N
N

N

HAL

open science

Optimal rates for ranking a permuted isotonic matrix in
polynomial time

Emmanuel Pilliat, Alexandra Carpentier, Nicolas Verzelen

» To cite this version:

Emmanuel Pilliat, Alexandra Carpentier, Nicolas Verzelen. Optimal rates for ranking a permuted
isotonic matrix in polynomial time. 35th Annual ACM-SIAM Symposium on Discrete Algorithms

(SODA), Jan 2024, Alexandria (Va), United States. pp.3236-3273. hal-04223348

HAL Id: hal-04223348
https://hal.science/hal-04223348v1

Submitted on 29 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04223348v1
https://hal.archives-ouvertes.fr

Optimal rates for ranking a permuted isotonic matrix
in polynomial time

Emmanuel Pilliat, Alexandra Carpentier, and Nicolas Verzelen

Abstract: We consider a ranking problem where we have noisy observations from a
matrix with isotonic columns whose rows have been permuted by some permutation 7*.
This encompasses many models, including crowd-labeling and ranking in tournaments
by pair-wise comparisons. In this work, we provide an optimal and polynomial-time pro-
cedure for recovering 7*, settling an open problem in [7]. As a byproduct, our procedure
is used to improve the state-of-the art for ranking problems in the stochastically transi-
tive model (SST). Our approach is based on iterative pairwise comparisons by suitable
data-driven weighted means of the columns. These weights are built using a combination
of spectral methods with new dimension-reduction techniques. In order to deal with the
important case of missing data, we establish a new concentration inequality for sparse
and centered rectangular Wishart-type matrices.

1. Introduction

Ranking problems have recently spurred a lot of interest in the statistical and computer science
literature. This includes a variety of problems ranging from ranking experts/workers in crowd-
sourced data, ranking players in a tournament or equivalently sorting objects based on pairwise
comparisons.

To fix ideas, let us consider a problem where we have noisy partial observations from an
unknown matrix M € [0, 1]"Xd. In crowdsourcing problems, n stands for the number of experts
(or workers), d stands for the number of questions (or tasks) and M;j for the probability
that expert ¢ answers question k correctly. For tournament problems, we have n = d players
(or objects) and M; j stands for the probability that player ¢ wins against player k. Based on
these noisy data, the general goal is to provide a full ranking of the experts or of the players.

Originally, these problems were tackled using parametric model for the matrix M. Notably,
this includes the noisy sorting model [5] or Bradley-Luce-Terry model [4]. Still, it has been
observed that these simple models are often unrealistic and do not tend to fit well.

This has spurred a recent line of literature where strong parametric assumptions are replaced
by non-parametric assumptions [17, 18, 19, 20, 10, 9, 8, 7, 3, 16]. In particular, for tournament
problems, the strong stochastically transitive (SST) model presumes that the square matrix
M is, up to a common permutation 7* of the rows and of the columns, bi-isotonic and satisfies
the skew symmetry condition M;j + M}, ; = 1. Although optimal rates for estimation of the
permutation 7* have been pinpointed in the earlier paper of Shah et al. [18], there remains a
large gap between these optimal rates and the best known performances of polynomial-time
algorithms. This has led to conjecture the existence of a statistical-computational gap [10, 8.

For crowdsourcing data, the counterpart of the SST model is the so-called bi-isotonic model,
where the rectangular matrix M is bi-isotonic, up to an unknown permutation 7* of its rows
and an unknown permutation n* of its columns. This model turns out to be really similar to the
SST model and the existence of a statistical-computational gap has also been conjectured [10].

In this paper, we tackle a slightly different route and we consider the arguably more general
isotonic model [7]. The only assumption is that all the columns of M are nondecreasing up to an
unknown permutation of the rows, making the isotonic model more flexible than the bi-isotonic
and SST models. It is in fact the most general model under which an unambiguous ranking
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of the experts is well-defined. In this model as well, there is a gap between the (statistical)
optimal rates, and the rate obtained by the (polynomial-time) algorithm in [7].

Our main contributions are as follows. For the isotonic model, we establish the optimal
rate for recovering the permutation, and we introduce a polynomial-time procedure achieving
this rate, thereby settling the absence of any computational gap in this model. Besides, our
procedure and results have important consequences when applied to the SST and bi-isotonic
model. More specifically, we achieve the best known guarantees in these two models [8, 9] and
even improve them in some regimes.

1.1. Problem formulation

Let us further introduce our model. A bounded matrix A e [0,1]™*? is said to be isotonic if its

columns are nondecreasing, that is A; , < A;11 , for any i € [n—1] and k € [d]. Henceforth, we
write Cig, for the collection of all n x d isotonic matrices taking values in [0,1]. In our model,
we recall that we assume that the signal matrix M is isotonic up to an unknown permutation
of its rows. In other words, there exists a permutation 7* of [n] such that the matrix M .-
defined by (M) = (Mzpe1(;)1) has nondecreasing columns, that is

Mos-1(iy g € Ms-1(inny ke (1)

for any i € {1,...,n -1} and k € {1,...,d}, or equivalently M .-1 € Ciso. Henceforth, 7* is
called an oracle permutation. Using the terminology of crowdsourcing, we refer to i*" row of
M as expert i and to k™ column as question k.

In this work, we have N partial and noisy observations of the matrix M of the form (x4, ;)
where

yt:Mxt"'Et tzl,...,N. (2)

For each ¢, the position x; € [n] x [d] is sampled uniformly. The noise variables &,’s are
independent and their distributions only depend on the position x;. We only assume that all
these distributions are centered and are subGaussian with a subGaussian norm of at most 1
— see e.g. [23]. In particular, this encompasses the typical case where the y;’s follow Bernoulli
distributions with parameters M,,.

As usual in the literature e.g. [14, 8, 10|, we use, for technical convenience, the Poissoniza-
tion trick which amounts to assuming that the number N of observations has been sampled
according to a Poisson distribution with parameter And. We refer to A > 0 as the sampling
effort. When A > 1, we have, in expectation, several independent observations per entry (i, )
- and A = 1 means that there is on average one observation per entry. In this paper, we are
especially interested in the sparse case where A is much smaller than one, i.e. the case where
we have missing observations for some entries. We refer to A = 1 as the full observation regime
at it bears some similarity to the case often considered in the literature —e.g. [18, 7|, where we
have a full observation of the matrix,

Y =M+E eR™ . (3)

The entries of the noise matrix E’ are independent, centered, and 1-subGaussian.

In this work, we are primarily interested in estimating the permutation n*. Given an esti-
mator 7, we use the square Frobenius norm |M;-1 — M .1]% as the loss. This loss quantifies
the distance between the matrix M reordered according to the estimator 7 and the matrix
M sorted according to the oracle permutation 7*. This loss is explicitly used in [8, 14] and is
implicit in earlier works —see e.g. [18].
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We define the associated optimal risk of permutation recovery as a function of the number
n of experts, the number d of question and the sampling effort A,

(n.dA)=inf  sup B an[[Mi - Mea [7] (4)
w¥ellp,

M:M_+-1€Ciso

perm

where the infimum is taken over all estimators. Here, II,, stands for the collection of all per-
mutations of [n]. If the main focus is not only to estimate 7*, but also to reconstruct the
unknown matrix M, we also consider the optimal reconstruction rate

(n,d,\) = 1nf sup E[HM—MH%] . (5)
w*ellp

M: Mﬂ.*—l €Ciso

reco

It turns out that reconstructing the matrix M is more challenging than estimating the permu-
tation 7*. Considering both risks allows to disentangle the reconstruction of the matrix M:
looking at both enables to distinguish the error that is due to estimating the permutation,
from the error that comes from estimating an isotonic matrix.

1.2. Past results on the isotonic model and our contributions

In, the specific case where d = 1 (a single column), our model is equivalent to uncoupled
isotonic regression and is motivated by optimal transport. Rigollet and Niles-Weed [15] have
loglog(n) )2.
log(n)

For the general case d > 1, Flammarion et al. [7] have shown! that the optimal reconstruction
error in the full observation model (3) is of the order of n'3d+n. However, the corresponding
procedure is not efficient. They also introduce an efficient procedure that first estimates 7*
using a score based on row comparisons on Y. Unfortunately, this method only achieves a
reconstruction error of the order of n'/3d + nv/d which is significantly slower than the optimal
one. Whether or not there is a statistical-computationnal gap was therefore an open problem.

We prove in this work that there is no computational statistical gap in this model. More
precisely, we introduce estimators that are both polynomial-time and minimax optimal up
to some polylog factors. To that end, we characterize the optimal risks Rje,(n,d, A) and

Rioco(n,d, \) of permutation estimation and matrix reconstruction, for all possible number of
experts n > 1, number of questions d > 1 and all sampling efforts A, up to some polylog factors
in nd. Table 1 summarizes our findings in the arguably most interesting cases® X € [1/(nAd),1].

established that the reconstruction error of M is of the order of n(—=—><=

n<d?Vx | &*PVr<n
Rperm n23\/dr~%/6 n/A ,
Riceo | n'PdA—F n/A
TABLE 1

Optimal rates in our model, for all possible values of n,d and X € [1/(n A d),1], up to a polylogarithmic factor
in nd. These rates are achieved by polynomial-time estimators.

!The authors consider the isotonic model as a subcase of a seriation model, where each columns of M, .1
is only assumed to be unimodal.

2We are indeed mostly interested in the more realistic sparse observation regime (meaning A < 1). The case
A < 1/d leads to the trivial minimax bound of order nd for both reconstruction and estimation, as in this case
we have less than one observations per expert on average. As for the case A > 1/d but A < 1/n, we have less
than one observation per question on average, and this leads to a minimax risk of order n\/d/_)\ for permutation
estimation and of order nd for matrix recontruction.
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1.3. Implication for other models and connection to the literature

As discussed earlier, the isotonic model is quite general and encompasses both the bi-isotonic
model for crowdsourcing problems as well the SST model for tournament problems.

Let us first focus on the SST model which corresponds to the case where n = d together
with a bi-isotonicity and a skew-symmetry assumption. In the full observation scheme (related
to the case A = 1) where one observes the noisy matrix n x n, Shah et al. [18] have established
that the optimal rates for estimating 7* and reconstructing the matrix M are of the order of
n. In contrast, their efficient procedure which estimates 7* according to the row sums of Y
only achieves the rate of n32. In more recent years, there has been a lot of effort dedicated
to improving this \/n statistical-computational gap. The SST model was also generalized to
partial observations by [6], which corresponds to A < 1. They introduced an efficient procedure
that targets a specific sub-class of the SST model, and that achieves a rate of order n®2x~1/2
in the worst case for matrix reconstruction.

Recently, a few important contributions tackling both the bi-isotonic model and the SST
model made important steps towards better understanding the statistical-computational gap.
We first explain how their results translate in the SST model. Mao et al. [10, 9] introduced a
polynomial-time procedure handling partial observation, achieving a rate of order n>*\=3/* for
matrix reconstruction. Nonetheless, [10] failed to exploit global information shared between
the players/experts — as they only compare players/experts two by two — as pointed out by [§].
Building upon this remark, [8] managed to get the better rate n7/6+0(1) with a polynomial-time
method in the case A = n°M),

Let us turn to the more general bi-isotonic model. Here, the rectangular matrix M € R
is bi-isotonic up an unknown permutation 7* of the rows and an unknown permutation n* of
the columns. Since M is not necessarily square, this model can be used in more general crowd-
sourcing problems. The optimal rate for reconstruction in this model with partial observation
has been established in [10] to be of order v(n,d,\) := (n v d)/X + /nd/XA A n'/3d\72/3 A
d'PnX=2/3 up to polylog factors, in the non-trivial regime where X € [1/(n A d),1]. However,
the polynomial-time estimator provided by Mao et al. [10] only achieves the rate ndAN3IA 4
v(A,n,d). In a nutshell, Mao et al. first compute column sums to give a first estimator of
the permutation of the questions. Then, they compare the experts on aggregated blocks of
questions, and finally compare the questions on aggregated blocks of experts. As explained in
the previous paragraph for SST models, Liu and Moitra [8] improved this rate to n/6+o(1) in
the square case (n = d), with a subpolynomial number of observations per entry (A = n°M).
Their estimators of the permutations 7*, n* were based on hierarchical clustering and on
local aggregation of high variation areas. Both [8, 10] made heavily use of the bi-isotonicity
structure of M by alternatively sorting the columns and rows. As mentioned for the SST
model, the order of magnitude n7/6+0() remains nevertheless suboptimal, and whether there
exists an efficient algorithm achieving the optimal rate in this bi-isotonic model remains an
open problem.

We now discuss the implications of our work concerning the bi-isotonic model and SST
model. First, in the full observation setting (A = 1) and square case for the bi-isotonic model
(n = d), we reach in polynomial-time the upper bound n™/6 up to polylog factors, for both
permutation estimation and matrix reconstruction. In particular, we improve the rate in [§]
by a subpolynomial factor in n, and we do not need a subpolynomial number of observation
per entry. Moreover, our procedure being primarily designed for the isotonic model, it does
not require any shape constraint on the rows in contrast to [8, 10]. Beyond the full observation
regimes, we provide guarantees on our estimator of 7* for different values of A. In particular,
in Corollary 2.5, we derive an estimator of the matrix M that achieves a maximum reconstruc-
tion risk sup,« . o/ E [HM — M1y |%.] of order less than n"/\75/% up to polylogs, thereby

nxd
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improving the state-of-the-art polynomial-time methods in partial observation [10]. Lastly, we
perform our analysis in the general rectangular case, giving guarantees for general values of d.

