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Abstract

We consider the problem of recovering a rank-one matrix from a subset of entries
subject to arbitrary perturbations, assuming we have no information about the mag-
nitude of perturbation. We propose a weighted log least square based algorithm
whose performance for small disturbances matches exactly the fundamental lower
bounds that we derive for this problem, and which are related to the spectral gap of
a graph representing the revealed entries. We show that for larger disturbances, po-
tentially exponentially growing errors are unavoidable if no additional information
is available. We then propose a second algorithm relying on encoding the matrix
factorization in the stationary distribution of a Markov chain and leveraging known
lower and upper bounds on the entries, allowing to overcome the exponential
error growth. Ours is the first work that achieves minimax bounds on rank-one
approximation error with algorithms of near-linear time complexity.

1 Introduction

We consider the problem of rank-one approximation, xyT, of a matrix, A € R™*™, when only an
indexed subset, €2, of its entries are revealed. As such our setup is general, imposing neither stochastic
assumptions on support set €2, nor assuming any pre-defined structure on the underlying matrix to
be approximated. While rank-one approximation for a fully observed matrix is well-known, the
corresponding problem for a partially observed matrix, particularly in such a general setting, is not
well understood. We only make the minimal requirements on the support to ensure identifiability
for completion of rank-one matrices: We associate the support set with a bipartite graph, G, with
node set Z,, UZ, and nodes (3, j) are connected if the ijth entry is an element of 2. Identifiability for
rank-one matrix completion requires that the bipartite graph is connected, see e.g. [} 2} 3].

Our motivation in considering such a general problem stems from several practical applications
ranging from worker skill estimation in crowd-sourcing [[1} 3} 4} 5/ 6], inferring latent information
from limited observations in collaborative filtering and recommender systems [7], and in other matrix
completion applications such as global positioning and system identification [8]]. To build intuition,
we discuss one of these examples in detail in Section[I.1]

We develop stable approximation methods for rank-one estimation of a partially observed matrix
that leverage different levels of information of the underlying matrix. Our first scheme is completely
agnostic with no knowledge of bias. In this context, we propose a weighted log least square based
algorithm whose performance for small disturbances matches exactly the fundamental lower bounds
that we derive for this problem, and which are related to the spectral gap of the bipartite graph, G,
associated with the revealed entries. We consider lower bounds on a class of consistent algorithms,
namely those methods that require consistency if indeed the underlying matrix is rank-one. We show
that any consistent scheme must suffer an estimation error that scales exponentially in the size of bias.
This negative result leads us to consider algorithms that could possibly leverage knowledge of bias
error. We propose a method, which encodes the rank-one factors into a stationary distribution of a
suitable Markov chain, whose parameters leverage the known lower and upper bounds on the revealed
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entries. Its performances are also governed by the spectral gap of GG, and mitigate the exponential
estimation error growth in terms of bias.

1.1 Motivating Example: A Case for Stable Rank-One Approximation

First, consider the worker skill estimation in homogeneous crowd-sourced problems, where a worker,
accepting a binary task, outputs a binary label, which is assumed to be drawn according to a Bernoulli
model parameterized by the worker skill-level. This model is known as the single-coin model and
was proposed by Dawid & Skene [4]. In this context, correlations between workers accepting the
same task can be estimated, and due to the homogeneity of the model, such correlation matrices are
rank-one matrices. Nevertheless, only a partial subset of correlations can be observed [, 3|15, 6], due
to the nature of crowd-sourced platforms, where a worker-task assignment matrix is sparsely filled
and arbitrary, following no particular law (random or otherwise). This leads us to consider rank-one
estimation from arbitrarily revealed entries, indexed by €2, with |Q| > m + n.

On the other hand, the homogeneous model, considered in the several works, parameterizing a worker
by a single parameter, is somewhat artificial; it is well known that there could be inherent asymmetries
in worker skills [9]. A worker could recognize one class better than another. In these cases the
correlation matrices are no longer rank-one. More generally, the situation is more complex in a
multi-class classification problem in the same context.

In particular, suppose that W € N workers are asked to provide labels to a series of M -class clas-
sification tasks. Let G = {[1,0,0,...,0]7,[0,1,0...,0]%,...,[0,0,...,0,1]7} € RM represent
the collection of one-hot encoding of the ground-truth labels. In round ¢, workers are offered a task,
whose ground truth g; € G is unknown. In general, the ith worker’s performance is a function of the
true class g; € G as well as the label she chooses, but is otherwise assumed independent of other
workers. We can consider this effect as a perturbation of a single-coin Dawid-Skene model. We
assume that each worker has the same accuracy, p;, and makes an error with uniform probability,
(1 —p;)/(M — 1), on each class, i.e., a worker %, outputs a prediction, Y; ; such that,

1—pi
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To see how this setup leads to a rank-one matrix a}E[proximation from partially revealed entries, we
reparameterize p; and define skill levels s; = 375p; — ﬁ Suppose, worker ¢ and worker j
label a strictly positive IV;; number of common tasks. We can then estimate the cross-correlation as:

Ci = N%J Dot | (5,), (o) € A4Yit, Y, ). It follows from straightforward algebraic manipulations that,
M-—-1 - 1
:| = SiSj
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Our goal reduces to estimating the parameters s; and p; from such partially revealed correlations.
This is a rank-one matrix completion problem based on partially revealed noisy entries but with the
important caveat that we have no control over what entries are revealed. Next, we consider a general
model. The worker’s probability law follows:
1 —pi
P(}/;yt =1l | g) = (pi + niég)]l{Z:g} + (M 1 + 771‘,13,9) l{g?gg}
where 7); ¢ 4 is the perturbation of the single coin model. Note that number of possible parameters,
in the latter problem, scales both with the number of workers and the number of classes, which
could be prohibitively large. It is not clear whether these parameters are even identifiable, since
the ground-truth is unknown. Motivated by these issues we attempt to write our observations as a
perturbation of rank-one matrix. We will represent this perturbation as A;; below.
M-1 - 1
E|—Cij — ——
M M-1
Note that unlike the conventional stochastic noise assumptions, we can no longer assume A;; to be a
random variable, and it represents an unknown bias from the single-coin model. In particular, the
correlation matrix is no longer rank-one and bears a complex relationship with worker/class skills.
For this reason a natural question that arises is of estimating a good rank-one approximation of the
underlying matrix, given only a limited amount of revealed components of the correlation matrix.
Hence, for any such rank-one approximation algorithm, a desirable property is the requirement that it
be stable, namely the estimation error scales with bias error.

= 8;S; + Aij.



2 Related Work

Our work is broadly related to a number of other works that either utilize rank-one matrix completion
in the context of crowd-sourcing, collaborative filtering or deal with low-rank matrix completion [/} |8}
10; 54164 14 1L 20131 9]. Apart from [} 3], much of this literature assumes some form of incoherence,
a probabilistic model or other structures on what indices of €2 are revealed. Many of these methods (8}
10, 5, [11]] described in these contexts reduce to the fact that spectral decomposition is approximately
preserved even though the matrices are only partially observed. Unlike, these papers and like [2} 3]
we impose no such structure and so the spectral properties can no longer be leveraged.

