods under a changing percentage of observed entries.

Note that not all points can be seen for optTR.
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Figure 4: Tucker Decomposition based Imputation using HOOI for different n-ranks,
p=>5%. Choosing the true n-ranks (r = 6) performs best.
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Figure 5: CP Decomposition based Imputation using ALS for different ranks, p=5%.
Choosing a rank close to the true rank performs best.
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Figure 6: A selection of methods under an increasing relevance of second order terms,
p=5%.
Note that optTR is excluded due to poor performance and avg-SI has a con-
sistent B3 of zero. 39
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Figure 7: A selection of methods under an increasing relevance of second order terms,

p=10%.
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Figure 8: Tucker Decomposition based Imputation using HOOI for different n-ranks,
p=5%. Choosing n-ranks close to the true n-ranks performs best.
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Figure 9: CP Decomposition based Imputation using ALS for different ranks, p=5%.
Choosing a rank close to the true rank performs best.
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Figure 10: All methods under an increasing relevance of third order terms, p=>5%.
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Figure 11: A selection of methods under an increasing relevance of third order terms,
p=10%. Note that avg-SI is excluded due to poor performance.
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7.2 Convergence

We will now proof Proposition [£.1] and thus show that the proposed algorithm converges.
We will largely follow the structure of the proof of convergence for OMIC [1].
Remember that

K1,K2,K3
SA(R) = Z SAklkgkg (R X1 (Xkl)T X9 (YkQ)T X3 (ZkB)T) X1 )(k1 X9 Yk2 X3 Zk3
k1,k2,k3=1

is the optimal solution to

2

Ki1,K2,K3 K1,K3,K3
; 1 kikaks k1kaks
min | R — I M)|| + Akikokes R(P (M))
k1,k2,ks=1 g Fkik2ks=1

and Sy (R) is the optimal solution to

1 2
min §HR — M||% + AR(M).

We will only show Proposition for the regularization R(M) = Zi:l Y [P (M)|],
choosen in Section [4.3] First we need to proof a property of the operator Sy. This proof
is based on Proof A.2 in [12].

Lemma 7.1. For any two tensors Ry, Ry € R™M1>*m2Xms
[SA(R1) — Sa(R2) |l < | R — Ra| -

Proof.

Let M; := Sy (M) for i € {1,2}.

Note that 1\7IZ- is an optimal solution to (for R = R;). Because the objective function
of is convex we know by Lemma that for ¢ € {1,2}:

3
0 €N~ R+ Y 70| Py(N)
k=1

*

Let fi: RMMms 3 R Z s [Py(Z)], and f : R mmams/mi) LR Z s | Z].
Let pr(M;) denote an element from 0f;(IM;). We get

3
M; — M; + Z’Ykpk(Mi) =0
k=1
and thus
~ ~ 3 ~ ~
(M = M) — (M1 — Ma) + Y (ps(M1) — pp(Mz)) = 0
k=1
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which implies

(M — My, M; — My) — (M; — My, My — M) +
3
> (pre(N) — pr(My), My — M) = 0.
k=1

Using the definition of the subgradient we see that

pr(M;) is a subgradient of fj, at M;
& VZ € R™XM2XMs . fi(Z) > fi(My) + (pp(M), Z — M)
& VZ € R™MXMXMs - fi(Z) > fi(M) + (Pr(pe(My)), Pr(Z — M)
& VZ € R™MXMXM [ (PK(Z)) > fr(Pr(Mi)) + (Pr(pr(M)), Pr(Z) — Pr(M))
& Pp(pr(M)) is a subgradient of f;, at Py (ML). (21)

From Proof A.2 in 12| we know that for two matrices Z;, Zs and pz, € 9||Z;|,

<pZ1 7p227 Zl - Z2> 2 0 (22)
and thus

(pr(M1) — p(Ms), My — M)
(Pr(pe(My)) — Pr(pr(Msz)), Pr(M;) — Py (My))

> 0. Using and
Therefore,
3

> (pe(N) — pi(My), My — M) > 0. (23)
k=1

So finally

~ ~ |12 ~ ~ ~ ~
HMI - M2HF =(M; — M2, M; — My)

§<M1 — Mg, Ml — M2> Using
<||M; — M2|]F)‘M1 - MQHF (Cauchy-Schwarz)
it

The result follows. O
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Now we can show a similar property for Sy, in particular we will show that it Sy is a
continous map.