The optimal risks and the known polynomial-time upper bounds for the isotonic, bi-isotonic
with two permutations and SST models are summarized in Table 2. For the sake of simplicity,
we focus in the table to the specific case case n=d and A € [1/n,1].

Isotonic Bi-isotonic(r*,n*) SST
Different models, with Mﬂ.*—1 has Mﬂ.*—ln*—l has Mﬂ.*—lﬂ.*—l has
M e R™*" nondecreasing nondecreasing columns nondecreasing columns
columns and rows and rows, and
Mk + My; =1
7/6+0(1) _ ,o(l) 7/6+0(1) _ . o(l)
. - n 8|[(A=n n 8|(A=n
Perrlnuta.tlon Pf)lyA n"/5\75/% [Th 2.2] 1716 \-5/6 [ ][(Th 2.2] ) 716 \-5/6 | ][(Th 2.2] )
estimation Time
optimal | n'°X\™/° [Th 2.1] n/A [10] n/X [10]
rate
n3/2 ()\ ] 1)[7] nj/6+0(1) [8]()\ _ no(l)) nj/6+0(1) [8]()\ _ no(l))
Matrix Poly. 332 [Gor 2.5 nPAN=3/ [10] N [10]
reconstruction | Time n [Cor 2.5] n"/SX75/6  [Cor 2.5] n"5\75/%  [Cor 2.5]
optimal n AT T n/\ [10] n/A [10]
rate (also [Prop 2.3])
TABLE 2

For the isotonic model, the optimal rate for permutation estimation (resp. matriz reconstruction) corresponds
t0 Rperm (resp. Ryeco). For the two other columns, the optimal rates are similarly defined as minimaz risk
over the corresponding models. The Poly. Time rows correspond to state-of-the art rates achieved by
polynomial-time methods. All the rates are given up to polylogarithmic factors in n.

Finally, we mention the even more specific model where the matrix M is bi-isotonic up to a
single permutation 7* acting on the rows. This corresponds to the case where n* is known in
the previous paragraph [10, 14, 8]. Equivalently, this also corresponds to our isotonic model (2)
with the additional assumption that all the rows are nondecreasing, that is M; j < M; j.1. For
this model, it is possible to leverage the shape constrains on the rows to build efficient and
optimal estimators, this for all n, d, and X — see [14].

1.4. Owverview of our techniques

In this work, we introduce the iterative soft ranking (ISR) procedure, which gives an estimator
7 based on the observations. Informally, this method iteratively updates a weighted directed
graph between experts, where the weight between any two experts quantifies the significance
of their comparison. The procedure increases the weights at each step. After it stops, the final
estimator is an arbitrary permutation 7 that agrees as well as possible with the final weighted
directed graph.

As mentioned in [8], it is hopeless to use only local information between pairs of experts to
obtain a rate of order n”/® up to polylogs, and we must exploit global information. Still, we do
it in a completely different way of Liu and Moitra [8] who were building upon the bi-isotonicity
of the matrix.

One first main ingredient of our procedure is a new dimension reduction technique. At a
high level, suppose that we have partially ranked the rows in such a way that, for a given
triplet (P, O, I) of subsets of [n], we are already quite confident that experts in P are below
those in I and above those in O. Relying on the shape constraint of the matrix M, it is
therefore possible to build a high-probability confidence regions for rows in P based on the
rows in O and the rows in [. If, for a question j, the confidence region is really narrow, this
implies that all experts in P take almost the same value on this column. As a consequence,
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this question is almost irrelevant for further comparing the experts in P. In summary, our
dimension reduction technique selects the set of questions for which the confidence region of
P is wide enough, and in that way reduces the dimension of the problem while keeping most
of the relevant information.

The second main ingredient, once the dimension is reduced, is to use a spectral method to
capture some global information shared between experts. That is why our procedure makes
significant use of spectral methods to compute the updates of the weighted graph. Although
this spectral scheme already appears in recent works [14, 8|, those are used here for updating
the weight of the comparison graph rather than performing a clustering as in [8]. Moreover,
the analysis of the spectral step in the partial observation regime (A <« 1) leads to technical
difficulties — see the discussion in Section 3.5.

Related to the latter problem, we need to establish a new tail bound on sparse rectangular
matrices. More specifically, for a rectangular matrix X with centered independent entries that
satisfy a Bernstein type condition, we provide a high-probability control of the operator norm
of XXT —~E[XXT]. This result, based on non-commutative matrix Bernstein concentration
inequality, may be of independent interest e.g. for controlling the spectral properties of a sparse
bipartite random graph. We state it in Section 4, independently of the rest of the paper.

1.5. Notation

Given a vector u and p € [1,00], we write |u|, for its [, norm. For a matrix A, |A|r and
|Afop stand for its Frobenius and its operator norm. We write |z] (resp. [z]) for the largest
(resp. smallest) integer smaller than (resp. larger than) or equal to . Although M stands for
an n x d matrix, we extend it sometimes in an infinite matrix defined for all i e N,k € {1,...,d}
by setting M;r = 0 when ¢ <0 and M;; =1 when ¢ > n + 1. The corresponding infinite matrix
M _.-1y which is obtained by permuting the n original rows is still isotonic and takes values
n [0,1]. We shall often work with submatrices M (P,Q) of M that are restricted to a subset
P c [n] and Q c [d] of rows and columns. If A is any matrix in R”*?, we write A for the
matrix whose rows are all equal to the average row of A, namely A;; = ﬁ Yjepr Ajk-

2. Results

In this section, we first establish the statistical limit with a lower bound on R}, (n,d, ).
Then, we state the existence of a polynomial-time estimator that is minimax optimal up to
polylog factors. More precisely, we prove that for all integers n,d and A € [1/d, 8n2], the optimal

rate of permutation estimation Ry, is of the order of
n2/3/g
ppel‘m(nv d’ >‘) = \5/6 /\ )\ )\ s (6)

up to some polylog factors. As a corollary, we then establish that the optimal rate of matrix

reconstruction R;.., is of order

1/3d

n n

preco(nyda )‘) = W + X ) (7)

up to polylog factors. We therefore establish that these two problems do not exhibit a computational-
statistical gap.
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2.1. Minimaz lower bound for permutation estimation

Assume that \ € [1/d,8n?] is fixed and that we are given N = Poi(And) independent obser-
vations under model (2). Namely, we observe (x¢,y:)¢=1,....v where z; is sampled uniformly in
[n] x [d] and y; = M, + ¢ conditionally to x;. The following theorem states that pperm is a
lower bound on the maximum risk of permutation estimation for all n,d, A € [1/d, 8n2], up to
some numerical constant.

Theorem 2.1. There exists a universal constant ¢ > 0 such that, for any n > 2, d > 1, and
A e [1/d,8n?], we have

Rgorm(n7 da /\) 2 Cppel‘m(nv d7 )‘) . (8)

In the proof, we show a slightly stronger result that also covers the cases A < 1/d and

A > 8n?, where R;erm(n,d, A) is in fact respectively lower bounded by a quantity of order nd

and n\/a/)\ For the sake of readability, we chose to omit these arguably less interesting cases
in the statement of Theorem 2.1 and of Theorem 2.2.

2.2. Optimal permutation estimation

Let us fix a quantity § € (0,1) that will correspond to a small probability. We need to introduce
some notation. We write
10%nd
5 .

ér, = 10* log( (9)

Our procedure depends on a sequence of tuning parameters. For this reason, we introduce a
subset I' ¢ R*, henceforth called a grid. The grid I' is said to be valid if it contains a sequence
Y0 2+ 2 Vallogy(n)|+2 Of length 2[logy(n) |+ 3 such that that for all u,

Yu = Yutl 2 V2|logy(n)]+2 T ¢r, and V2llog, (n) |+2 2 b, - (10)

In light of this definition, we could simply choose the valid sequence I' = {41, , 201, - - ., (2|logy(n) |+
3)¢1, } with a corresponding o that is polylogarithmic. Still, for practical purpose, we consider
general grids; examples of such gris are discussed in more details in Section 3.6.

For any valid subset I', we define 7 as the smallest possible value of 7y over all sequences
that satisfy (10).

7 =min{y : 3(7,) satisfying (10) s.t. 70 =7} . (11)

Our main procedure ISR, for iterative soft ranking, will be described in detail in Section 3.
The only tuning parameters are the the number of steps T" and the valid grid I.

Theorem 2.2. There exists C > 0 such that the following holds. Let \ € [1/d,8n?] and & > 0.
Assume that T is a valid grid and that T > 45% with 5 defined in (11). For any permutation
% e Il,, and any matriz M such that M« € Cigo, the estimator 7t from Algorithm ISR(T,T")
defined in the next section satisfies

HMfr’l - M H%‘ < CT:YGpperm(nyda )‘) s

with probability at least 1 —10T°6.

In particular, if we suitably choose T' (as discussed above) and T = 4[5°] and ¢ = 1/(nd)?,
we deduce from Theorem 2.2 that

Rierm (1, d, X) < C'log® (nd) pperm (n,d, N)
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for some numerical constant C’ > 0. In the case where A = n°1) and n = d, this bound
achieves the order of magnitude n"/% which aligns with the result presented in Theorem 2 of
Liu and Moitra [8]. However, it is important to note that the analysis made in [8] focuses on
the statistically easier bi-isotonic model, and their procedure heavily relies on the isotonicity
structure imposed on the questions.

2.3. Optimal reconstruction of the matrix M

We now turn to the problem of estimating the signal matrix M. Obviously, the reconstruction
of the matrix M from the observation of model in(2) is at least as hard as if we knew the
permutation 7*. In this favorable situation, estimating M amounts to estimating d isotonic
vectors from partial and noisy observations Yj = % 2t Ytle,—(ix)- The isotonic regression prob-
lem is already well understood, and we state the following lower bound without proof since it
directly follows from [10] (see in particular Theorem 3.1 therein). We recall that preco(n,d, )
is defined in (7).

Proposition 2.3. There exists a universal constant ¢ >0 such that, for anyn > 2, any d>1,
and any A >0, we have

R;eco(n7 da /\) 2 CIOI”CCO(n7 d? /\) . (12)

In particular, since pperm (1, d, A) << preco(n, d, A) in many regimes in n, d, A, this proposition
implies that the reconstruction of a permuted isotonic matrix is harder than the estimation of
the permutation, namely that Rj.., < Ryeco-

To build an optimal estimator of M, we compute the estimated permutation & of Theorem
2.2 and estimate an isotononic matrix based on this ordering. This approach is similar to what
is done in [10, 14], for related problems where a bi-isotonic assumption is done. For simplicity,

set the tuning parameters 7', I" for Algorithm 1 so that 7" =4 [76] and 7% < ¢ logc,(nd/d). We
split the samples y; defined in (2) into two independent sequences of samples (ylfl)), (ylfz)).
First, we compute the estimator 7 of 7* with the first sub-samples (ylfl) ). Then, we define Miso
as the projection of Yﬁ(z) onto the convex set of isotonic matrices, where Y () is the matrix

defined by Yigf) = % ¥ ygz)lm(z): (k) More precisely, set

~ . ~ 2
Mo = argmin |3 - Y2 (3 .
Meciso

The following corollary controls the risk of Miso.

Corollary 2.4. Assume that A € [1/d,8n?]. There exists a universal constant C" such that
the following holds for any permutation ©* € Il,, and any matriz M € Cig,.

E[[|(Miso)s = M| ] < C" 10" (nd) preco(n,d, A) -

As a consequence, the polynomial-time estimator M, achieves the optimal risk for all values
of n and d. For X\ =1, the optimal risk pyeco(n,d, 1) is of the order of n'3d +n. In particular,
our risk bound strictly improves over the one of Flammarion et al. [7] - e.g. their procedure
achieves the estimation error nv/d for n > d'/3. Their slower convergence rates are mainly due
to the fact that their estimator of the permutation 7* is suboptimal in this regime.
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2.4. Polynomial-time reconstruction in the bi-isotonic model

We now turn our attention to the problem of estimating the matrix M when M satisfies the
additional assumption of being bi-isotonic up to unknown permutations 7* and n* of its rows
and columns respectively. In other words, the matrix M «-1,.-1 has non-decreasing entries. As
explained in the introduction, this model has attracted a lot of attention in the last decade
and encompasses the SST model for tournament problems.