Our work further differs from [1], who utilize propagation technique to estimate worker skills. Unlike
these works we do not assume that the underlying matrix is either a rank-one matrix or that the
observed entries are stochastic and unbiased. We allow for bias (rank-one approximation error) and
consider algorithms that are agnostic to the size of the bias. This is an important difference as one can
readily construct simple examples where propagation and gradient based techniques fail. While [9]
also consider the possibility that the observations are not rank-one, they introduce other assumptions
such as that the entries are observed at random and that various moments can be estimated among the
different observed components can be estimated.

Other techniques proposed for matrix completion include nuclear norm minimization [§]]. Unfortu-
nately, nuclear norm minimization fails to solve our problem, as it will in almost all cases output
a higher-rank matrix, even when there is no disturbance and sufficiently many entries are revealed,
as shown in [2]. Ridge-regression based approaches have also been considered [3l [12], and appear
natural for our setting, since Tikhonov regularization typically provides stable solutions. Nevertheless,
as pointed out in [2]], even these approaches are unstable. Moreover, they require solving non-convex
optimization problems with a potentially high number of local minima, of the form

r;l’iynH(xyT - AR)QHF + Allz[ly + [yll2),

where Q) selects the entries for which data is available, and A denotes the revealed entries.

Our work is closely related to [2]. Like their work we require our algorithm be stable. On the other
hand, we differ from [2]’s method in several ways. First, [2] is based on solving an SDP relaxation
involving a matrix whose size grows quadratically with that of the matrix to be recovered leading
in the best-case scenario to a fourth-order complexity. In addition, [2] provides guarantees on the
relative error on a matrix of moments that is related to, but different from, the initial matrix to be
recovered, and assumes knowing some bound on the magnitude of the perturbation. In contrast, ours
is the first work that guarantees minimax bounds on estimation error with near-linear time algorithms.

3 Problem Statement

Given a positive rank-1 matrix AV ¢ RTX”, we are revealed corrupted versions of certain entries
Aij = Aij + Aij, Y(i,7) € Q,

for a certain mask Q C I, x I, := {1,...,m} x {1,...,n}, and arbitrary perturbations A;;. Our
goal is to build a rank-1 estimate A of A, aiming at minimizing the error

[A-A%% =D (Ay—AY>
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We will bound this error as a function of ||A| |f, =2 (i.j)e0 A?j, and of other characteristics of the

matrices and of the mask. In one regime, we will further assume that Agj € [a, @] for all 4, j and
that these bounds can be used in the algorithm. The structure of the mask €2 can conveniently be
described by an undirected bipartite graph whose partitions correspond to the rows and columns of A.
Slightly overloading the notations, we consider the set of m + n nodes I, U I,, and define the graph
G by connecting i € I, and j € I, if (i, j) € Q, i.e. if AZ is available. There is thus no edge inside
I, or I,,. It is known that the problem cannot be solved, even if the absence of disturbance, if the
graph G is not connected, see e.g. [2]. Hence we make the following standing assumption.

Assumption 1. The bipartite graph G is connected.



Positivity of the matrix: The assumption that Agj > ( is in most cases not very restrictive. Indeed,

if a not necessarily positive matrix A" is rank-1, then so is | A°| where the absolute value is taken
entry-wise. Moreover, we have |[Aff| — [AD,|] < [Afl — AY;| = |Ay|. So the disturbance if we
consider | A%?| as the perturbed revealed entries of | A°| is no larger than on the initial problem. We can
therefore first recover | A°|, and identify the sign pattern in a post-processing step. This is immediate
if the disturbance does not change the sign of the revealed entries, and would remain simple if the
number of sign changes is limited. A full analysis of this issue is out of the scope of this paper.

4 A weighted log-least square algorithm

4.1 Algorithm Description

Pre-processing: Our algorithm involves the logarithm of the revealed entries, which must thus be
positive. We replace negative revealed entries by their absolute values, which decreases the magnitude
of the perturbation as just explained in Section[3] Zero entries are more problematic, and indeed carry
no information in a disturbance agnostic context. Hence they will be simply ignored. This decreases
[|Al|F, but also modifies €2 and thus G, so one should verify it remains connected. Arguments similar
to those used in the proof of Theoremin Section show that the matrix A° cannot be recovered with
any guarantee of accuracy in case the connectivity is lost after removing edges whose corresponding
revealed entries are zero. Therefore we assume AZ— > 0 for all (z,7) € £ in the sequel of this section.

A positive rank-1 matrix A can be rewritten as A = xy” for some x € R™,y € R". Defining
z; = x; forevery i € I, and z; = 1/y; for every j € I, we obtain A;; = z;/z;, and thus

log A;; = log z; — log z; (D

Our algorithm will identify the z; by solving in the least square sense a system containing a version of
this equation for each revealed entry. But we will weight the different equations to take into account
the difference of effects of disturbances. Indeed, the equation involving the revealed entries are

log z; — log zj = log Ay, + D;; := log A, + (log(AY; + Ayj) — log AY;).

Hence a disturbance A;; on Agj will result in a larger disturbance D;; on the corresponding linear
equation if A?j is small than if it is large. An adversary should thus favor perturbing small entries.
We want to re-weight the equations in such a way that an adversary could not take advantage of more
“sensitive” entries. For this purpose, we observe that based on a first order approximation,

Dy log(AY; + Ayj) — log AY; 1 1

Aij Ay AL T AL LA

Hence to obtain approximately similar sensitivities we should multiply each equation by a value
similar to AJ; or Aff for each (i,j) € Q. We chose Aft as they are directly available. So our
algorithm consists in solving

Af(log 2 —log 2;) = Al log Af: V(i,j) € 0 @)
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in the least square sense. We can rewrite (2) in a more compact form by introducing a weighted
version of the bipartite graph G: Gy = has node set I, U I, and i € I, is connected to j € I, if
(1,7) € Q exactly as in G, and the weight of the edge (4, j) is (Af-}’:)Q. The Laplacian Ly, r of this

graph can be expressed as BW BT where B is the incidence matrix and W € RI®*XI2l 3 diagonal
matrix collecting all the weights WR(i, §) = (Aff"j)2 in an order consistent with the incidence matrix.

Both B and Ly, can be constructed from A% in a time scaling linearly with |2|. We also note that
L = BB is the Laplacian of G. The system (2)) can be re-expressed as

(W2 BT log 2 = (WH)2 log AR

where AZ denotes the vector collecting the revealed entries A{; in the same order as for B and W Z.
Least-square solutions of this system are solutions of

Lyrlogz = BW®log AE,



where we have used Ly = := BWEBT, and include thus
log 2 = Li, . BWFlog AR 3)

where T denotes the Monroe-Penrose inverse. It follows from [13] that (B can be solved in near linear
time in terms of |Q)|: a solution with precision € can be obtained in O(|Q|log”(n + m)log(e™!))

operations for some constant ~ > 0. One can then reconstruct A;; = 2; / Z; = &;y; for all
i € I, j € I, in O(mn) operation for the whole matrix.