Lemma 7.2. For any two tensors Ry, Ry € R™1>Xm2Xms
[SA(R1) — Sa(Ro)||p < [|B1 — Ra|p-

Proof.

[Sa(R1) — Sa(R2)l
K1,K2,K3
> Sy (R x1 (X T g (Y52)T x5 (2%)T) 5y XM xq Y2 x5 2%
k1,k2,k3=1
K1,K2,K3
— D S R X (XF)T s (Y92) x5 (27)7) xq XM 5 Y2 55 758
k1,k2,k3=1
K1,K2,K3
= D0 Sagag (R = Ra) xy (XF)T xo (YF2)T x5 (27)T) 5y XF1 %o YR 55 2%
k1,k2,k3=1

Kl,KQ,K3
S Sy (R =Ry o (X7 sy (P sy (27|
k1,k2,k3=1
K17K2,K3
= Z H(Rl = Ro) x1 (XF)T o (YF2)T x5 (ZkS)T)H by Lemma 7.1
k1,k2,k3=1
=[R1 = Ra p

O]

As an extension to the loss

K1,K3,K3

1
LM) = 5 [Ra - PoM)7+ D Mkkoks R(PFIF5(M))
k1,k2,k3=1
we define
1 K1,K2,K3
Q(A[B) = 5l[Ra +Pgo. (B) — A+ Y AkkakREPHF(A)).
k1,ko k=1

Note that £(M) = Q(M|M) and M*™! = argminy; Q(M|M?).

In the following let M? € R™*m2xm3 and M = argminy; Q(M|M?).
We will show that the loss decreases monotonically.

Lemma 7.3.

LM < QM M) < L(M)
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Proof.

L(M') = Q(M'|M)

1 Ki1,K3,K3
= 5|Ra+Pou (M) =M+ D0 Meykok, R(POEE (M)
k1,k2,k3=1
1 K1,K3,K3
. i 2
> min _|[Ro + Pou (M) = ML+ 3" Aty RIPFF (M)
k1,k2,k3=1
1 . . . 9 K17K27K3 '
= 5[l(Ra = Po(M™) + (Pou (M) = Poe Mot D7 Aeyar, R(PIE (M)
k1,k2,k3=1
1 ) K1,K3,K3
> S|Re —Po(M™ |+ Y Ak por, R(PEER (M)
k1,k2,ks=1
= LM

O
Now we show that the difference between the iterates decreases monotonically to zero,
Lemma 7.4.

e P e

Furthermore,

M — M1 50 asi— oo.

Proof. This proof is almost the same as that of Lemma B.3 in OIMC.
First we have

M’ — M| = [[Sa(Ra + Por (M) — Sa(Ra + Pou (M))]]

< [(Rg +Poi (M) — (Rg + Pgu (MY))]| by Lemma
= HPQJ- (M1 — PQJ-(Mi)||
< bt - |l

Therefore HM’ — Mit! H 7 1s a monotone and bounded sequence and must convergence as
i — oo. In particular, ||[M?— MH'IHF - HMi_l — M’HF — 0 and by the last inequalty

from above

[P (M) — Pou (MY)|| — |MF! — M|, — 0.

which shows the following:
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[Po(M™!) — Po(M")|| — 0. (24)
Similarly Lemma [7.3| shows that £(M?) — £(M'*!) = 0 and thus also

QM M) — Q(MI[MF) — 0.

Furthermore since,

QM M) — Q(M'|M)
1 j i+1(2 R kikaok i+1
=5 [Ra +Pou (M) =ML+ D0 Ay por R(PIE (M)
k1,k2,k3=1
1 1 e R kikaks (apit1
= 5[Ra + P M) = MU= 3 7 Ay R(PFFR (M)
ki1,k2,k3=1
:HPQL(MZ_I) —Pg. (MY)]|

we can conclude:

[Por (M1 = Pou (M) — 0. (25)
Finally combining and we get

Y VIR
and thus

MM 0.

By compactness there exists at least one subsequence M™ such that
M™ — M as i — oo. Next, we will show that M is a solution to our problem.
We need the following technical result.