To simplify the exposition, we focus in this section on the case n =d and A € [%, 1]. Since
the bi-isotonic model is a specific case of the isotonic model, we could rely on the estimator
M, introduced in the previous subsection. In fact, we can improve this estimation rate by
relying on the bi-isotonicity of the matrix M«1,-1.
As previously, we choose the tuning parameters of Algorithm 1 in such a way that T'=4 [76]

and 4% < C"1og® (nd/5). Then, we use the following procedure:

1. Subsample the data into 3 independent samples (ylfl)), (ylfz)), (ylfg)).

2. Run our procedure Algorithm 1 to obtain an estimator 7 of the permutation n* of the
rows, using the first sample.

3. Run again Algorithm 1 to obtain an estimator 7 of the permutation n* of the columns,
using the second sample.

4. Compute the least-square estimator Mo = arg min NeCyias HM - Yfr(i)ﬁ,l H%, where Cy;so
. .. . . . . . 3 1 3
is the set of all bi-isotonic matrices with entries in [0,1] and ngc ) = 3 2t yf )1x§3)=(z’,k)'

The following corollary states that Mbiso achieves a reconstruction rate of order n7/6\=5/6

in the bi-isotonic model.

Corollary 2.5. Assume that X € [1/n,8n?]. There exists a universal constant C"" such that

sup E [H(Mbiso)ﬁﬁ - MH%] < C"log”" (n)nOA=16
* n*elly

M: Mﬂ.*—ln*—l €Chiso

Here, we have fixed n = d to simplify the exposition but we could extend the analysis to
general n and d. Our risk bound improves over the rate n®*\=3/ of Mao et al. [10]. In [8],
Liu and Moitra have introduced a procedure achieving the rate n”/¢ in the specific case where
A = n°M . In some way, our procedure generalizes their results for general A, while being
applicable to the more general isotonic models.

Still, we recall that the optimal risk (without computational constraints) for estimating the
matrix M is of the order n/A — see e.g. [18, 10]. This remains an open problem to establish
the existence of a computational-statistical gap or to construct a polynomial-time procedure
achieving this risk on SST and bi-isotonic models.

3. Description of the ISR procedure
3.1. Weighted directed graph VW and estimator &

Our approach involves the iterative construction of a weighted directed graph W, represented
by an antisymmetric matrix in R™"™. More formally, for any experts ¢, j in [n], we have
W(i,7) = =-W(J,7). In a nutshell, W(i, j) quantifies our evidence of the comparisons between
expert ¢ and expert j. If W(4, j) is large and positive (resp. negative), we are confident that the
expert i is above (below) the expert j. Most of the procedure is dedicated to the construction
of W. Before this, let us explain how we deduce our estimator 7 from W.
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For a given weighted directed graph W, we define its corresponding directed graph at
threshold v > 0 as
GOW,y) = {(i,5) € [n]* = W(i,5) >~} . (13)
For any thresholds v < 4/, it holds that GW,v) ¢ G(W,v"). In other words, the function
v = G(W,7) is nondecreasing. When v > max; ; |[W(4,7)|, G(OW,~) = @ is the trivial graph
with no edges. Let 4 be the smallest threshold ~ such that G(W,v) is a directed acyclic
graph (DAG). By monotonicity, G(W, %) is also the largest DAG among {G(W,~),y > ¥}.
We then build the estimator 7 by picking any permutation that is consistent with the graph
G = GOW,#), that is if (i,5) € G n [n]? then (i) > #(j). To put it another way, the general
idea of our procedure can be summarized into these three components:

1. Construct a weighted directed graph W between the experts.
2. Compute the largest directed acyclic graph G of W.
3. Take any arbitrary permutation 7 that is consistent with G.

The construction of W is at the core of this paper, and the computation of G and # will
be discussed in Section 3.7. Still, we already point out that the third point can be dealt in
polynomial time using Mirsky’s algorithm [12].

3.2. Construction of YW with ISR
3.2.1. Description of the subsampling

Let us now describe the construction of the weighted directed graph W. Let T' > 1 be an
arbitrary integer, representing the number of steps of our procedure. In what follows, we explain
how we subsample the data from (2) into 57 independent matrices (Y(S)) s=1..57. Recall that
we are given N observations (x¢,;), where N follows a Poisson distribution P(And). Let us
divide the observations into 5T batches (N (8)) s=0,...,5T-1, aggregated into matrices of averaged
observations Y(*). To that end, we let S, be i.i.d. uniform random variables in {0,...,5T -1}
representing a random batch for observation u and we define

NO=fue{l.. ,N} : Sy=s} and V)= ¥ E1{a=(Gk)},  (14)
t€N(S) ik

where, for any (i,k) € [n] x [d], I'Z(Z) = Yiene H{ay = (4,k)} is the number of times the
coefficient position (i,%) is observed in batch s. YZ.E:) is equal to 0 if (i, k) is not observed in
batch s and it is equal to the average of the observations y; for which x; = (7, k) otherwise. We
also define the mask matrix B(*) as being equal to 0 at location (i, k) if the value is missing
from batch s, and to 1 otherwise.

BY =1 > 1} . (15)

Define \g = A/5T. In our sampling scheme, where the data is divided into 57 samples, each
coefficient BZ(,: ) has a probability of 1-e 0 of being equal to one. It is worth mentioning that
a different subsampling scheme was performed in [14], consisting in aggregating consecutive
columns. However, such a scheme is not applicable in our case as we do not assume the rows
of M to be nondecreasing, unlike in [14].

3.2.2. Neighborhoods in comparison graphs

At each step t = 0,...,T — 1 of the procedure, we aim to enrich our knowledge of the order
of the experts, which we formally do by nondecreasing the weights of VW in absolute value.
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At T = 0, we start with the weights W;; all being equal to zero. A meaningful update of W
around a reference expert ¢ can be done when we restrict ourselves to experts that are in a
neighborhood of . Broadly speaking, a neighborhood of i is a set made of all the experts j
that are not comparable to ¢ with respect to a given partial order.

More precisely, for any directed graph G and any experts 4,7 € {1,...,n}, we say that i and
j are G-comparable if there is a path from i to j or from j to i in G. The neighborhood N (G, 1)
of 7 in G can then naturally be defined as the set of experts j that are not G-comparable with
1. Equipped with the concept of neighborhood, our overall strategy involves iterating over all
possible thresholds « € T such that G(W,~) is acyclic, as well as all possible experts i. At
each iteration, we apply the soft local ranking procedure Algorithm 2 described in the next
subsection. Algorithm 2 updates the weights between i and any expert j in the neighborhood
N(G(OW,~),i) of i. Our approach can be summarized as follows:

1. Subsample the data - see Section 3.2.1.

2. Initialize W to be the directed graph with all weights set to 0.

3. Forall t=0,...,7 -1 and ~ € I" such that G(W,~) is acyclic and all i € [n], update W
with the soft local ranking procedure Algorithm 2.

Algorithm 1 ISR(7,T")

Require: N and observations (¢, Yt )t=1
(10)
Ensure: A weighted graph VW and an estimator 7
1: Aggregate the observation into 57" matrices of observation (Y *)) as in (14)

2: Initialize W(i,5) = 0 for all (4,5) € [n]?, and 4 =0

3: fort=0,...,7-1do

4: for yeI'n[¥,+00) do

5: Compute G = G(W, ) the directed graph at threshold v of W as in (13) and set P = N'(G,1).
6.

7

8

~ according to (2), a number of steps 7' and a valid grid I" as in

,,,,,

Take 5 samples Y = (YD |y )
for i e [n] do
: Apply SLR(Y,W,~,4,G, P) to update W
9: end for

10: end for
11: Set 4 as the smallest v such that G(W,~) is acyclic
12: end for

13: Set G = G(W,4) be the largest acyclic DAG (see (13))
14: Set # to be any arbitrary permutation that is consistent with G
15: return W and 7

The main Line 8 of Algorithm 1 aims to provide a soft ranking of the neighborhood P
of i by setting positive (resp. negative) weights W;; to experts j € P that are significantly
below (resp. above) i. Line 11 together with restricting v > 4 simply guarantees that all the
considered graph G are acyclic. Finally, Lines 13 and 14 simply correspond to the construction
of the final permutation, described in the second and third points of Section 3.1.

3.3. Description of the updating procedure
3.8.1. Local weighted sums

Let us describe the process of updating a given weighted graph W, which will be used twice
at each call of the soft local ranking Algorithm 2. Let us fix a weighted graph W, an element
s€{0,...,57 =1} and Y := Y*) the matrix defined in (14). We also let i € [1n] be an arbitrary
expert corresponding to Line 7 of Algorithm 1, and « be any threshold in the grid I'. We write
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P := N(G(W,~),i) c [n] for the neighborhood of i in G(W,~), echoing the notation of the
sets that are trisected in [14].

Since the matrix M is, up to a row-permutation, a column-wise isotonic matrix, it follows
that, if the expert ¢ is above 7, then for any vector w € Rﬁl_, we have Zgzl Wi M, > Zgzl wjp M.
As a consequence, the crux of the algorithm is to find suitable data-driven weights w that allow
to discriminate the experts. As explained in the introduction, earlier works focused on uniform
weights w = 1(4 [18] which, unfortunately leads to suboptimal results. Before discussing the
choice of the weights w in the following subsections, let us first formalize how we leverage on
w to compare the experts and update the graph W.

Given a subset @ c [d] of columns and a non-zero vector w € R?, we first check whether
the following condition is satisfied:

Nofwl3 > Jwl2, (16)

where we recall that A\g = A\/5T. This condition is always verified when A\g > 1, and it is
equivalent to \g|@| > 1 when w = 1. Condition (16) ensures that w is not too sparse which
could be harmful when many observations are lacking (g small).
If this condition is not satisfied, then we leave the weights of WW unchanged. Otherwise, we
define the (Y, P,w)-updating weights U := U(Y, P,w) around i as
Uiy = e (Vi = Yy ) a7)
T [l

where, for all w’ € R? and a € R, we write (a,w’) = Ykeq arwy,. We can then update the
weighted directed graph around i by setting, for all i € P such that [U;;| > [W;;l,

Wz'j = Uij and sz’ = —Uij . (18)

As explained above, if we replace Y;. and Yj. by M, and Mj. respectively in (17), then the
corresponding value of the statistic is non-negative if expert ¢ is above j. Hence, a large value
for U;; provides evidence that i is above j.

Computing U (Y, P,w) for suitable directions w is the basic brick or our procedure, since it
is through the update (18) that we iteratively increase the weights of . This update shares
some similarities to the pivoting algorithm introduced in [8] and also used in [14], in the sense
that while we are fixing an arbitrary reference expert ¢ to compute pairwise comparisons, they
fix a set P and compute a pivot expert ig that would correspond to a quantile of the set
{y;., m),j € P} in the case A\g = 1.

Note that the orientation of a given weighted edge (i,;j) can change during the procedure
if it turns out that |U4;;| > [W;;| and that U;;W;; < 0. This simply means that if the direction w
leads to a more significant weight between some experts ¢ and j, then we are more confident
to use the vector w and to revise the order between ¢ and j.

For @ c [d], choosing w = 1¢ in (17) amounts to compute the average of the observations
over all questions in Q). We now explain in the main sections how we iteratively build adaptive
weights w that allow to improve over the naive global average given by w = 1[4

3.8.2. Definitions of a rank in a DAG

We first introduce a few definitions on directed acyclic graphs G, which we formally define
as a set of directed edges (i,7) € [n]? for which there is no cycle. We denote path(i,j) =
{(k1,...,kr) + L>0and (i,k1),...,(kp,j) € G} as the set of all possible paths from i to
j, and we write |s| for the length of any path s. We say that ¢ and j are G-comparable if
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path(i,j) u path(j,7) # @, and we write N (i,G) for the set of all experts that are not G-
comparable with i. If 4, j are G-comparable, it either holds that path(i,j) = @ or path(j,7) =
@. We say in the first case that i is G-below j and that ¢ is G-above j in the second case. we
also define the relative rank from ¢ according to G as the length of the longest path in G from
7 to j, or minus the longest past from j to ¢ depending on wether i is G-above or G-below j:

rkg i(j) = max{|s| : sepath(i,j)} - max{|s| : sepath(j,i)} . (19)

Here, we use the convention max @ = 0. With this definition, the neighborhood of a given expert
i is equal to the set of experts whose relative rank is equal to 0, that is N (G,7) = rké}i(O).
Moreover, an expert j € [n] is G-above (resp. G-below) i if and only if rkg,;(j) > 1 (resp.
rkg i(j) < -1). Although G stands for a finite set of edges with endpoints in [n], we extend
it to a set of edges with endpoints in Z? by putting in G every (4,75) € Z? such that i > j and
j<0ori>n+l.

3.8.8. Description of the soft local ranking algorithm

To update the weighted directed graph W in Line 8 of Algorithm 1, we apply the soft local
ranking procedure SLR to all experts i € [n] and all thresholds ~. To define our soft local
ranking procedure, let us fix W, an expert i and a threshold ~ such that G(W,~) is acyclic.
As a shorthand, we write G and P respectively for the thresholded graph G(W),~) and the
neighborhood N (G,%) of i in G.

We write D for the set of all dyadic numbers: D = {2¥ : k € Z} and we define the
set H =Dn [%, 1]. We denote 3(P) as the mean of the vectors Yj. over all j € P, that is
e (P) = ‘—113| Y jep Yk, for any k € [d]. SLR relies on the following steps repeated over all height
h e H. It is also described in Algorithm 2.