4.2 Accuracy Results

To state our main accuracy result, we need to introduce an additional matrix Ko, the Laplacian of
the fully connected bipartite graph on I, U I, whose weights are the (A%—)Q, i.e. the real values, not
known to the user. Later we will also use the Laplacian K of the unweighted version of this graph.

Theorem 1. Suppose that the disturbance satisfies A;; < (¢ — 1)A?j for all revealed entries for
some ¢ > 1. Then the estimate (3) satisfies

2
A 0 2 2 2¢,/R A
4= 2% < @AKo L) [[A][5 VTl Sl
where Ryyr .y IS the largest resistance distance in the weighted bipartite graph Gy r.

For small values of ||A||%, both the exponential factor and the constant ¢ approach 1, so that the error

is driven by Apax (Ko LI,V = ). The value of that factor depends on the specific interplay between the
set of revealed entries, their values, and the disturbance. The following corollary provides a bound in
term of more usual graph characteristics, albeit a more conservative one.

Corollary 1. Let a° be an upper bound on the entries of the matrix A°, and o a lower bounds on
the revealed entries Ag. Under the same assumption as in Theorem the estimate (B) satisfies

. 2 A\’ m+n R
A_AOH < 2 A 2 QCmHAHF/Q
Ja-alf < (S) irialie

¢ (a%\’ 3 2 ocy/mFn||All . /a®
<7 o (m+n)°[|Al|pe RIS

where Ry ax is the maximal resistance in the unweighted bipartite graph G representing the revealed
entries, \o(L) is its algebraic connectivity, and m, n are the number of rows and columns of A°.

5 Fundamental lower bounds

We now derive lower bounds on the performances achievable by any algorithm.

Theorem 2. For any algorithm computing an estimate A of AY based solely on AT, and any
entry-wise positive rank-1 matrix A" and mask €, one can find a matrix A° such that

R 2
[ 4= 2] = dmax(Bwo Ly ) 114115+ 0 (112all7)

with As; = AZ — A?j Sor (i,7) € Q. This result also holds for algorithms using explicit constraints
on possible A® and/or bounds A on ||A||, provided that A° lies in the interior of the allowed set A
and that A > (1 + €) ||Al| g for some € > 0.

Since we have seen in Theorem 1| that the error of algorithm (3) tends to Apax (Ko LI/VR)\|A| |%
when ||A[|% is small, we conclude that algorithm @) is asymptotically optimal for small disturbances,
including in terms of multiplicative constant. For larger disturbances, one could regret the presence
in Theorem and Corollary [1|of (a) the exponential term, (b) and of the inverse (a*) ™! of the lowest
measured value, and (c) the coefficient ¢ > max(; j)eq Af5/A?,. We will show that (a) and (b) cannot
be avoided in our conditions.



We say that the revealed entries A% are an exact subsample of a rank-1 matrix A if Ag = A;; for all
(i,4) € 2, which means that A% could be obtained by sampling the rank-1 A without any disturbance.
We then say that an algorithm is consistent if it always returns A = A when A® is an exact subsample
of a unique rank-1 matrix A. Algorithms relying only on A would be expected to be consistent, for
they would otherwise make nonzero errors in the absence of disturbance. Algorithms using additional
information do not necessarily need to be consistent: If the algorithm uses bounds on the matrix
entries, it could return a matrix different from A in case A does not meet these bounds, as in Section
[l Algorithms may also not be consistent when using some form of regularization, which should then
be based on a bound or an implicit estimate on the disturbance, see e.g. [2]]. A zero error would then
only be guaranteed when the absence of disturbance is known. We now show that some inherent
limitations apply to consistent algorithms.

Theorem 3.
(a) There exists a family of n x n matrices A°, masks Omega and disturbances A\ with constant

norm ||Al| . and uniformly bounded Ag and A?j, for which when n grows

[y - <exp <|A||F ﬁ (3- o<n—1/2>)> - 1)

for any consistent algorithm, where Ry, . is the largest resistance of the unweighted graph G.

2

(b) For every even n, there exists a family of square matrices A®, A°, masks Q with ||A||F, max A?j,

c =1+ maxA; /A?j bounded uniformly independently of n such that for any consistent algorithm,

In Claim (b), n is assumed even for simplicity in claim, but a very similar result holds for general n.

" 2 2
A— A" > (min AR)~2.
F 9 I

6 A stationary distribution-based algorithm

We now assume we have lower and upper bounds on the entries of A°%: o < (Ao)ij < & for all
1 € I, j € I, and propose an algorithm based on the stationary distribution of a Markov chain that
can leverage this information. For small disturbances, its guaranteed performances are in general
weaker than the asymptotically optimal algorithm in Section[d] But it presents important advantages
for larger disturbances.

6.1 Algorithm

Pre-processing: Since we know that every (A°);; lies in [, @] for some known positive a, @, we
will project all revealed entries on that interval: (A®)}; = min (max (e, (A%);) ,@). This step
can only reduce the disturbance. Hence, we assume without loss of generality in the sequel that
(AR);; € |a,al]. As part of the algorithms involve rescaling of the entries around 1, we define

u = +/aa and p = \/a/a, so that the interval [a, @] can be re-expressed as [up™t, up).

The algorithm will consist in computing the stationary distribution of a Markov chain defined on G.
We define the matrix M T € R(m+7)x(m4n) g

(M%) = #AR)” (i,5) € 2,
Ry
(M%) = uErA(A)IZ"j)” (4,7) € Q,
(MP)y = — Z(MR)U i€ 1,
jel,

Jj €1y,

=
.
<
<

I

!
=
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Figure 1: Evolution of the average error H/l — A9|| for our two algorithms and for an unweighted
version of the algorithm of Sectiond]in (a) a scenario where all revealed entries are perturbed by a
random noise of magnitude 6/2 ( 50 x 50 matrices with on average 20% of revealed entries), and (b)
a targeted scenario where the smallest revealed entry is replaced by a* (10 x 10 matrices with on
average 50% of revealed entries). Initial matrices have entries between 10! and 10.

and all other entries are 0. We define M in the same way, replacing A by A°. This implies

A%z — pzi pzi — (A%)ijzi
ZTMO ;= %,Vie]’x’ ZTMO .= A,V'EI . 4)
A= 0 S, A= 2 e, e

Moreover, we remind that the matrix A° can be written as zy” for some 2 € R™,y € R”, and we
let z; = a; forevery i € I, and z; = 1/y; for every j € I,,. Observe that

0 VAT (A%)ij it/ (yi 0 -1
Migil Vi pt (A% p+ (A% MVl ®
Hence (@) implies that the vector (z” /\/z, /u(y~*)") is the principal left eigenvector of M°, and
hence proportional to the stationary distribution of the corresponding Markov chain. So one could
expect the principal left eigenvector of M to provide a good approximation of that vector. The
algorithm is built on this idea, akin to that used in [[14}[15] to identify weights of a Bradley-Terry-Luce
model, adding a projection step to further exploit the bounds on the matrix entries.