Proposition 7.5.
Ki,Ko,K : .
Let p; € 32,91171;21’321 Ak koks Zi:l Vi HPk(Pk1k2k5 (MT“))H* be a sequence of

subgradients of the reqularizer ZkKllkI;i’ﬁl Ay ks R(PFR2R3 (M) evaluated at M™.
There exists a subsequence pp,; which converges to some

Ki,K2,K3 d
PED D Netkaks Dk HPk(Pk1k2k3(M°°)) :
K1,k ks=1 k=1 *

a subgradient of the reqularizer at M™.
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Proof. Follows the same arguments as in the proof of Lemma B.4 in OMIC [1]. O

Lemma 7.6.
M™ = lim; oo M™ is a solution of and thus:
M>* = Sp(Rq + Pq. (M™))
Proof.
First note that M™ — M"™~! — 0 by Lemma We can conclude
Rg + P (M™™ 1) — M™ — Rg — Po(M™).
Furthermore by the definition of M™

K1,K2,K3
0€ QMM ™) = —(Ra+Pqu (M™ 1) =M™)+0 > Agypory R (M™)).
k1,k2,ks=1

Hence, we can choose p; € nglgi’ﬁl My ks R(PF1F2R3 (M) such that

pi — (R + Pgu (M™™1) — M™) = 0.
Now, by Lemma @ there exists a subsequence pj;, such that ps, — p for some

K1,K2,K3

PED D Miykoks R(PFF23 (M)
k1,k2,k3=1

We obtain
0= pa, — (Ra + Por (M™ 1) = M™) = p — (Rg — Po(M™)),
so finally

0 € OL(M™)

which together with Lemma [2.16] shows the first part of the Lemma.
To see the second part note that since M™ — M™ ™! — (0 also M"~! — M®. Further-
more, using the continouity of Sy we get

M = lim M™ = lim Sp(Rq + Pgr (M™ 1)) = Sy (Rq + P (M™)).

1—>00 1—00

O

Proof of Proposition[{.1 We have already shown that any limit point of M’ is a solution
to . Thus it suffices to show that M* converges. We have for any i:
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M — M|[7. = [|Sa(Ra + Pqi (M™)) — Sz (R + Po. (MT1)[[5,
< [[(Ra + Pou (M) — (Ra + Po. (M)}

= |Pos (M%) - MIY[, < [[M> - MY

where at the second line we have used Lemma Because [|[M™ — M"||% — 0 and
HMOO — MzHé is monotonically decreasing we get HMOO — MlH? — 0 and thus:

lim M = lim M"™ = M.

1—00 1—00

This concludes the proof of convergence.

ol



References

1]
2]

13]
4]
15]
[6]
7]
18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

A. Ledent, R. Alves, and M. Kloft. “Orthogonal Inductive Matrix Completion”.
arXiv:2004.01653. 2020.

Q. Song, H. Ge, J. Caverlee, and X. Hu. “Tensor completion algorithms in big data
analytics”. In: ACM Transactions on Knowledge Discovery from Data, January
2019, Article No.: 6 (2019).

T. Kolda and B. Bader. “Tensor decompositions and applications”. In: SIAM Review
51 (2009), pp. 455-500.

S. Brunton and J. Kutz. Data Driven Science € Engineering. Cambridge University
Press, 2017. Chap. 1.

C. Eckart and G. Young. “The approximation of one matrix by another of lower
rank”. In: Psychometrika (1936), pp. 211-218.

M. Kilmera and C. Martin. “Factorization strategies for third-order tensors”. In:
Linear Algebra and its Applications 435/3 (2015), pp. 641-658.

I. Oseledets. “Tensor-Train Decomposition”. In: Journal on Scientific Computing
33/5 (2011), pp. 2295-2317.

L. Wang, M. Chu, and B. Yu. “Orthogonal low rank tensor approximation: Alter-
nating Least Squares method and its global convergence”. In: SIAM Journal on
Matriz Analysis and Applications 36/1 (2014), pp. 1-19.

L. de Lathauwer, B. de Moor, and J. Vandewalle. “A multilinear Singular Value
Decomposition”. In: STAM Journal on Matriz Analysis and Applications 21 (2000),
pp. 1253-1278.

L. de Lathauwer, B. de Moor, and J. Vandewalle. “On the best rank-1 and rank-(R1,
R2,..., RN) approximation of higher order tensors”. In: SIAM Journal on Matriz
Analysis and Applications 21 (2000), pp. 1324-1342.