1. Dimension reduction. Using the first sample Y1), we first reduce the dimension by
selecting a subset Q" ¢ [d] corresponding to wide confidence regions. Recall that rkg ; is
the relative rank to ¢ defined in (19). For any a > 0, define the sets N, := N (G,7) (resp.
N_q = N_4(G,1)) of experts j which are G-above (resp. G-below) all the experts of P
and whose relative rank to any i’ € P is at most a in absolute value:

Na= kg ([1,a]) and N_,= () rkgy([-1,-a]) . (20)

i’eP i’eP

Secondly, we define for any question k € [d] and a > 1 the width statistic A} as the
difference between the mean of the experts in N, and the mean of the experts in N_,.
Then, ay, is set to be the first value of a > 1 such that any a’ > a has a corresponding
width statistic of at least (Ao A 1)h:

Au(@) = ToeNo) ~Ti(Noa)  and dk(h):max{azl : ﬁﬁk(a)<h}+l L (21)

Finally, we define Q" := Q"(G,i) as the set of indices k such that aj(h) is relatively

small.
1

— 1} . 22
Intuitively, if the experts above and below ¢ vary by more than h on a specific question

k, then this question should belong to Q". Conversely, if the experts below and above i
are nearly equal on the question k, than ax(h) will be large and k will not be selected

in Q".

Q" ={keld] : Wa ()l A Wamyl <
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2. Average-based weighted sums. Still using the first sample Y1), we examine the
corresponding submatrix Y(l)(P, @) restricted to questions in @ If the row sums of
Y are larger than the current edges, we update the weighted edges. More formally, we
compute the (Y1), P, 1@)—updating weighted edges (U@) around ¢ as defined in (17) and
update W as in (18). We then also update G = G(W,v) and P = N(G,1).

3. PCA-based weighted sums. Relying on the samples Y®, Y3 vy y6) we do a
slight abuse of notation and write Y ) for the restriction of Y to the subset P,Q"
for s = 2,3,4,5. Ideally, we would get an informative direction w from the largest right

—(2 =
singular vector of E[Y () - v )] e RP*Q" Indeed, it is known (see the proofs for more
details) that the entries of the first right singular vector of an isotonic matrix all share
the same sign and are most informative to compare the experts. However, computing

directly the empirical right-singular vector of Y(2) — 7(2) does not lead to the desired
bounds because (i) this matrix is perhaps highly rectangular (ii) the noise is possibly
heteroskedastic and (iii) this matrix is perhaps sparse because of the many missing
observations when )¢ is small. Here, we use a workaround which is reminiscent of that
of [14] and discussed later. First, we compute ¢ as a proxy for the first left singular vector

of E[y® - 7?1,

- _ 1 _ _
0:=0(P,Q") = argmax [T (v@-FP) - o (v@ TPy @ 7Dy 2] (23)
veRP: [lvf2<1 2

The right-hand side term in (23) deals with the heteroskedasticity of the noise matrix E
in (3). v in (23) can be computed efficiently since it corresponds to the leading eigenvector
of a symetric matrix. For technical reasons occurring in the sparse observation regime
(i.e. when Ag is small), we then threshold the largest absolute values of the coefficients of
0 at /Ao and define (0-); = 9;1{|0;| < /Ao}. After having calculated ©_, we consider as
in [14] the image 2 = 07 (Y - 7(4)) e RY of ©_. We then threshold the smallest values
of 2 and take the absolute values of the components. Thus, we get " € R? defined by

()1 = [Z1{|21] 2 71/ Ho A 5=} for any L€ Q.

Finally, we consider the last submatrix Y ®) = Y®)(P,Q). We apply these weights 0"
to compute the row-wise weighted sums of Y®) and update the weighted edges. More
formally, we compute the (Y ®), P,w*)-updating weighted edges U(Y ®), P, ) around i
as defined in (17). We finally update the weighted directed graph W with (Y ®), P,w")
as in (18).

Algorithm 2 SLR((Y®)).1 5,W,7,i,G, P)

Require: 6 samples (Y(*))._; 5, a weighted directed graph W, a threshold ~ such that G(W,~) is acyclic
and an expert i € [n]. G and P are shorthands for the thresholded graph G(W,~) and the neighborhood
N(G,i).

Ensure: An update of W

1: for h e H do

2: Compute Q" := @(g,i) as in (22) using sample y®

3 Let Ugn be the (Y(l)7P7 151 )-updating weighted edges around 7 as in (17), using again sample y®
4 Update W with (Q") as in (18) and update G = G(W,~), P = N (G, 1)

5: Restrict the samples (Y(S))S:Q 77777 5 to P, @h in the following remaining steps

6: Compute the PCA-like direction ¥ := 6(P,Q") as in (23) and define (-); = #;1{|0:] < VAo }

7 Compute = 37 (Y@ - Y™ and define &+ by (&%) = [51|1{|21] 2 71 /A0 A -} for any e Q"

8 Let U(Y® %) be the (Y, P,#*)-updating weighted edges around i as in (17)
9:  Update W with (Y ®,%") as in (18)
10: end for
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3.4. Toy example illustrating Algorithm 2

To understand why the steps described in Algorithm 2 are relevant, assume that 7* = id and
consider the following simple example where n = 204, d = 10, and where the isotonic matrix
M. «-1 can be decomposed into three blocks of rows as

0 0 @I 0 @ENIN 0 [t
00© I 0 0 0 1
Moo o0 B0 B0 0 1
™ 2[00 0 101 0 0 f1 -1
00 0 -1 0 L 0 0 -1 -1
00 101 101 1

In the above matrix, « is any number in (h,1-h), and 0,1 are the columns in R* whose
coefficients are respectively all equal to 0 and 1. Assume that the statistician already knows
that the first and the third blocks are made of experts that are respectively above and below the
second block. If W, P, ~ are the parameters fixed in Algorithm 2, the three blocks correspond
respectively to the subsets N7 UNs, P and N_1 UN_5 in our example. Provided that N_5 and
N are large enough, the set Q" only keeps columns corresponding to indices k where Zk(l)
is large — those are highlighted in blue.

Then, we can work on the reduced subset Q" of columns highlighted in blue. As one may
check, Q" contains all the relevant columns to decipher the experts in the block P. Besides,
the expected matrix of observations restricted to the block P and to Q" is of rank one:

01 1 0 1 1

— hlO 1 1 0 1 1
210 -1 -1 0 -1 1
0 -1 -1 0 -1 -1

In particular, the right singular vector of this matrix is of the form (0,1,1,0,1,1) and provides
suitable weights to decipher the two largest experts from the two lowest experts in the above
matrix. The PCA-based weighted sums steps above precisely aims at estimating these weights.

3.5. Comments on the procedure and relation to the literature

Finding confidence regions Q before computing weighted sums on the corresponding columns
is at the core of our procedure. This idea generalizes the RankScore procedure of [7] which
rather computes averages on the subsets [d] or on the singletons {1},...,{d}. As mentioned
in the introduction, only using the subsets of the RankScore method in [7] does not allow to
reach the optimal rate for permutation estimation or matrix reconstruction.

In Algorithm 2, the computation of subsets Q" is reminiscent of some aspects of the non
oblivious trisection procedure used in [14] for the bi-isotonic model. In fact, the statistic Ay,

)

corresponds to the statistic E}(ﬁ(t in [14]. Apart from that, the selection of subsets of questions
was quite different in [14] as it mostly involved change-point detection ideas as introduced in [8].
However, those ideas are irrelevant in our setting because the rows do not exhibit any specific
structure in the isotonic model.

The high-level sorting method in [14] is based on a hierarchical sorting tree with memory.
In contrast, our new algorithm is based on an iterative refinement of a weighted comparison
graph. This new algorithm is more natural and benefits from the fact that it is almost free
of any tuning parameter. Indeed, at the end of Algorithm 1, we simply use the threshold
4 corresponding to the largest acyclic G graph in W. No significant threshold needs to be
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chosen, since any permutation that is consistent with G is also necessarily consistent with W
thresholded at values larger than 4.

The spectral step in [14] is quite similar to the third step of our procedure described in sec-
tion 3.3.3, except for the first thresholding of ¥ to obtain v_. In [14], this workaround was not
needed mainly because in the bi-isotonic model, it is possible to aggregate sparse observations
by merging consecutive columns — see [14] for further details. This is however not possible
here.

As mentioned in the introduction, Liu and Moitra [8] obtain an upper bound of the per-
mutation loss of the order of n”/6 for the estimation of two unknown permutations in the case
where M € R™" is bi-isotonic. Broadly speaking, their method involves iterating a clustering
method called block-sorting over groups of rows or columns that are close with each other.
Using this sorting method based on block-sorting, their whole approach alternates between
row sorting and column sorting for a subpolynomial number of time. Besides, their procedure
makes heavily use of bi-isotonicity of the matrix. It turns out that Algorithm 2 reaches the
same rate in this bi-isotonic model by running only once on the rows, and once on the columns,
as described in Section 2.4. Otherwise said, if the problem is to estimate only 7* in the bi-
isotonic model, we proved that only the isotonicity of the columns is necessary to achieve the
state-of-the-art polynomial-time upper bound of order n/6,

3.6. Examples of valid grids T

Remark that the simple set {(u+1)-¢r,,u € {0,...,2|logy(n)|+2}} is a valid grid of logarithmic
size with 4 < (2logy(n) + 3)¢r,. This set is the smallest valid grid achieving the smallest
possible value of 4. However, it depends on the quantity ¢, which is perhaps a bit pessimistic
in practice.

An other choice can be to take R™ itself, albeit infinite. Indeed, the set {G(W,~),y >
0} is made of at most n? possible directed graphs for any W during the whole procedure.
Choosing R" is convenient since it does not depend on the constants in ¢, that are likely
to be overestimated. The drawback of choosing R* though is that the number of tested v in
Algorithm 2 becomes quadratic in n.

Finally, a good compromise is to take the set {(1 + m)“/, u' € Z}. Tt is easy to check

that it contains a sequence satisfying (10) whose length is at least 2|logy(n)] + 3 and whose
maximum % is a polylogarithmic function in nd/d.

3.7. Discussion on the computation of § and 7

Once we have suitable weighted graph W, it remains to construct the permutation 7, as in
the second and third point of Section 3.1.

For the second point, checking that a given directed graph is acyclic can be done through
depth first search with a computational complexity less than n, so that computing 4 can be
done with less than |I'|n operations. As discussed in Section 3.3, it is possible to choose T" to
be of size of order less than log(n). If I" is bounded and is such that any different thresholds
7,7 in T satisfy |y —4'| > n for some n > 0, the computation of 4 can always be done with
complexity of order less than nlog(max(T")/n).

Regarding the third point, a permutation 7 can be computed in polynomial time from the
directed acyclic graph G using Mirsky’s algorithm [12] — see also [13]. It simply consists in
finding the minimal experts 7 in G, removing them and repeat this process. This construction
is in fact equivalent to ranking the experts according to the index rkgA’0 as defined in (19).
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4. Concentration inequality for rectangular matrices

In this section, we state a concentration inequality for rectangular random matrices with inde-
pendent entries satisfying a Bernstein-type condition. This section can be read independently
of the rest of the paper. Let p and ¢ be two positive integers and X € RP*? be a random matrix
with independent and mean zero coeflicients. Assume that there exists 0 >0 and K > 1 such
that forany ¢ =1,...,pand k=1,...,q,

1
Vux1, E[(Xip)?]< EU!Usz(u_l) : (24)

This Bernstein-type condition (24) is exactly the same as Assumption 1 in [2| — see [2] for
a discussion. Let A € RP*P be any orthogonal projection matrix, i.e. A = A7 and A% = A. We
write rp for the rank of A.

Proposition 4.1. There exists a positive numerical constant k such that the following holds
for any 6 > 0.

IACXXT ~E[XX Ao < 5 [V(0Tpq + 020) 108 (p]5) + (0%rs + K2 log(a)) log(p/6)] - (25)

For the sake of the discussion, consider the particular case where X;;. = B E;, with B;, and
Ej;1, being respectively independent Bernoulli random variable of parameter o2 and centered
Gaussian random variable with variance 1. By a simple computation done e.g. in (77), X;
satisfies condition (24) with K being of the order of a constant. Hence, if K2log(q) < o?p,
applying Proposition 4.1 with the identity matrix A gives

[XXT ~B[XXT]|op < 2607 [\/palog(p/0) + plog(p/s)] . (26)
with probability at least 1-9.

Up to our knowledge, the inequality (26) is tighter than state-of-the-art result random
rectangular sparse matrices in the regime where ¢ > p and o2 « 1. In fact, most of the
results in the literature concerning random matrices state concentration inequalities for the
non centered operator norm | X X7, — see the survey of Tropp [21].

More specifically, Bandeira and Van Handel [1] provide tight non-asymptotic bounds for the
spectral norm of a square symmetric random matrices with independent Gaussian entries, and
derive tail bounds for the operator norm of X X”. For instance, Corollary 3.11 in [1], implies
that, for some numerical constant c, IE[||XXT||gp] < c(o®(pvq) +log(p v q)). Together with
a triangular inequality, Bandeira and Van Handel imply |[XXT -E[XXT]|2) <co*((pvq) +
log(251)) with probability higher than 1 - 4.