Algorithm 1 Projected Eigenvector Algorithm

1: Compute 7t € R™*", the principal left-eigenvector of M7, normalized so that 77t = 1

-2 2
2: Let 7 be obtained by projecting each entry of 7 onto [-£ et B

3. Return the matrix A € R™*" defined as Aij = WP /7.

The eigenvector !t can again be computed in near-linear time with respect to || [16]], and the

projection step has a cost O(m + n). The reconstruction of A requires of course mn multiplications.

6.2 Accuracy Results

The accuracy guarantee of this algorithm are naturally expressed in terms of first-order norms rather
than quadratic ones. Hence we use the “first-order Froebenius norm" [|M||p,, = >, ; [M;;|. We
also provide a bound in term of (quadratic) Froebenius norm for comparison purposes.

Theorem 4. The estimate A computed by Algorithm satisﬁes

. . log 2pv/m +n
A-no|| <||d-af| <3 2B SPVI TR
H F 1 (m+n)%p A2 (MPO)

log 2pv/m +n
A2 (MPO)

with p = &/a for &, > 0 known upper and lower bounds on the elements of AT, and \o(M?P) real.

max (||A[l , 1A[l,)

< 3(m+n)>*p* IAllE



The next result result provides a bound independent of A°.
Corollary 2. The estimate A computed by Algorithm satisﬁes

N N log 2pv/m +n
A—AOH <HA—AOH <6 25,7 OBIOVIN TR Ay
H F F1 (m+n)™%p A2(L) 1Al

7 Discussion and Conclusions

We have presented two very different algorithms, based respectively on a weighted log least square
problem and on the comparison of stationary distributions of two Markov chains. Both algorithms
are computationally very efficient: Estimating the vectors x, y is done in near-linear time with respect
to the number of revealed entries, so the main cost is in many cases driven by the reconstruction of

the estimated matrix A, which requires mn multiplications, i.e. the size of the output. There is thus
little room for improvement, except maybe for large numbers of revealed entries.

The log least-square based algorithm of Section ] was shown to achieve our minimax bound for small
disturbances, and in that regime its error satisfies
A 0 m-4+n

[Azs = 2% /1AlR<p R ©)
For larger disturbances, it suffers from three potentially important factors, (a) one exponential in the
disturbance and the graph resistance, (b) the inverse of the smallest revealed entry (which can be
large even if the actual smallest entry remains bounded away from zero), and (c) the largest ratio
c between a revealed entry and its uncorrupted value, which could be large in situations where a
large disturbance is concentrated on a single entry whose real value is small. The first two factors
were shown to be unavoidable in the absence of additional information on the disturbance or on the
matrix. The last one appears to be caused by the use of logarithms. Our second algorithm, which
uses the additional knowledge of lower and upper bounds on the matrix entries and does not involve
logarithms, avoids these three issues, and should therefore be preferred when disturbances are large.
For small disturbances, however, its error guarantee is worse than @:

R - +n)25

Ause = 2| /1Al <0 Plm )7
[Asc Al <0 (70— )
where O() ignores the logarithmic factors. This difference should be nuanced because the proof
Theorem [ may rely on more conservative steps than that of Theorem[I] Besides, quadratic norms
are natural for our log least square algorithm.

Experimental results presented in Figure[I] confirm that for random disturbances the log least square
algorithm performs better than Algorithm|[I] For large disturbances, the trend is inverted thanks in part
to the ability of Algorithmto exploit the knowledge of bounds on A°. A more significant difference
is observed for targeted attacks where the smallest (and thus most sensitive) entry is replaced by an
arbitrary value a*. We see then the efficiency of the weights used in the log least square algorithm,
allowing it to tune down the influence of that entry if it becomes too small. These experiments
also confirm the efficiency of our method, with an average of less than 3.10~3s to recover 50 x 50
matrices using Matlab code not optimized for sparsity. We have also implemented a ridge-regression,
which led to promising results for small matrices, but to important errors, numerous instabilities and
convergence issues for larger ones, even for small disturbances. It was also significantly slower. See
Appendix [E|for more details on the numerical experiments, in particular Figure 2]

As a comparison, [2] provides graph-independent bound in O((m + n)3°) on the relative error

||M — MO||g/||MP°||F for the estimation of a matrix M of moments that contain all first, second,
third and fourth order monomials in z;, y;. This matrix contains A, but there appears to be no direct
way of relating this relative error to an error on A°. Besides, M has O((m + n)?) row and columns.
As the method in [2] requires solving an SDP in involving M, the cost of which is known to be in the
best case quadratic in the number of entries, its total computational cost is O((m + n)%).

Future works could aim at combining the advantages of our two algorithms, i.e. maintaining the
optimal character for small disturbances, while avoiding the potentially large multiplicative factors in
other regimes. Another challenge is to embed the possibility of exploiting estimates of the disturbance
magnitude while preserving our algorithms low complexity. Finally, the question would also arise to
use our tools for the completion of higher-rank matrices.
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A Accuracy proofs for the log least square algorithm

A.1l Theorem

Notations: We will use the index ¢, to denote that we take a vectorized version of the elements of
a matrix corresponding to the revealed entries, in an order consistent with the incidence matrix B
(and thus the diagonal matrix W1). AE is thus a vector containing all the revealed entries, while
A contains the real values of the entries that have been revealed. The 2-norm of such vectors is

equivalent to their Froebenius norm. In particular [|Al[» = ||A% — A%|| . = ||Af — A

P >

We first express a bound on the error log A;; — log A?j on the logarithm of individual entries, which
we will need both as intermediate step towards our global bound, and to derive a required bound on the
largest relative error on any individual entry of the matrix. We remind that D = log A% — log A% =
log(AY, + A) — log AY,.

Lemma A.1. The error on the logarithm of the individual estimates satisfies

(log Ayj —log A7;)? = (W D)T (WRiBTLﬁvR(ei —¢j)(ei - ej)TLngBWM) (WR2D).

Proof. We have seen in (I)) that BT log z = log A, and thus Ly r log 2 = BW ! log AE. Since 2
is defined up to a multiplicative constant, we assume without loss of generality that e’ log z = 0, and

thus that it lies in the image of LI/V r- Hence there holds z = LI/V » BWElog AY. By definition of
the algorithm (3) we have then

log 2 —log z = LI, , BW(log AE — log AY)

=L}, »BWED.

Hence using again log A;; = log z; — log 2;, there holds
log Aij — log A?j = (log 2; — log z;) — (log 2; — log z;)

= (e; — ¢;)TLl, . BWED,
from which the result follows. O
In order to use Lemma we now relate the magnitude of a weighted version WRl/QD of the
perturbation D = log A{ — log AY, on the logarithm to that of the initial additive perturbation A.