J. Cai, E. Candés, and Z. Shen. “A singular value thresholding algorithm for matrix
completion”. In: STAM J. Optim. 20 (2010), pp. 1956-1982.

R. Mazumder, T. Hastiem, and R. Tibshirani. “Spectral regularization algorithms
for learning large incomplete matrices”. In: Journal of Machine Learning Research
(2010), pp. 2287-2322.

E. Acara, D. Dunlavy, T. Kolda, and M. Mgrupd. “Scalable tensor factorizations
for incomplete data”. In: Chemometrics and Intelligent Laboratory Systems 106/1
(2011), pp. 41-56.

Q. Zhao, L. Zhang, and A. Cichocki. “Bayesian CP factorization of incomplete ten-
sors with automatic rank determination”. In: IEEFE transactions on pattern analysis
and machine intelligence 37/9 (2015), pp. 1751-1763.

M. Filipovi¢ and A. Juki¢. “Tucker factorization with missing data with appli-
cation to low-n-rank tensor completion”. In: Multidimensional systems and signal
processing 26/3 (2015).

92



[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]
[24]

[25]

K. Wimalawarne, M. Sugiyama, and R. Tomioka. “Multitask learning meets tensor
factorization: task imputation via convex optimization”. In: Advances in Neural
Information Processing Systems 27 (2014), pp. 2825-2833.

J. Liu, P. Musialski, P. Wonka, and J. Ye. “Tensor completion for estimating missing
values in visual data”. In: IEEE Transactions on Pattern Analysis and Machine
Intelligence 35/1 (2013), pp. 208-220.

R. Tomioka, K. Hayashi, and H. Kashima. “Estimation of Low-Rank Tensors via
Convex Optimization”. arXiv:1010.0789. 2011.

X. Guo, Q. Yao, and J. Kwok. “Efficient Sparse Low-Rank Tensor Completion Using
the Frank-Wolfe Algorithm”. In: Proceedings of the Thirty-First AAAI Conference
on Artificial Intelligence (2017), pp. 1948-1954.

L. Yuana, Q. Zhaob, L. Guia, and J. Cao. “High-order tensor completion via
gradient-based optimization under tensor train format”. In: Signal Processing: Im-
age Communication (2018), pp. 53-61.

C. Lu, X. Peng, and Y. Wei. “Low-rank tensor completion with a new tensor nu-
clear norm induced by invertible linear transforms”. In: IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR) (2019).

R. Tomioka, T. Suzuki, and M. Sugiyama. “Super-linear convergence of dual aug-
mented Lagrangian algorithm for sparsity regularized estimation”. In: Journal of
Machine Learning Research 12 (2011), pp. 1537-1586.

P. Lions and B. Mercier. “Splitting algorithms for the sum of two nonlinear opera-
tors”. In: SIAM Journal on Numerical Analysis (1969), pp. 964-979.

R. Lehoucq, D. Sorensen, and C. Yang. ARPACK Users Guide: Solution of Large-
Scale Eigenvalue Problems with Implicitly Restarted Arnoldi Methods. STAM, 1998.

R. Bro. “Multi-way analysis in the food industry: models, algorithms, and applica-
tions”. In: Proc ICSLP (1998).

93



Declaration

I, Justus Will, avouch that I have created this thesis on my own and without
help or sources but those explicitly mentioned and that I have marked any and all

citations as such.

Kaiserslautern, November 10, 2020

Justus Will

o4



	Introduction and Overview
	Introduction
	Contribution
	Notation
	Outline

	Background
	Tensors
	Singular Value Decomposition
	Tensor Decompositions
	CP Decomposition
	Tucker Decomposition

	Matrix Completion
	Tensor Completion
	Subgradients

	Related Work
	Soft Impute
	Orthogonal Inductive Matrix Completion
	Tensor Completion

	Orthogonal Inductive Tensor Completion
	The Model
	The Algorithm
	Regularization
	The Fully Known Case
	ADMM
	Tensor Approximation

	Unbalanced Tensors
	Warm Starts and other Heuristics

	Experiments
	Baselines and Metrics
	Synthetic Data Experiments
	Generation Procedure
	Results


	Conclusion
	Appendix
	Figures
	Convergence

	References