While the order of magnitude o%(pV q) is tight for controlling the operator norm | X X T”gp
of the non-centered Gram matrix with high probability, (26) implies that the right bound for
IXxT - E[XXT]H?JP is rather o2,/pq which is significantly smaller in the regime p « ¢ and
o? « 1.

In the proof of Theorem 2.2, we could have used those previous results for controlling the
matrices of the form | X X7 -E[XXT] |2,- However, we would have then achieved a suboptimal
risk upper bound. Indeed, Proposition 4.1 plays critical role in the proof of Theorem 2.2, when
we need to handle matrices with partial observations that are possibly highly rectangular in
the spectal step of the procedure (23).

The proof of Proposition 4.1 relies on the observation that the matrix X X7 - E[XX7T] is
the sum of ¢ centered rank 1 random matrices. This allows us to apply Matrix Bernstein-type
concentration inequalities for controlling the operator norm of this sum — see [21] or Section 6
of [23].
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Appendix A: Proof of Theorem 2.2
A.1. Notation and signal-noise decomposition

We first introduce some notation, and in particular the noise matrices on which we will apply
concentration inequalities. In what follows, we define for any matrix A € R™? and any vector
w e R%:

d
(Ai,w) = > Agwy, (27)
k=1
If w belongs to R? where Q is some subset of [d], we also write < A;,w >= ZZeQ Ajpwy.

The same notation stands for the scalar product on matrices, namely (A, A’) = Tr(ATA") if
A" e R4 If A and A’ are two matrices in R™*?, then we write the coordinate-wise product
(Ao A" = AigAl,. In what follows, we assume that 7* = id. We make this assumption
without loss of generality since we can reindex each expert i with i’ = 7%71(4). Recalling that
B is defined in (15) we define

M=PBE =1)=1-¢ . (28)

If \p <1, we have N\g > Ny > (1 - %)/\0. We assume in what follows that Ay < 1, which
corresponds to the case where there are potentially many unobserved coefficients. The case
Ao > 1 will be treated in Appendix F. For an observation matrix Y (*) defined in (14), we make
the difference between E[Y(S)] = A\ M, which is the unconditional expectation of Y*), and
E[Y®)|B()] = B() @ M, which is the expectation of Y(*) conditionally to the matrix B. We

write the noise matrix

E® =y _\x M and E® =6 _BG oM . (29)

Recall that e; = y; — M, is the subGaussian noise part in model (2), and that N; is defined
n (14). Each coefficient EZ(I: ) can be rewritten as the average of the noise ¢;. that are present
in N) and that correspond to coefficient z; = (i, k).

EQ = Y 51w =Gk} - (30)
teN(s) ik

From now on, we often omit the dependence in s. We will extensively use the decomposition
Y = MM + E, where \; is defined in (28) and E in (29). Recalling that B, = 1{rjx > 1}, we
often rewrite E as the sum of two centered random variables:

Eix = (B, = \1)M + By Ey, .

Handling the concentration of the noise is more challenging in the case Ag < 1 than in the full
observation regime Ag > 1 discussed in Appendix F. Indeed, while subGaussian concentration
inequalities are effective in the full observation regime Ay > 1, they lead to slower estimation
rate in the case Ag < 1, for instance in Lemma A.1. Indeed, it turns out that the variance of a
coefficient ;5 is of order Ay < 1, while the hoeffding inequality only implies that B;i — A1, and
in particular ;; are c-subGaussian for some numerical constant ¢. To overcome this issue, one
of the main ideas is to use Bernstein-type bounds on the coefficients of £ and on the random
matrix EET - E[EET]- see Lemma B.1 and Proposition 4.1.
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A.2. General property on VW

Recall that we assume that \g < 1, so that /\io AXg = Ap in (18), and that ¢r,, is defined in (9) by

oL, = 10*1og(10%nd/s). In the following, we let £ be the event on which the noise concentrates
well for all the pairs (Q,w) considered during the whole procedure. More precisely, we say
that we are under event &, if for any s =0,...,57 — 1 and for any pair (Q,w) that is used to
compute a refinement as in (17) we have

(EY - B, w)| < dor,/Ao  for any (i,)) € [n]? . (31)
Lemma A.1. The event £ holds true with probability at least 1 —2T6.

The idea of Lemma A.1 is to apply a bernstein-type inequality and a union bound on all the
possible dot products (Ei(,s),w), for all the 5T possible s and the at most 27" possible w. The
upper bound is of the order of the square of the variance of E;; up to the polylogarithm factor
¢1,. The crucial point is that if (Ei(_s),w) is not Ag-subGaussian, it satisfies the Bernstein’s
Condition | 2.15 of [11]] with variance v = A9 and scaling factor b = |w|e. We then obtain
an upper bound of order \/Ag since any w considered in the update step (18) must satisfy
(16).Recall that 7 is defined in (11). We fix in what follows a sequence ¥ =~y >y >y >+ >
Y|21ogy(n)] = Ymin in I' satisfying property (10). We say that wu is the level of the corresponding
threshold ~y,. We say W and (7,,) satisfies the property C(W, (7,,)) if the following holds

1. consistency: For any (7,7) € G(W, Ymin) it holds that 7* (i) > 7*(4).
2. weak-transitivity: Fix any u € {0,...,[2logy(n)] - 1}. For any experts 4, j, k, if i is
G(OW,vu)-above j and k € N(GOW,Vu+1),J), then any i’ > i is also G(W, Ymin )-above k.

The first point of the above property means that at threshold s, there is no mistake in
the directed graph G(W, Ymin ), meaning that if there is an edge from i to j in G(W, Ymin ), then
i is truly above j. Moreover, we only state the consistency property of the graph G(W, Ymin ),
but this property also implies that, for any more conservative threshold v > Yin, any (7,7) €
G(W,~) satisfies 7*(i) > 7*(j). This is due to the fact that GOW,v) ¢ G(W,Ymin). The
weak transitivity property states in particular that if there is a path from ¢ to j in the more
conservative graph G(W,, ), then there is a path from i to any k in the neighborhood of j
at the less conservative threshold vpmin. The following lemma states that the above property
remains true for the weighted graph W', after any update (18) of the whole procedure.

Lemma A.2. Under &, the property COW', (7)) holds true for any directed weighted graph
W' obtained at any stage of Algorithm 1 and Algorithm 2.

We denote in the following W; for the directed weighted graph at the begining of step t.
For any u € [0,|2logy(n)]], we also write as a short hand G;,, = G(W;,v,,) for the directed
graph at begining of step ¢t and level w and P; (i) = N(Giy,1) for the set of experts that
are not comparable with i according to G ,. For any sequence of experts I, we write P, (I)
for the sequence of subsets (P, (7))ier. Let us now divide the T steps of the algorithm into
Tmax = [l0ga(n)] + 1 epochs of K = |T/Tax] steps. For any 7 € [0, Tmax], we also write GX, =
Gricus PE(1) = Pric (i) and PE (1) = PE,(I). Now we consider for each epoch 7 a sequence
of experts I(7) = (i1(7),...,ir, (7)) defined by induction:

e I(0) is the empty sequence

e For 7 >0, let (i1,...,ir) be the sequence ordered according to 7* and corresponding to
the union of the already constructed sequences U<, I(7') , and i =0, ip+1 =n + 1. For
any [ € [0,L], let A; be the set of experts that are gﬁrmﬂl—below i1+1 but gﬁmm-
above ¢;. For all [ such that A4; is not empty, we define 7; as the expert of A; which is
any expert closest to the median | (4 + 4;+1)/2], and the new sequence I(7 +1) := (i)).
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By definition, remark that I(1) is equal to (| (n + 1)/2]). The induction step aims at building
a sequence I(7 +1) that is disjoint from U« I(7"), and that cuts each set A; of experts that
are above 7; and below 4,1 according to the graph at epoch 7+ 1 and level 27 + 1. Given the
already constructed collections of perfectly ordered experts I(7") for 7/ < 7, the idea of I(7+1)
is that it tends to fill the gaps between the neighborhoods in G, 2,41 of any two successive
experts in Upre I(7").

By monotonicity, it holds that for any expert i, epoch 7 and level u that PX, w1 (i) ©
PfiLu(i) c PX,(i). We say that the sets 7_27_(1) and P, 2T+1(i) are the neighborhoods of 7 at
the beginning of epoch 7 and that the sets PX, 2,(1), P K 2r+1(@) are the neighborhood of i
at the end of epoch 7. The neighborhoods at the end of a given epoch 7 are obtained from the
neighborhoods at the beginning the of epoch 7 after K steps of the Algorithm 1. On the other
hand, we say that the sets P, 27‘7P‘I‘ t1,2- are the conservative subsets at epoch 7, since they
correspond to a more conservative directed graph with threshold 2, > ¥2,11. The following
lemma states that, at any epoch 7, the conservative subsets at the beginning of epoch 7 are
well separated according to the true order 7* =id:

Lemma A.3. Under event &, for any T € [0, Tmax ], letting (i1,...,ir) = I(7), we have
P’r[,{}r(il) <0 < P7{7{2T(iL).

In other words, Lemma A.3 implies that, for any [ <I’, any expert in PT{{QT(Z'[) is m*-below

any expert in PTI,{%(Z'V)- As a consequence, it holds that for any € [1, L, - 2],

7'27'

7—27(21) < 7{(27'(2‘17‘2) . (32)

Namely, any expert in PT{(QT(Z'I) is gf}r—below any expert in PT{(QT(Z'HQ). Indeed, Lemma A.3
and first point of event £ imply that any expert j in KQT(Z'Z) is gf%-below 1141, since j cannot
be in P, 27(@) On the other hand, ¢, is itself QT o,-below any expert of P, 27(21+2) for the
same reason. The following lemma states that the endmg less conservative subsets are covering
the set of all experts.

Lemma A.4. Under event &, it holds that

Tmax—1

[n] = U U +127+1(Z)-

7=0 4el(T)

Let 7 be the estimator obtained from the final weighted directed graph W at the end of the
procedure, that is any permutation on [n] that is consistent with the largest acyclic graph of
the form G(W,~) for all v > 0. For any sequence of subsets P = (P,..., Pr) we define

ﬁwm=g%Mﬂm—Muw%- (33)

The following proposition that we can control the Lo error of « by the maximum over all epoch
7 of the sum over 7 of the square norms of the groups in PX 2741

Proposition A.5. Under event £, it holds that

Tmax —1

Mo - M2 <d ST SNPE i) - (34)
7=0
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Recall that 7 is defined in (11), and that I" can be taken to be a valid grid with 4 smaller
than a polylogarithm in n,d,d. The final proposition states that at any level u and any step
t, any sequence of subset that can be ordered according to the already constructed graph G; ,,
as in (32) will either have a square norm smaller than the minimax rate pperm, defined in (6)
or almost exponentially decrease its square norm with high probability.

Proposition A.6. Fiz any u € [0, 27Tmax ] and step t <T, and assume that I = (i1,...,i5) is a

u Gt,u . . .
sequence of experts that satisfies P, (11) B P, (ir,). Then on the intersection of the

event £ (defined in (31)) and an event of probability higher than 1 — 56, it holds that

SN<PHLuu)>s[Caﬂbmm<n¢axw]v[(l—zég)SN<PmAI»],

for some numerical constant C'.

Let us fix 7 € {0,...,Tmax — 1}. Applying Proposition A.6 for each t = K7,... K7+ K -1
and u = 2(7 + 1) -the hypothesis of Proposition A.6 being satisfied by (32), we obtain with
probability 1 - 5(K +T')0 that

_ T
SN(PT+1,2(T+1)) < [C:)/G/)perm(nyd, )\0)] ve 4maxitnd
< CTA pperm(n,d, )

if T is larger than 47° > 4log2(nd)ﬁ4. We conclude the proof of Theorem 2.2 with Proposi-
tion A.5, using that 4. < 7:

Tmax—1

HMfT’1 - MH% < 4 ZE) SN(Pﬁl,Q(T+1)) < CT’?7pperm(n7da )‘) .

Appendix B: Proofs of the lemmas of Appendix A and of Proposition A.5
B.1. Proof of Proposition A.5

Let 7 be any arbitrary permutation that is consistent with the largest DAG G(W,7), as
defined in Section 3.1. Recall that we assume in this proof that 7* = id. By Lemma A.4, for
any 7 € [n] there exists 7 € [0, Tmax — 1] and ig € I(7) such that i € P£1,2T+1(i0)'

Let us define the interval [a,b] as the maximal interval containing iy and that is included

in the more conservative set PferzT. Now, if j > b, then by definition there exists j' such that

j>j' >band j' ¢ Pfil’%. Summarizing the properties, we have j > j’ gT+>1’2T 10, and that ¢ is in
the neighborhood of iy in the graph G;,1 2-11. Hence, applying the weak-transitivity property
(first in C), holding true on event { - see Lemma A.2, we obtain that j is G(Wg (r+1; Ymin)-
above i. By the consistency property (second point in C), j is also necessarily G(W), ymin )-above
i, and this proves that all the n —b experts j satisfying j > b are G(W, ymin) above i. Hence it

holds that 7 (i) < b. By symmetry, we also prove that 7(7) > a, so that
#) € [ab) € PX o Gio). (3)

Finally, we have



Pilliat et al./Optimal ranking 22

| Mz = M| = YoMz iy — M. I%
i-1

Tmax

<2 > | M5y, — My |)?