Lemma A.2. IfA;; < (c— 1)A?j for every (i, j) € Q) for some ¢ > 1, then ‘AﬁDij‘ < c|Aijl, for
every (i,7) € Q and
o] <t

Proof. By concavity of the logarithm, we have
R 0 R 0 L1 L1
|10gAij - 1OgAij| < |Aij - Aij| max AR A0 | = |A;j| max AR A0
ij %] 1] )

R < cA?j for ¢ > 1. Hence we can bound

Moreover, the assumption of the Lemma implies A; i<

]

R R R 0 AZ AZ
A D ~)| = Ajj |logAij — logAij‘ < |Ajj| max <clAil,

proving the first claim of the Lemma. The second one follows from the definition of the || x ||
diagonal matrix W* whose elements are the (Af})?.

We can now provide a first bound on the error on the logarithm of the individual elements of the
matrix, and a bound on the estimate A; ; to be used in the sequel.
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Proposition A.1. IfA;; < (c— 1)Agj forevery (i,7) € Q for some ¢ > 1, then
log Aij — log A?]

</ Rwr i 1Al g, (7

where Ryyr ;; is the resistance distance between i and j on the weighted graph Gyyr. As a
consequence,

Ay < Alexp (c Ry r i HAHF) ®)

Proof. It follows from Lemma and the symmetry of L;VR that

(log Azj — log A%)? < HWR%D‘ ‘i Amax (WR%BTLIWR(ei —ej)(e; — ej)TLL[/RBWR%) ,
Remembering Ly r = BW BT This eigenvalue can be re-expressed as ®
— e)TLE BWREWRIBTLT (e, - &) = (i = &) LlynLuwn Llyn(es — ¢;)

= (es — &) Liyn(es —e5),
which is by definition the resistance Ry, = ;;. The claim (7) follows then from (9) and the bound
||WR%D| 2. < c||A][5 of Lemma and directly implies the bound (8) O

One could directly derive a bound on the global error A — A° based on the individual bounds @
and (8) but it would be very conservative, as for a given value ||A||r, A cannot be simultaneously
the worst possible for each individual (i,7) € Q. The next proposition provides a global bound
exploiting A being unique.
Proposition A.2. IfA;; < (c— 1)A% Sorevery (i, j) € Q for some ¢ > 1 and /Al,»j < vA?j for every
1€ I;,j € Iy and some v > 1. Then
2
| < 92 A (KoL) 118117,
F

where this maximal eigenvalue is real.

A—A°

Proof. Since |e® — ¢?| < max(e? e’) |b— a| and max(A;;, A%;) < yA?, by assumption, we have
|4 - A3,

If follows then from Lemmal[A ] that

(Aij—A%)? < A2(A 2R DYT (WRE BT LY (e — e5)(es — )T Ly BWRY) (W2 D).

0 A 0
< A;; |log Ajj —log A, .

Summing over all pairs (¢, j) € I, x I, leads to
N 2 1 2 1 1
HA _ AO‘ ‘F <2 HWRQD‘ ’F Amax (WRZBTLLVRKWULLVRBWM) : (10)

where Kyyo = 30,0 e I (ei — ;) (AY;)?(ei — e;)T is the Laplacian of a complete bipartite graph
over I, U I,, where the edge (i, j) has weight (A%)Q. This maximal eigenvalue is real since it is the
eigenvalue of a symmetric matrix. We now compute it using Ly = = BWEBT,

1 1 1 1
Amax (WR2BTLLVRKWOLLVRBWR2) — N (KWOLLVRBWMWRZBTL{VR)
= M (KWOLTWRLWRLTWR)
— M (KWULLVR) .

The result follows then from (T0), and the bound ||WR% DI|% < ¢||A]|]% of Lemma O

Theorem|l|is then obtained by using Proposition with the bound v = exp (c\/Rwr max || A7)
guaranteed by (8) in Proposition [A-T] with Ry r oy = maxier, jer, Rwr ; the largest resistance
in the weighted graph Gy =.
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A.2  Corollary

In order to relate the bound of Theorem [I]to more usual characteristics of the graph, we now bound
the coefficient Ay ax (Ko LLV,% ).

Proposition A.3. Let a°, a” be respectively an upper bound on the entries of A° and a lower bound
on those of A%,

A2(L)’

where we remind that m, n are the number of rows and columns of A° and \o(L) is the algebraic
connectivity of the unweighted bipartite graph G representing the revealed entries.

a? 2 m-+n
)\max(KWOLI/VR) < (O{R>

Proof. Tt follows from Lemma [D.T]in Appendix [D]that
)\max (KWU LTwR) < )\max (KWU ))\max (Lj{/VR )

Since Lyyr is symmetric and has rank n — 1, we have )\max(LLVR) = Xo(Lyr)~!. Because the

absolute values of the off-diagonal elements of Lyy = (i.e. the weights) are all at least (a**)?, Lemma
in Appendix [D]implies then

Xo(Lyr) > (@) Ao (L), (11)

where we remind that L is the Laplacian of the unweighted bipartite graph G representing the mask
Q. A parallel argument shows that Apax (Kip0) < (@%)?Apax(K) = (m + n)(a%)?, where K is the
Laplacian of the complete bipartite graph on I, U I,;, whose maximal eigenvalue is m + n, from
which the statement of this proposition follows. O

We note that the bound of Proposition[A.3]could be conservative in terms of the interplay between the
values in A?, A” and the graph, but is not very conservative in terms of the graph properties. Indeed,
a slightly more complicated argument shows that

o (oet) = (25 mitm
max wolwr | Z QO )\2([/) )

R a0 are respectively an upper bound on the entries of A and a lower bound on those of

where &
AL,

Since (af*)? bounds all weight in Gy = from below, the largest resistance Ry r max in that graph
is at most (QR)_2RmaX, with Ry, the largest resistance of the corresponding unweighted graph
G. The first part of Corollary [T|follows from this observation, Proposition and Theorem[I] Let

now D < m + n be the diameter of the graph G. The second part of Corollary [T|follows from the
classical bound Ryax < D < 'm + n and from Ay (L) > [17].

4 4
D(m+n) > (m+n)?
B Lower Bounds

B.1 Small disturbance: proof of Theorem 2]

We are given a mask (2 and a rank 1 matrix A = zy” of which we will be revealed the entries
corresponding to €2 (i.e. AE). We will prove the result by constructing, for a given value of || Al
two matrices A%, A® that could act as A° and are sufficiently distant one from each other.