7=0 7,06[(7‘) zeP 1, 27+1(20)

Tmax

322 Z Z | M;. —m(P, +127(20))H2+HM7%(1') m(P, +12T(20))H2

7=0 dgel (7) iePf T+1,27+1 (i0)

Tmax

<4 Z Z Z HM m( T+1 27’(10))“2 )

7=0doel(T) iePk, . (i0)

where we used Lemma A .4 for the first inequality and (35) for the last inequality.

B.2. Proof of the lemmas of Appendix A

We postpone the proof of Lemma A.1 to the next subsection.

Proof of Lemma A.2. Recall that we consider the case Ag < 1, so that \g A 1/Ag = Ag in (18).

Consider any substep of the whole procedure where the current directed weighted graph is
W'. For the first point, remark that i is G(W’', ymin)-above j only if there exists a previous
substep during which we find out that (Y;. - Yj.,w) > ymin on some direction w € ]RQ, where YV
is the sample used to refine the edges (17). Since Ymin > ¢1,,, then decomposing Y = \; M + E
as in (29), we have

A (M. = M. w) > (Vi = Y w) - (Bi. - Ejw) >0 (36)

where the last inequality comes from (31), using the notation (27). Since the coefficients
of w are nonegative, we have proven that i is above j. For the second point, assume that
i is G(W, vy )-above j, and take i’ > i. As before, there exists a direction w used during the
procedure such that (Y;.-Yj.,w) > v,. Now consider any k € N'(G(W, vu+1),7). On the direction
w, we have under the event ¢ defined in (31) that

(Yir. = Yie,w) 2 M\ (Myr. — My, w) — %(bLl\/)\_o
> A\ (M. — My, w) - §¢L1\/)\_0
> (Vi Yy w) — (Yi — Vi w) — b1,/ D0
> (Yu = Yurt = OL)VA0 2 YminV/ Ao

where the last inequality comes from the assumption (10). We conclude that i’ is G(W', Yimin )-
above k. O

Proof of Lemma A.3. We proceed by induction over 7 > 0. The lemma is trivial for 7 = 0,1
since I(0) is empty and I(1) = (|(n+1)/2]). Let 7 > 1 and iy,i9,i3 be three experts in
I(1) u{0,n + 1} such that i; < iz <i3. Let A be the set of experts that are gﬁrmﬂl-above i1
and gfimﬂl—below i2, and A’ be the set of experts that are gfimﬂl—above ig and gfimm-
below 3. Assume that both sets A and A’ are nonempty, and let j € A and 7' € A’. Let us apply
the weak-transitivity of W, (,,) in Property C - which holds true under £ from Lemma A.2 -
with u = 27+1. Since j is gm 2r+17below g, any k € pPE F41,2(7+1) (4) is w*-below is. We also prove

that any k' e PX 2(T+1)(j ) is 7*-above 5. We conclude that PX 2(TH)(j) <Pk, 2(T+1)(j )
and the proof of the lemma follows.
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Proof of Lemma A.4. We prove that, by construction, any expert i € [n] is at distance less than
(n+1)/27"" of UL_g Uier(r) P K 2T+1(z) u{0,n +1}. This is obvious for 7 = 0 since any expert
is at distance less than (n + 1)/2 of 0 or n+1. Let (i1,...,7i5) = Ur<r I(7") be the collection
of experts in the union of all possible I(7") that is ordered according to w*. If j is any expert
in [n], then we let [ € [0, L] be such that i < j < 4,1. We can assume that j ¢ P55 . (ir)
and j ¢ PX, 2741 (4141) because otherwise the distance of j to U7 OUZEI(T) P£1,2T+1(Z) is 0.
Using property C holding true from Lemma A.2, it holds that the set A of experts that are
gﬁmﬂl—above 1, but gﬁmﬂl—below i1+1 contains j and therefore is nonempty. Now, let
m = |(i; +i1+1)/2] and i’ be any expert closest to m in A, as defined in the construction of
I(T +1), and assume without loss of generality that m <i’. We consider the following cases:

e m <i' < j: In that case, j is at distance less than (i;;1 —m)/2 of i’ or ij41.
e m < j <': This case is not possible since ¢’ is the closest expert to m in A.
e j<m<i': In that Case since i’ minimizes the distance to m, we necessarily have that

me Pl o (i) UPK | 5.1 (is1). Hence j is at distance less than (m—1;)/2 of m or i.

We have proved that the distance of any j to U7/, UZd(T) K 2r41(1) U{0,n + 1} is at most
(m—1;)/2 or (i;41 —m)/2. Using the induction hypothese, we have that m —i; and i;,1 — m are
both less than n/27"!, which concludes the induction.

Finally, applying this property with Tiax — 1 = [logy(n)] gives a distance strictly smaller
than 1, which proves the result. O

B.3. Proof of Lemma A.1

Let us start with the following lemma, which gives a concentration bound when Ay < 1:

Lemma B.1. For any &' >0 and for any matriz W € R™? the following inequality holds with
probability at least 1-¢':

2 2
(B, W) < 16 2t 2) 19 ctog (2) 37)

Now we apply Lemma B.1 with the matrix W with 0 coefficients except at line ¢ where it

is equal to the vector Hijdﬂ\\z as defined in (17) and we deduce that

w

)< 62)\olog(2)+ w”wlog(%)gll\/)\_olog@/&') , (38)

w2 ') w2

[(Ei..,

where the last inequality comes from Condition (16) on w. Now choosing &' = §/(4Tn%), a
union bound over the at most 2n2T|H|(|T'| An?) pairs (Q,w) considered during the procedure,
we deduce the bound of Lemma A.1 for all Ay < 1.

Proof of Lemma B.1. Recall that E, E are defined in (29) and that we have in particular
Eix = (Bix = A1) Mg + Eiy. .

Let z > 0. By Cauchy-Schwarz inequality, we have

E[el‘Eik] < \/]E[EZ'E(BH@*)Q)MHC]\/]E[EZEEM] ,

where we recall that A\; =1 - e 0 < \g. We have

E[e2m(Blk7>\1)Mlk] S e*2>\1(EMik(A1(e2(EMik _ 1) + 1) S e)\lezmz
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and
E[ezxﬁik] <A 1) 41 <M
where we used the inequalities €2* — 1 < e22? and €2 — 1 - 2z < €222 for any x € [-1,1].
In particular, if £ > 0, a Chernoff bound with z = QHWHtW A1 gives

P((W, E) > ) < exp(~(gpyprsger A1)

so that with probability at least 1-4":

|<W,E>|s\/4e2anolog(;)uog(;) .

Appendix C: Proof of Proposition A.6
Step O : general definitions

In this proof, we fix u € {0,...,2|logy(n)] + 2} and a corresponding threshold =, in the

sequence in I' satisfying 7, > ¢, - see (10) - and a step ¢ < T'. We assume that I = (i1,...,ir)

Gt,u Gt,u
is a fixed sequence of experts that satisfies P, (%1) ek P, (ip).

From now on, we ease the notation by omitting the dependence in t,u,~, and we write
G=0Gu G =G P=(P,...,P) for Py, and P’ for Pi,. We denote Gh for the
directed graph at threshold =, of the directed weighted graph W" obtained at the end the
first update Line 3 of Algorithm 2. We also write P = N'(G",4;) and P" = (131}‘, e ,ﬁf) for
the corresponding sequence of subsets at height h € H. By monotonicity, it holds for any h € H
that

Pl' c Eh ch .

C.1. Step 1: Analysis of the selected set Q

Recall the definition of the neighborhoods (20) of the set P, in the graph G:

Na(D) = N rkgy ([La])  and  Noo(l) = () rkgl, ([-1,-a]) |

i€Pl i€Pl

Define for x> 0 and [ € [1, L] the population version A}, of the width statistic Ay, - see (21) -
as the the difference of the best and worst expert of P(4;) if a =0 and as the difference of the
average of the experts in N, (1) and the average of the expert in N_,(1):

AG(0.0) = max My Myl and - A(ad) =T WD) - TN i a2 1 (39)

We also define a*(h,l) as the minimum a > 1 such that there are at least b h2 experts in

Na(1) and in N_o(1):

a*(h,l) =min{a>1 : Ng(D)| A |N_a(1)] >

il (10)
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Now, define for ¢ > 1:
Q"(¢) = {ke[d] :+ AR(0.1) € [oh, 20h]}
—*h * * -
Q () ={ke[d] = Af(a" (67 h1),0) 2 h/2} .
The following lemma states that, for ¢ of order log(nd/d), we can sandwich @? between the
*h A*h
two fixed sets ;" and Q; :

Lemma C.1. Let | be a fized index in {1,...,L} and h a fixed height in H. There exists a
numerical constant ko >0 such that, with probability at least 1 —§/(L|H]|), we have

Q" (kolog(nd/d)) c QF  Q; " (ko log(nd/5)) . (42)

(41)

C.2. Step 2 : l1-control of the intermediary sets P"

Recall that v, is a threshold corresponding to a sequence in I' as defined in (10). For any sets
P c[n],Q c[d], we say that M (P,Q) is indistinguishable in L;-norm if it satisfies
max | M, (P.Q) ~ My (P.Q)1 <371 (13)
i,j€P )\0

For a fixed [ € {1,..., L}, let &, (I, h) be the event under which M(ﬁlh, @7‘) is indistinguish-
able in Li-norm.

Lemma C.2. Let [ be a fived index in {1,...,L} and h € H such that \o|Q;"| > 1. The event
&, (I, h) holds true with probability at least 1 —0/(L|H|).

Let kg be a numerical constant given by Lemma C.1 and let ¢y = xolog(nd/d). In what

follows, we write for simplicity (Ql"h,@?,@?) = (th(¢0),@?(¢0),@7(¢0)). Lemma C.2 pro-
vides an upper bound only on the L, distance between rows of M restricted to the subsets Plh

and @;’ , while the square norm of a group (33) is defined with the Ly distance. with (43). The
idea is that for any k in Q*", and for any i € P", we have that | M, — mig|? < 2¢0h|M;y, — .
In particular, |M; (PP, Q") -m.(PF, Q") |3 < 2¢oh| M. (P!, Q™) —m. (P!, Q;™)|1. Hence, it
holds from Lemma C.1, Lemma C.2 and a union bound over all [ € {1,...,L} and all h € H
satisfying A\o|@;"| > 1 that with probability at least 1 - 24,

—xh

> 1M (B Q) -7 (B QF 1 < oo | HETN 2L | (44)
ieP] 0
simultaneously for all /€ {1,...,L} and h e H satisfying A\o|Q;"| > 1.

Proof of Lemma C.2. Let [ be a fixed index in {1,..., L} and h be a fixed height in H. If a > 1,
the subset P is disjoint from the sets N (1) UN_4(1) so that QP is independent of Y (V) (F)).
Remark also that condition (16) is satisfied since A\o|@;"| > 1 and Q;" c Q7.

Recall that we assume that A\g < 1. We write w = 1@*? and we recall that B = (By) is
the matrix defined in (15). Let i,5 € P/ so that, by definition, we have that [(Y;. - Yj.,w)| <
’yu\/)\0|@lh|. With probability at least 1 — /L, for all 4,j in P} we have that

MM = My w)| < [(Yi = Y w)| + (B~ By w)] < (v + é1,/2)\/ Mol Q) - (45)

where the last inequality comes from Lemma B.1 applied with ¢’ = §/n3 and from the definition
of ¢r, (9). Recalling the two inequalities A\; = 1 —e 0 > \g/2 and ¢r,, < 7y, we obtain the
result. O
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C.3. Step 3 : Local square norm reduction

Henceforth we condition to the sample Y(!) of Algorithm 2 which allows us to assume that,
for any h € M, the two sequences of sets P and Q" are fixed.

For k1 > 0, let &oc(l, h, k1) be the event holding true if the local square norm of M (P, @?)
has decreased at the end of Algorithm 2, that is

o — 1 =~ R
IR - QD < ot 3o+ 5|
1 (40)
o(1- 5 ) e -Fre.ablE
The following proposition states that given the fact that the experts in ﬁlh are indistin-
guishable in Li-norm and )\0(|Plh | A |Ql*h [) > 1, the event ), holds true simultaneously for all
[ and h with high probability.

Proposition C.3. There exists a numerical constant k1 such that the following holds, for any
fived index I in {1,...,L}, and fived height h in H. Conditionally to YD the event &, (1) and
M(PH A QM) 21, the event &1oc(1,h, k1) holds true with probability at least 1—35/(L[H]).

Proposition C.3 is at the core of the analysis, and its proof contains a significant part of the
arguments. This proposition and its proof are similar to Proposition D.5 in [14], but the main
difficulty with respect to [14] is that we do not achieve the optimal rate in Ay < 1 using only
the subgaussianity of the coefficients of the noise E. A key step in the proof of Proposition
C.3 is Proposition 4.1, which implies Lemma E.2 and gives a concentration inequality of the
operator norm of EET ~E[EET]. Proposition 4.1 is effective in that case since the coefficients

of E will be proven to satisfy (24).

Then, the idea is that when a group P/ has a square norm of order at least )\io |Pl||@lh| + %‘,

the PCA-based procedure defined as in (23) will output a vector ¥ that is well aligned with
the first left singular vector of M (f’lh,@lh) - M(f’lh,@lh) Moreover, the isotonic structure of
M (ﬁlh, @?)—M(Eh, @f‘) implies in fact that its operator norm is greater than a polylogarithmic
fraction of its Frobenius norm (see Lemma E.1 or Lemma E.4 in [14]], so that [o7 (M (P}, Q1) -
M(ﬁlh7@?))”% is of the same order as the square Frobenius norm. Hence after updating the
edges, we can prove that the experts in ﬁlh \ P/ were contributing significantly to the Frobenius
norm, which enforces the contraction part in the second term of the maximum in (46). All the
details of the proof can be found in Appendix E.

—xh
C.4. Step 4 : Control of the size of the sets Q,

For any p € [n]n{2* : keZ*}, let L(p) be the sets of indices I = 1,..., L whose corresponding
group size |P| belongs to [p,2p). The two upper bounds implied by (44) and (46) both depend

on the selected subset of columns, which is included in @;h under the event of Lemma C.1.
The following lemma provides an upper bound on the sum over [ € L(p) of the size of the sets

@;h((b) defined in (41), for any ¢ > 0.
Lemma C.4. For any ¢ > 1 and any h € H, it holds that

—x*h 2 1 g
DRCROTE (s v1)5

The proof of Lemma C.4 is mainly implied by the fact that the coefficients of M are bounded
by 1. Then, the idea is that in the case where all the sets P, are of size p, it is enough to take
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a number of group a of order at most m v 1 above and below each P, to ensure that the

corresponding neighborhood of P, has size [N (1)| A N_a(1)] > ﬁ

C.5. Step 5 : Conclusion of the previous steps

We first decompose the square norm SN(P) as defined in (33) into two terms. Assume that
the event of Lemma C.1, &1, (1) and (1, h, k1) - see Lemma C.2 and Proposition C.3 - hold
true. Define £_ as the sequence of indices [ such that the corresponding reduced subsets P/
have low local square norm for all h € H. More precisely, we say that [ € £_ if for all h € H we
have

(R - TG < ot o+ |
0 0
1

V _

2

(47)
|M(P) - DM(P)|F -

We also define the complementary £, = [1, L]\ £_ and their corresponding subsets P, P’ in
P’. We have the following decomposition:

SN(P') = SN(P.) + SN(P') . (48)

Let us now give an upper bound of SN(P.). For any [ € L,, there exists by defini-
tion an element h; € H such that |M (P, A;”) - M(P,QM|% > kiyd [%O\”PIHQ\H + %‘] v
ﬁHM(Pl, @?) -M(P, @?)H% Hence applying (46) with h = h;, we have that, for any [ € £,

|M(P)) =M (P)|% = | M(P,Q") - M(P, Q)% + |M(F,[d]~ Q") - M (P, [d] ~ @)}
_ 1 _ .
SIIM(Pz)—M(Pz)\\%—T,YQIIM(Pz, " -MPLQM %

1 —
(1- 2 )i~
Yu
where the third inequality comes from the second term of (47) together with P/ ¢ P, and
Yu 2 ¢, > 8|H|, with ¢, defined in (9). Hence we obtain that

SN(P') < (1— %)SN(PQ . (49)

u

Finally, we give an upper bound of SN(P’). Let us write D,, = {2¥ : ke Z*} n[n] for the
set of dyadic integer smaller than n. Given p € D,,, we write L_(p) = L(p) n L_ for the set
of indices in £_ such that |P| € [p,2p), and P’ (p) for the corresponding sequence of subsets
in P’ (p). Let ¢g = kolog(nd/d), where kg is a numerical constant given by Lemma C.1. By
definition of Ql*h, the square norm of a group P/ restricted to questions that do not belong
the set Upey Q7" is smaller than ¢ond - min(H) < ¢o. Hence we have that

SN(PL)= ¥ SN(PL(p))<do+ > > IM@P,Q™M-MP,Q™M|% . (50)
peDy, (p,h)eDpxH leL_(p)

If \o|Q;"| <1 then we use the trivial inequality |M(P/,Q;") - M(P/,Q;™)|% < |P/||Q;"| <
|P}'|/\o,since the entries of M are bounded by one.
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- - —xh ShiA*h
If M|@Q;"| > 1 and |P|\o < 1, we have that h|DP"[\/ Kilo < \/ 7 !?l ‘, using the fact that
0

h < 1. Hence, since the experts in P/ c Pl are indistinguishable in L; norm by Lemma C.2,
(44) holds true and we have

M (P, Q") - M (P, Q") % < 6607 | | B

—xh

1Q,
Ao

—xh
< 69007 \‘ h2|]3lh|2lcil0 | A

—xh
PlQ; |+£
PPV

< 12¢07y \} (h2pho A1)

Finally, if )\0(|Ql”h| % |]3lh|) > 1, we are in position to apply Proposition C.3. For allle L_(p)

and h € H that | M (P/,Q;")-M(P/,Q;")|% is either smaller than 2|H| |M(P)-M(P)||%, or it

is smaller than 17, [%O\/ |Pl||@lh + %]. From (44), it is also smaller than 6¢gy,h|P}| ‘QA—lO‘,

As a consequence, we obtain the following upper bound:

p|Qz |

|M (P, Q") - M (P, Qi"IE <k \l(h% A1) >\0

(51)

v g M) TP I

with kg = 12(ko v k1), and using that ¢ < Koy, and |P)'| < |Bj| < 2p.

By the two previous cases on [, the inequality (51) is valid for any [ € £_(p). Now, we
decompose (50) into two terms, corresponding to the maximum in (51). First, since each P, is
in at most one P_(p) for p € D,,, we have

D) 2|,H|HM<P» M(P)I} < 5SN(P-) (52)
(p,h)eDpxH leL_(p)



Pilliat et al./Optimal ranking 29

Secondly, we have that

Koy > > \l (h2pAg A 1)p|Ql | + )\—0

(p,h)eDnxH leL_(p)

@h*l
< KigyS [ max > (R2pXo Al)p L )\
0

Pl jer(p)

—h*
. L)
(<) 2hiy ;10+\ (th/\O/\l)M (p)|2)z\(2)z:(p) Q|

p,h

() n n2d nd nd
A2 2 1 " v
i L (5 (pAghMah))J

< 4K2 max — + nhAy / n2dh2 nd
27u 0 )\Qh

©y2rfn, [fd 0PV
@’Yu N n e /\(5)/6 .

where in (a) we used the Jensen inequality, in (b) we used Lemma C.4 with ¢ = ¢ together
with the trivial inequality Ycz(p) |@lh*| < nd/p and in (¢) the fact that z Ay < 22/3y'/3
h<1.

Finally, combining this last inequality with (48), (49) and (52),

we obtain

and

SN(P’) = SN(P;) + SN(P")

d n2/3\/g

n 1
(1——)SN(P+)+4K}2’YU [)\—0+’I’L )\0 /\W V|:§ SN(Pf):I
0

u

()\E d ?gf)]v[(p%)smp)] ,

where we recall that ¥ is defined in (11) and satisfies 4 > ~y,. This concludes the proof of
Proposition A.6.

Appendix D: Proof of the lemmas of Appendix C

Recall that we can write _

E=(B-E[B))oM+BoE . (53)
where we recall that £ = Y — E[Y|B] and that B is a matrix of Bernoulli random variables
with parameter A;.

Proof of Lemma C.1. Assume first that Ao < 1. Let us fix [ € {1,...,L} and h € H. We omit
the dependence in [ in this proof to ease the notation and we write P for P,. Let us define

Ei(a) = > By - IN | > Ey  and  v(a):=|Ng AN . (54)

|N | 1N ieN_q
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Using Lemma B.1 with a column matrix W with coefficient in {0, \Tl|’ _W_l—\} and a union
bound over all k € [d] and a € [n], we have with probability at least 1 -0/L that:

Ly / 1 1
" |Ek(a)‘ < Ky log(nd/é)[ o (@) + )\gu(a)] , (55)

for some numerical constant (. In what follows, we work under that (55) holds true for all
a€[n] and k € [d].

First inclusion. Let k € Q*(kglog(nd/d)h) with numerical constant kg to be fixed later.
Let a’ > 1 be any integer such that v(a’) > 1/(Agh?). We have

B4 ()] < 265 log(nd] ) (56)
0

since we work under the event defined by (55) and since h? < h. Then by consistency of
the already constructed graph G, at the beginning of step ¢, Ny (resp. N_q/) contains by
definition (20) only experts that are 7w*-above (resp. below) all the experts of P. Since by
assumption k is in Q*", it holds that A} (a") > A;(0) > wolog(nd/d)h - see the definition (41)
of @*". Hence, recalling the signal—noise decomposition (53), we have that
)\_Ak( a’) = _Ak( )+ Ek(a ) 2 log(nd/d)((1 - 1/e)ro = 2k)h . (57)
Choosing kg > 10k(, + 1, we obtain by definition (21) that v(ax(h)) < b h2 so that ke Q"
Second inclusion. Let k€ Q" and a’ = a*((kolog(nd/5))"'h) be as defined in (40). By
definition, it holds that v(a’) > /<;0 log(nd/d)/(Aoh?) > ﬁ Hence, since k € Q", we have by
definition (22) that v(ax(h)) < 5 h2 <v(a’), which implies in particular that ax(h) < a’. Then,
by definition (21) of ax(h) we have that )\iozk(a') > h. Using the concentration inequality (55)
with h' = (ko log(nd/d))™h and the fact that A\g > A; we obtain

2 !/
Af(a') 2 h-"2p (58)

Ko
and we get the second inclusion by also choosing kg > 4(k(, + 1). O
Proof of Lemma C./. For simplicity, we renumber L'(p) = (1,2 L' :=|L(p)]). Let us write

v(a,l) = INo(D)|AIN_o(1)] and A = l 2h2J +1. We let a* == a (qﬁ 1h ,1) be as defined in (40) so
that for any [, v(a™,l) > 5 22

By assumption of Proposition A.6, it holds that P; g P g g B (p)| where we recall
G = G, is the already constructed graph - see Appendix C.1. Hence it holds that rkg ;(j) > A

for any i € P, and j € P, - see (19) for the definition of rk. Since there are at least pA > o h2
experts in the union P, U---U P, 5, we conclude that a* < A, and that any expert in N
(resp. N_g+) is below the maximal expert of P, (resp. above) the minimal expert of P_x.
This implies that, upon writing ZZ(Z) for the difference of these maximal and minimal experts,
we have by definition (41) of @*h that A, (1) > h/2 for all k in @*h. This implies in particular
that

—xh d — 2 4 Ad
Y@ (ho) <> >, 1{Ak(l)zh/2}sﬁz > Ak(l)<(2A+1)—<67 . (59)

leL(p) k=11eL(p) k=11eL(p)

where in the last inequality we used the fact that M, j € [0,1] and that the sequence P_p, ..., Pip
is of length 2A + 1, for any [ € L(p). O
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Appendix E: Proof of Proposition C.3

Let us fix any [ € {1,...,L} and h € H. Since [, h and @lh are fixed in this proof, we simplify the
notation and we write (P', P,Q) = (P/, PP, Q") and M = M(P,Q) and M(P’) := M(P',Q).
We also fix &' = 0/(L|H|), where we recall that L <n is the number of groups.

Let us assume that

— 1 /= p
(P - > | P (60
for some constant k1 to be fixed later. In what follows, we show that under assumption (60)

for some large enough numerical constant x1, we necessarily have that the square norm of P’
is a contraction of the square norm of P, that is

IM(P') - TI(P) 3 < (1 . ﬁ) 8- IJ (61)

u

Step 1: control of the vector v

First, the following lemma states that the first singular value of (M — M) is, up to polylog-
arithmic terms, of the same order as its Frobenius norm. This is mainly due to the fact that
the entries of M lie in [0,1] and that M — M is an isotonic matrix.

Lemma E.1 (Lemma E.4 in [14]). Assume that |M — M| > 2. For any sets P and Q, we
have

_ 4 —
|M -2, > ;HM—MH% :

This lemma was already stated and proved as Lemma E.4 in [14], recalling that -, > ¢r,, >
8log(nd) — see (9) and (10).
Now, write 9 = arg maxj,|,< [HUT(Y@) —?(2))\@ —%HUT(Y@) v® _y® +?(3))H§], where

the argmax is taken over all v in P.

Lemma E.2. Assume that \o|P| > 1. There exists a numerical constant Kk( such that if
AT2 / 2 / 1 D |ﬁ|
|M = Mo, 2 g log™(nd/07) | {=V/IQIPI+ 7] (62)

0
then, with probability higher than 1 - 4", we have
. - 1 -
|67 (M ~M) 5 > §HM—MH§p :
In light of Lemma E.1 and Condition (60), the Condition (62) in Lemma E.2 is valid if
we choose k1 in Proposition C.3 such that 1 > 16k(,. Consequently, there exists an event of

probability higher than 1 — 4§’ such that

X 2l 2.
|07 (M -M) |32 5 |M-M|% . (63)
v
u

Step 2: control of the vector o_
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Now remark that since [9;]|2 = 1, there are at most - of experts ¢ such that 0; > \/Ag. Hence
we have that

o (- M)H2>7—\|M Mg =3 150 x| Mi =75

ieP
@ 2 0
SNV v PR 1
V2 >\o Ao
() 1
SRRV i
-

(a) comes from the fact that any expert in P satisfies (43) under the event of Lemma C.2. (b)
comes from Condition (60) and the assumption that \g|P| > 1.