We take a fixed vector ¢ € R™*" and a sufficiently small constant §, both to be specified later. We
let then A% = 2%(y*)T, A% = 2°(y*)T with

! =z (14 6¢) a? = x;(1 - 8¢;) Vie I,
=y (-0G)  yh =1+ 4C) vjel,
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We first compute the norm of A% := (A%)q — AE = (4% — A).
a2 a 2 2
1A% = 1(A" = Aallp = D (i, (1+66) (1 6¢) — ziy;)
(4,4)€9Q
2
= Z 2y (0(¢ = ¢) — Gigo?)
(i,5)€Q
=8 Y ARG - G) +o(8%)
(i,5)€Q
= 82" Lw ¢ + 0(6%), (12)
where Ly is the Laplacian of the weighted bipartite graph on I, U I,, corresponding to {2 where the
edge (4, j) has weight A?j. Parallel arguments show that
2 2
A% = 11(A° — Aol [} = %C LuwC + 0(3?) 13
and )
4" — A} = 46°¢CT Kw ¢ + 0(8), (14)
where Kyy is the Laplacian of the weighted complete bipartite graph on I, U I,, with weight Afj. To

select ¢, we let u be the eigenvector of K WLJIF/V corresponding to Ay ax (K WL;EV) and ¢ := Li,vu. It
follows from (12) and (T3) that

[|A[ = 62w + o(6%), (15)
for £ = a, b, and from (T4) that
| 4° - 4°[[}, = 46T K Ll w + o(5?)
= 40% Amax (Kw Ll )¢Tw + 0(62). (16)
Since u belongs by construction to the image span{e}~ of the Laplacian Kyy, it is orthogonal to the
kernel span{e} of the Laplacian Ly and of its pseudo-inverse LI,V, so that the definition ( := LI,Vu
implies u = Ly, and ¢(Tu = uT L, u > 0. Hence (T4) and (T6) imply that for £ = a, b,
b all2 _ ] e ()2
147 = A%[} = (B Ly ) [[ A" [ + o[ |A[). (17)
Suppose now that Af-}’f = A;; for every (i,7) € €, and that A is in the interior of the set of
allowed matrices A. For sufficiently small § and thus ||A|| ., we will have 4%, A® € A, ||A| |§; <
(14¢)||A®] |? and || A |2F < (14 HA“||2F, so that both A%, A® would be possible values of A°
even if the algorithm explicitly uses the set A and a bound A > (1 + ¢) [|A| |% It follows then from
the triangular inequality and (T7) that for any estimate A there would hold
N 2 2 2
A= 2°|]" = A (Bw L) || A°) 7. + o] |27, (18)
for at least one choice among A° = A% or A = A’. To conclude the result, we need to relate
)\maX(KWL{/V) t0 Amax (KWOLJ{/VR)' Observe first that Lyyr = LLV because Agr = A;;. We
define the function t — Ky (t) € ROvFm)x(ntm) py

(Kw (1))ij = (Kw (t))ji = x:(1 + t6:)y;(1 — t¢;) Vi€l j€l,

(Kw ()i =— > _ (Kw(t)) Vi€ I,
jEI,

(Kw(t)j; == > (Kw(t)) Vi€ 1y,
i€l,

and the other entries being 0. Observe that Ky is analytic, Ky = Ky (0), Ko = Ky (0) if
A = A% and Ky (—9) if A° = A®. Besides, 6 = O(||A|| ). Lemmaand LY, = Ly imply
then

Amax (KWLT{/V) = Amax (KWULI/{/R) + 0(| ‘A‘ |F)a
which implies the result of Theorem 2] together with (I8).
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B.2 Larger disturbance: proof of Theorem 3]

We begin with the claim (a) about the exponential factor. For any given n, we take A? = ee”, and the
mask Q@ = {(4,7),i =1,...,n}U{(i,i — 1),4 = 2,...,n}, that is, the entries on the main diagonal
and the first other diagonal. We then take the disturbances

Ay =0 Ajii—1) =6,
for all 4 for which these are defined and for some § > 0. The revealed entries are then
Af-f =1 Aﬁiq) =149,

Clearly, A||§, = (n—1)6? s0 § = ||Al|p/v/n —1. We then define the rank-1 matrix A by
Ajj = (1+6)"(1+ 0)7, and observe that A" is an exact subsample of A because A} = A;; for
every (i,7) € £). Moreover, it is not an exact subsample of any other matrix because the graph

corresponding to the €2 is connected. Hence any consistent algorithm returns by definition A=A, so0

that (A — A%);; = (1 4 §)*~7 — 1. In particular, remembering § = HALF ,

n— 2
H (Aun — A9,)% = <1+ ”A”F) 1)~
n A Vi1 "

When n grows for a fixed ||A|

we have

> We obtain

lim E, = (e”A”FV"_l — 1)2.
n—oo "

We conclude part (a) of Theorem [3|by observing that the both A and AY. are uniformly bounded,
and that the graph Gy r corresponding to the mask €2 is a line graph on 2n nodes, with n — 1 weights
1+ ¢ and n weights 1, so that

RWR,max:n"l_(n_l)(l—l—(s):n+(n_1) (1+%)7

sothaty/n — 1 = \/RWR,Inax(% — O(n~1/2)).

We now move to part (b). For any fixed even n, we let again A° = ee”, and we consider the mask

Q={(,7) :4,J < 5}U{(i,5) : 4,5 > 5} U{(1,n)}, i.e. we reveal the upper left-hand side

quarter of the matrix and the lower right-hand side one, and the most upper right-hand side entry.

We take A; ; = 0 for every revealed entry except Ay, = % — 1 for f > 3, so that Aﬁ) =1 for
. Ay

all (i, j) € Qexcept Aff, = 1/f. Clearly, all HAH?, <1, and max; j)cq a0 and max; ;) AY; are

bounded independently of n, f, while min Ag = f~1. Observe now that A” is an exact subsample
of the rank-1 matrix
A, — ee’  flee”
f= feeT eeT )

where the vectors e are of dimension n/2, and of no other rank-1 matrix. Hence any consistent

algorithm would return A = Aon the data AR, Focusing on the error on the lower left-hand side
block, and using f > 3, we would get

n? n? o Ry-2
jf = j(ngnAzg) :

il > s

C Accuracy proofs for the stationary distribution-based algorithm

Observe first that dividing AT and the lower and upper bounds by a constant ¢ and multiplying the
output of Algorithm by the same c does not affect the final estimate A. Moreover, both sides of the
accuracy bound of Theorem E] scale linearly with ¢ if A%, A% A are multiplied by c. Hence we can
assume without loss of generality that 4 = /& = 1, so that AO € [p~1, p] forevery i, j.

We first characterize the difference between the matrices M** and MP°.
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Lemma C.1.
[[MF— M| < 2max(||All,, [[All)

where the norms are the induced matrix norms, with A;; = 0 for all (i, j) & Q.

Proof. For any =,y > 0, there holds
T y | 1 1
1+ 1+y|

B __ ly—«
1+z 14yl (+a)(1+y

<ly—xl.
)
Hence we have for every (i, j) € €2
R 0| — [A/R 0
| M5 = M| = [ M} — M| < Ayl (19)

Observe now that for a given matrix /N whose rows sum to 0, we have

N - Nyl = N, N,
IIN|] m}sz] ok| = max | | M+§| ok |

= max _ZNEk + Z|Nék|

k£l k£e
< 2max Nyl .
< 2max 3 [Nu
k£l
Since the rows of M* — M? sum to zero, we have then
ME— MOl <2 ma ME — M. 20
| ||<>Of eefzﬁily Z | M} ok (20)
keI, UI,

Consider first a ¢ = i € I,,. Then by the bipartite structure of M, MY, the only off-diagonal nonzero
ME - Miok‘ are those for which k € I,,. Hence, using (T9), we have

Do IME=MG =0 | ME - MG < DAy < (Al -

keI, UI, jeI, jel,

On the other hand, if { = j € I, then
oM =M =D M- M <> Ay < (1A -

keI, UI, i€l i€l

The result follows then from (20). O

The sequel of the proof exploits results on the stationary distributions of (discrete-time) Markov
chains, hence we need to introduce a reference stationary distribution. Remember we have assumed
all entries of A° to be in [p~!, p] so that 4 = 1. Lemma implies that A° = xy” for some
vectors x € R™, y € R™ with all z; and y;l in [p~1, p|, and we have seen in (§) in Section
that (27, (y=1)7) is a left-eigenvector of M corresponding to its eigenvalue 0. We defined its
normalized version 7° for which ||7°||, = 1. Due to the bounds on the entries of (=7, (y*)~1),

2
we see that the elements of 70 all lie in | g s mp—m], as those do those of 7 by construction, see
Algorithm Moreover, ¥ is still a left-eigenvector of M?, and 7{ /7§ = x;/ (y;l) = AY; for every

1€ 1,5 €1y

Proposition C.1.

log 2pv/m +n
22 (M9)

7r—7r0||1 <

227 = 20|
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Proof. Since we will leverage results for discrete-time Markov-chains, we introduce the auxiliary

matrices PR = T — le MPBand P° = T — le M?P, where dy,.y is the largest degree in G,

i.e. the largest number of revealed elements on any row or column. Observe that the off-diagonal
elements of M, M are non-negative and bounded by 1, and that each row or column contains at
most dpax of them. Moreover, M e = M% = 0. Hence P%, P° are row-stochastic matrices with
positive diagonals.

The left-eigenvectors 7% and 7% of M and M corresponding to the eigenvalue O are also the
principal left-eigenvectors of P, P, and thus the stationary distributions of the corresponding
Markov chains since we have assumed them to be stochastic vectors. It follows then from [18]]
(Theorems 2, 3 and the discussion immediately after the statement of Theorem 3 in the supplementary
materials) that

R o 1pe_ po log R 1
|7 =], < S [P = PO (—log)\z(Po)+1_)‘2(P0))
Lipr_poy logB+1
< S IPF =P = N (PO’ ey
with
_ 1—7r?
R_Zenllffffy 4”2

MO implies 1 — \2(P°) = 52— \o(M?). Since 7 > n’;;jn for every ¢

0 _ 17 _ 1
Moreover P” = | 2dmax 2dmax

and 1;7“3 is decreasing, we have then

1— 79 1—p2 1
m¢ ge# p /(m+n)S§p —

€1, 01,

Reintroducing this and the expression 1 — Ao (P?) = 52— X9 (M?) in (Z1) leads to

1\ 1+1 2 dmax 10g 2
o], < (5 ) FEELIEERE P po)| < DB R ER p o),
2 2a A2 (MP) Az (M)
(22)
and the result follows from ||P® — PO||OO = 57—||M® — M°||«, and from ||# — 7°||; <
||[7® — 79||1, since each 7 is the projection of 7/* on a set to which 7{ belongs. O

The last ingredient in the proof is a relation between the error ||7 — || on the stationary distribution
and the error ||A — A°||F on the matrix.

Proposition C.2.
HA - AOHF <3(m+n)?p* |7 — 7|,

Proof. Remember that Af; = 77 /7 and that by construction A;j = 7;/7; for every i, j. We can
decompose the error on an individual entry as

A 0 X ) .
A T m T T |1 1 1.
Ay =AY === 5| S |=— 5|+ |5~ | = Fi|=— — | + o |Fi— i,
R [ B K AL
so that 1
S Ay —ab] < S w|@ = @7+ 5 lF = @23)
,J i joJ

We first bound ), 7;. Observe that

Zfri:ZmR+Z(fTi—7TiR)=1+Z(7Afi—7TZR)-
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Moreover, (#; — 1) is by construction positive only when 72 < p=2/(m + n), in which case

#ti = p~2/(m + n). Hence
§ 7r1<1+§ 24
m—|—n 24)

Second, since ) > p~?/(m + n), we have 3, =5 < p*m(m + n). Finally

. — 0
|mru+ﬁrw=E%£JSﬁrwﬂm+m%% @)

Re-introducing these three bounds in (24) leads to
X[, -t
i,J

and the result follows then from

=4[] = [vecth = A0, = ecth - a0

(m +n)?p* |7 =l + m(m+n)p* |7 = 7||; < 3(m +n)?p* |7 — |,

=2 [Ay -4

HF:l '

O

Theorem 4] follows from the combination of Lemma [C.1] Propositions [C.T]and [C.2} together with the
bound

max (||All , [|A]]) < max (Vrl|Ally, vim[|Ally) < vmax(m,n) [|A]lp.

To prove Corollary 2, observe first that all off-diagonal entries in M° are at least Tt < p~t/2

in absolute values. Moreover, we have seen in (3 in Section .that My, = M .o for every
k,¢ € I, U I, i.e. the corresponding Markov Chain is reversible, so that diag(7®) M is symmetric.

Lemma [D.3|implies then
-1
ming 7 p
Ap(M?) > —= (L
2(M7) 2 maxy, Ty 2 2(L).

Remember now that (7°)7 = K (27, (y=)T) for some constant K, and it follows from Lemma
that z,y can be chosen so that z;,y; € [p~!, p]. As a consequence, ming ”’v > p~2, and thus

maxy, 7r

Ao (MO) > £- )\2( ). Corollary |2|follows from the combination of this bound with Theorem

D Technical Lemmas

Lemma D.1. Let A, B be two PSD matrices. Then every eigenvalue of AB is real and non-negative,
and
)\max (AB) S )\max (A) )\max (B) .

Proof. Since A is PSD, its singular value decomposition is of the form A = UXU?'. The diagonal
matrix > only contains non-negative values, so %2 is well defined. Hence the eigenvalues of

AB=Ux2%:UTBare exactly the eigenvalues of M := »2UTBUYz2, and are thus real since M
is symmetric. Moreover, M is positive semi-definite because for any =,

"Mz =TS UTBUS 2 = (US?22) " B(US?z) > 0,

due to B being positive semi-definite. Since the spectral radius is lower bounded-by the induced
2-norm, with equality for symmetric matrices, there holds

Amax(AB) < [[AB][, < [[Ally [[Blly = Amax(A) Amax(B)-
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Lemma D.2. Let A : § € I — A(9) be an analytical function of the real variable 0 for some
interval I and whose values are symmetric PSD matrices, and B a PSD matrix. Then Apq.(A(6)B)
is Lipschitz continuous with respect to 0 on I.

Proof. Because A(J) is analytic and symmetric, we can rewrite it as A(J) = U(§)2(0)U(5)T,
where ¥ is diagonal and contain the non-negative eigenvalues of A(J), U is orthonormal, and
both X and U are analytic functions of §, see Chapter 2.2 in [19]]. As in Lemma[D.1} we see that
Amax(A(0)B) = AM (6), with

M(8) == 2(8)2U(8)T BUS)E(5)*

an analytical function of ¢§ that is always positive semi-definite, so its eigenvalues are real. It follows
then from Theorem 6.8 in [20] that the eigenvalues of M can be expressed as analytical functions of
J, and hence that max; A; (M (9)) is a Lipschitz-continuous function of § on the interval . O

Lemma D.3. Let L be a Laplacian, i.e. Le = 0 and Ly; = —A;; < 0if ¢ # j. We let
Amin < Asj, Vi jé J, Aij > 0 be a lower bound on the absolute values of the nonzero off-diagonal

elements, and L the corresponding unweighted Laplacian, i.e. Le = 0 and for all i,j,i # j,
Lij = —1if A;; > 00 and O else.

If L is symmetric, then

)\2 (L) 2 amin)\Q (L)

If DL is symmetric for some positive diagonal D whose smallest and largest diagonal entries are
dmin and dimayx, then Ao(L) is real and

dmin T
)\2(L) Z amin>\2(L)

max

=

Proof. We assume first that L is symmetric. In that case its eigenvectors are orthogonal, and since
the vector e corresponds to the its eigenvalue 0, we have

. z2TLx
Ao(L) = 65%0120 Ty

Using the classical expression of 7 Lx for symmetric Laplacian, we see that for any x, we have
T 2 2
x* Lz = E Aij(z; — ) > E Amin (T — xj)
i<j i<, Ai;>0
2 TF
= Gmin E (x; — xj)° = Gminz” L.
i<j,Li;#0
Hence we have

T
.zt Lx

>\2(L) Z Gmin NI T
eTz=0 T

‘We now move to the second claim. Observe that
Ao(L) = Ao(D~DL) = Ao (D~Y2(DL)D~V/2).

Hence if DL and thus D~/?(DL)D~'/? is symmetric, Ay(L) is real. Moreorver, DL is a Laplacian,

s0 e belongs to its kernel, which means that D'/2¢ is an eigenvector of D~'/2(DL)D~'/? with
eigenvalue 0. Hence

= amin)\g (L) .

xTD71/2(DL)D71/2xT

_ —1/2 —1/2y _ :
A2(L) = Ao(D™/A(DL)D™ /%) = o min T
i yT DLt < 1 . yI'DLy X(DL)
= min min = .
y:eTy=0 xTD_lm o dmax y:eTy=0 yTy dmax

Observe now that all nonzero off-diagonal elements of DL have an absolute value at least d iy Gmin -
The first claim of this lemma implies then A\y(DL) > diin@min, from which the second claim
follows. O
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Lemma D.4. Let A € R™*"™ be a positive rank-1 matrix such that A;; € [p~*, p]. Then A can be
written as A = xy” for vectors x € R™,y € R" such that x;, Y; € [p~1, pl foreveryi € I,,j € I,

Proof. Since A is rank-1 and positive it can be written as 247 for positive vectors &, 7. We use the
indices min, max to denote the indices of the smallest and largest values of the vectors. Observe first
that for an arbitrary index j € I,,, we have

jjmax _ gjjjmax _ maxier, AU < pQ

‘%min gjjjmin miniGII Aij -

The same argument shows ?{/A < p?. We define
Jmin

P ~ i’max ~
= z, y=—19

‘,I:Il’laX p
There holds again A = zy”. By construction .« = p, Which implies z,i, > p~ ' as we have seen
above. Moreover, ymax < 1, for otherwise we would have max; j A;j = Tmax¥max > p.1. So, if

xr =

—1
Ymin > p’l, then these x, y satisfy the required condition. Otherwise, we have —5 — > 1, and we
define

s _ Ymin r_ P

x - 71 x’ y = y7
14 Ymin
satisfying again 2'(y’')” = A. By construction y/;, = p~!, so that ¥}, < p. Moreover, since
-1
;min > 1, we have 2], < Zmax < p. Finally,
-1
/ ZTminYmin P

Lmin = pfl > p,l =1,

so these ', 3/’ satisfy the conditions. O

E Details of Numerical Experiments

In this section we describe the precise conditions of the numerical experiments. The matri-
ces were generated by taking random vectors x,y, with log z;,logy; uniformly distributed in
[—(log p)/2, (log p)/2]. The masks 2 were generated by selecting independently each entry with an
probability p. Masks that did not lead to a connected graph GG were discarded.

In Figure[I[a) we used p = .2, and we average the results over 500 tests for each of the 25 data points.
The total simulation time was 127 sec for 12500 tests with the three algorithms on 50 x 50 matrices,
using Matlab code that is not optimized for sparsity and on a regular laptop. The random noise was
obtained by adding i.i.d. random values between —¢/2 and 6/2. In Figure b), we use p = .5, and
average the results over 25000 tests on 10 x 10 matrices for each of the 31 data-points, this higher
number being selected because of a larger variability of the results for small values of a* for the
(weighted) log least square algorithm. The total computation time was 337 sec for 775000 matrices.
Further tests not reported here showed that 200 x 200 matrices with 10% of revealed entries could be
recovered in an average of .6 sec, still without optimizing for sparsity. By comparison the method in
[2] would have required solving an SDP on a matrix 160000 x 160000.

The third algorithm, denoted “Log LS unweighted" consists in directly solving the system
log &; —log §; = log AZ

in the least square sense. Its analysis can be conducted in a way similar to our weighted algorithm,
but it does not yield asymptotically optimal guarantee. Moreover, as explained in Section [} the
different entries have different sensitivities to perturbations, so this method is more exposed to
targeted perturbations.

Our implementation of the ridge-regression consisted in minimizing
2
(AT =2y D)ol [ + AllF + [lyl7)

using a gradient descent, projecting = and y at each step on the set [p~*, uup] to which we know
the real values belong. Different values of A were tried. The gradient iterations were interrupted
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Figure 2: Evolution with § of the average error ||A — A°||r for our two algorithms, an unweighted
version of the algorithm of Section[d] and our implementation of the ridge regression with A = 0 (no
regularization) and A = .1, in a scenario where all revealed entries are perturbed by a random noise
of magnitude 6/2 (50 x 50 matrices with on average 50% of revealed entries). Initial matrices have
entries between 10! and 10. Large errors are observed for the ridge regression methods, even for
very small values of 4.

when ||z(k + 1) — z(k)||, + [ly(k + 1) — y(k)||, < 1072 or after 200000 steps. Each problem
was solved using 10 different initial 2:(0), y(0), with values randomly selected in [11p~*, j1p], and the
best final iterate (in term of the objective function) was kept. Examples of results are presented in
Figure[2] for the same experimental conditions as in Figure[I|a), except that results are averaged over
5 tests for each data point. We further note that large errors for small values of & were consistently
obtained on every single one of the realizations.
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