Step 3: control of the vector w

Next, we show that a thresholded version of 2z = (Y(4) v ))T _ is almost aligned with
z* = )\1(M M)Tv_. We define the sets S* c Q and S c Q of questions by

5 ={keQ : sz 2mVh}  S={ke@ : alznV/A) (64)

S* stands for the collection of questions k such that z; is large whereas S is the collection
questions k with large 2. Finally, we consider the vectors w* and w defined as theresholded
versions of z* and £ respectively, that is wy, = 2; 1res+ and Wy = 2,1, _¢. Note that, up to the
sign, w stands for the active coordinates computed in SLR, Line 7 of Algorithm 2.

Recall that we assume that A\g < 1. We write v for any unit vector in RIPI, Let us apply

Lemma B.1 for each column k € () of the noise matrix F with the matrix W equal to v —

‘—}3‘ Y, pvi)lp at column k and 0 elsewhere. We deduce that, for any fixed matrix M, any
subsets P and @, and any unit vector v € R such that v <23/ Ao, we have

P[max WT(E® ~ED)),| < 10010g(2/Q/6 )W o |2 10" . (65)

ke@

Observe that 2 = z* + (E®) - E(S))Tﬁ,. Conditioning on ?v_, we deduce that, on an event of
probability higher than 1-4’, we have

12 = 2]l < 10010g(2]Q1/6)v/ X0 S%\/Ao : (66)

where the last inequality comes from +, > ¢r,,. Hence it holds that S* c S and for k € S ,
we have z} /2, € [1/2,2]. Next, we shall prove that, under this event, \jo% (M — M)/ ||d |2 is
large (in absolute value):

,p

b =[(z")"w

= WAz Z(zk)2+(2'z)2 le I3+ ]3] >

keS keS

£ l@lzlwlz

where we used in the first inequality that z; /2 € [1/2,2] and in the second inequality that
S* ¢ S. Thus, it holds that

A~ T ’II) *
AOD(M = M) | 2 w3 - (67)
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It remains to prove that |w*|s is large enough. Writing S*¢ for the complementary of S* in

Q, it holds that
lw 3= 12715 3 (z)% (68)
keS*e

so that we need to upper bound the latter quantity. Write zg.. = 2* —w*. Coming back to the
definition of z*,

[ 2 (22)2]2 =[ 2 Al[@T(M—M)]kz;‘r

keS*c keS*c

< H)\l (M - M) Zg‘*c

-3 £ nonemos)

ieD \keS*

2
(a) 442
< 12/\02 o D0 MMy, — My
|P| ieP keS*ngﬁ
N 2
4 u
< ik )\()Z Z)‘luMi~_Mj-H1

B |P|2 ieP \ jeP

(b) _
2 403l

—12 1 I
<[risvIal] < |-

In (a), we used the definition of S*. In (b), we used (43) that holds true since we are under
the event Lemma C.1 and A\g|@Q| > 1. The last inequality comes from Condition (60), choosing
K1 > 14.

Recall that z* = 07 (M - M). Combining (63) and (68), we deduce that

* 1 AT
Jw* |3 > 2—,y2A%HM—MII% ; (69)

u

which, together with (67) and Ay > A1, yields

2
2
2

~ ~ 12
w w

1 _
|M-M|7 . (70)

T —
02 (M - M) — > —
lofo| — 272

WM—H)

]2

Write ™) and @) the positive and negative parts of @ respectively so that @ = @) — ()
and @+ = M + 3. We obviously have |[@]s = [i* |2. Besides, if the rows of M are ordered
according to the oracle permutation, then (M - M)w™® and (M - M)@®) are nondecreasing
vectors with mean zero. It then follows from Harris’ inequality that these two vectors have a
nonegative inner product. We have proved that

2
1 _
> 2—2HM— M7 . (71)
2 Vu
Step 4: Showing that @ satisfies Condition (16)
Recall that we assume for simplicity that \g < 1. First we upper bound |w|?% by using (a)

that 2 is close to z* with (66), (b) that for any k € Q, v" My, < |v|; and (c) that Ao|P| > 1:

i i

2
WM—H) 2WM—M)
2

[agP @]l

. (a) " (b) . (c) -
[ @2, < 227 +vado < 250005 +vido < 3vaAG|P (72)
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Secondly, we lower bound |w|? by using (a) that S* c S and that 2 [ % € [1/2,2], (b) that
|w*||3 captures a significant part of the Ly norm -see (69), and (¢) the Condition (60) with
K1 > 24:

()1 () 1 ., © _
w3 > w3 > A IM - ME > 3yl Pl - (73)

u

We deduce that |w|2, < \o|w||3, which is exactly Condition (16). This shows that @™ is
considered for the update (18) in the final step of the procedure Line 9 of Algorithm 2.

Step 5: upper bound of the Frobenius-norm restricted to P’

Equipped with this bound, we are now in position to show that the set P’ of experts obtained
from P when applying the pivoting algorithm with @*/[@™ |2 has a much smaller square norm.
By Lemma B.1 used with the matrix W equal to 0 except at line 7 where it is equal to the
vector w*/|w* |2, there exists an event of probability higher than 1-¢" such that

< ¢L1\/7<VU\/77

where we recall that ¢;, is defined in ( ). Hence, since the vector  is considered in the update

(18), we have max; jep ‘(Y Yj., Hw+H )| < Yuv/ Ao and

w 1
M~ M, —— | < 2y [ — 74
S = RaTE ™

Jae(Py - TP,

max

E;. - FE;
i,jeP’ ( 7

Hw+H2

max
i,jeP’

By convexity, it follows that

<42 IP < il
In light of Condition (60), this quantity is small compared to |M — M|%:
! A7l D! bt 12 1 A2
||(M(P)—M(P))”?E”WHQSLL—%HM—MHF, (75)
which together with (71) leads to
(M =TT 3= 11 (P) - FEP ) 1 2 M - T (76)

Since P’ c P, we deduce that, for any vector w’ € R%, we have |(M - M)w'|% > [(M(P") -
M(P")w'|?. It then follows from the Pythagorean theorem that

M = FT[E = M (P =TI 2 (M = D) 3 - [(M(P') - TI(P')) 13

Then, together with (76), we arrive at

1Py BT < (1= 55 ) v -
Ve

u

We have shown that if (60) is satisfied, then there is a contraction in the sense of (61). This
in turn gives the upper bound (46) and it concludes the proof of Proposition C.3.
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Proof of Lemma E.2. Recall that we consider the case A\g < 1 and that the case Ay > 1 is
discussed in Appendix F. We start with the two following lemmas. To ease the notation, we
assume in this proof that P = {1,...,p}, that Q = {1,...q}. We only consider the matrices
restricted to the sets P, Q and we write E := E(ﬁ, Q). Let us define J = 117 ¢ RP*P the matrix
with constant coefficients equals to 1 and A = (I,,— %J ) be the projector on the orthogonal of 1,

so that E — E = AE € RP*4. The two following lemmas are direct consequences of Proposition
4.1, and a discussion of the corresponding concenration inequality on random rectangular
matrices can be found in Section 4. We state weaker concentration inequalities than what is
proven in Proposition 4.1 in order to factorize the polylogarithmic factors and to ease the
reading of the proof.

Lemma E.3. Assume that \g <1 and that \o(pV q) > 1. It holds with probability larger than
1-4"/4 that

|EET ~E[EET]|op < rg log*(pg/0") [Nov/Pd + Aop] -
Lemma E.4. Assume that \g <1 and that \o(pV q) > 1. With probability larger than 1-4'/4,
one has for any orthogonal projection A € RT*? satisfying rank(A) < p that

IAET EAlop < 1 log*(pq/8") [Xoy/PT + Aop]

Proofs of Lemma E.3 and Lemma E.j. First, we recall that for any ¢,k, we have that F; =
(Bik— A1) M+ Ejr, and that E is an average of 1-subGaussian random variables, as described
in (30) For any u > 0 we have

~ % 1
E[E{] < 3"E[By + A3" + Ej] < 3" (200 + wlE[e"]) < Zulrg1000" (77)
where for the last inequality we used the following inequalities:
~. u
E[eEiQk] <y ef)‘o)\—oel/“ < e .
u>1 u!

Hence condition (24) is satisfied with K = 1000 and ¢? = A for the coefficients of E. We
just apply Proposition 4.1 with X = F for Lemma E.3. For Lemma E.4, we apply Proposition
4.1 with X = E” and we remark that [AETEA|2) < 2|AETE -E[ETE]JA|2, + 2|E[ET E]|2,
together with the fact that |E[ETE] ||(2)p < ' \gp for some numerical constant ¢’. O

Remark that since we assume in Lemma E.2 that A\gp > 1, it holds that \/Agp < A\gp and
VAog < A%\/p , so that both upper bounds of Lemma E.3 and Lemma E.4 reduce - up to
logarithmic factors - to A\g\/Dq + Agp. We write for short in the following

F = F(pv(LAOvé,) = 10g2(pQ/5,)[>‘0\/p_q+ AOp] ) (78)

" _ 1" "
and k5 = 8(Kj Vv KT ).
Now let us write

AY =\ AM + AE |
so that, for any v € R?, recalling that AY =Y -Y,
HUTAY\@ = A% HUTAM\@ + HUTAEH% + 2)\1<’UTAE,UTAM) ,
which, in turn, implies that
[[v"AY |3 - 33" AM |3 - E[|o" AEI3]| < |lv" AB3 - E[[o" AE|3]| + 2210 AMET (40))
C JABET ~E[EET]) Alop + 20 | AMET B(AM)T |12
< | EET - E[EETop + 21 | AM |op [AET EA|Y?
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Where we define A € R as the orthogonal projector on the image of ker(AM)* which is
of rank less than p. For (a), we used the fact that A is contracting the operator norm as an
orthogonal projector so that |Av|ls < 1. We now apply Lemma E.3 and Lemma E.4 together
with the fact that A; < g, and we obtain with probability at least 1 - 4§"/2 that

S \||UTAY||§ - X" AM|3 - E [HUTAEH%]‘ < KYF + A | AM |op\/K5F . (79)
VERP |v|[=

where F is defined in (78). In the same way, we have that, with probability larger than 1-¢§/2,

sup
veRP: |lv]2<1

1 1
Sl "AY =Y -E[["AE[3]|= 5 sup
veRP: [lv2<1

[ A(Y = Y")[3 - E[o" A(Y - V") 3]
<Ky F

for some numerical constant 4. Putting everything together we conclude that, on an event of
probability higher than 1 - ¢, we have simultaneously for all v € RP with |v| <1 that

1
[l AY 5 T AM 3~ S [T AQY = Y] < W{E + M [ AM op/WTE

with k) = k4 v k5. Choosing the numerical constant x{, of Lemma E.2 such that ;> 4-16(1 -
1/e) 'k we have
AIAM |3, >4- 161 F

since it holds that Ay > (1 -1/e)\g. We deduce that on the same event:

1 1
[o"AY |3 - [T AM B - ST AY - Y3 < 1AM, -

sup
veRP: |lv[2<1

Writing ¢ (v) = |[o? (Y =Y) |3 - 1[vT A(Y - Y")|3|, we deduce that, for v such that [oT AM |3 =
HAMng, we have U(v) > %HAMng, whereas, for v such that |v? AM|3 < %HAMng, we have
U(v) < %HAMng. We conclude that © satisfies |07 AM|3 > %HAM”?)p with probability at least
1-4".

0

Appendix F: Proof of Theorem 2.2 when \g>1

The aim of this section is to provide an extension of the proof of Theorem 2.2 to the case
Ao > 1. Recall that we fix § to be a small probability the proof of Theorem 2.2, and that E
and E are the matrices defined in (29) and (30) by

BY = % wgte=h) and B = (B -2M+BYED
teN{(s) ¢

In what follows, we consider the two subcases where \g > 16log(5nd/d) or A\g < 16log(5nd/d),
which essentialy rely on the two following ideas:

o If \g < 16log(5nd/d), we use the fact that the coefficients of E defined in (29) are
5-subGaussian together with the same signal-noise decomposition Y = A{M + F as in
the proofs when Ay < 1. The difference from the case Ag < 1 lies in the application of
subGaussian inequalities of F; instead of Bernstein inequalities as in (37).
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o If \g > 16log(5nd/d), we show that the event {r(s) > Ao/2} holds true for all i,k,s
with hlgh probability. Working condltlonally to this event, we use the decomposition
Y = M + E and we show that the noise E has )\——subGaussmn independent coefficients.
The rationale behind using E when )g is large is that Ej;, takes advantage of the mean
of 2/X¢ subGaussian variables with high probability.

Let rfji)n = min; j, rgl‘:) be the minimum number of observation at positions (i,k) in Ny - see

(14). In the case Ag > 16log(5nd/d), the following lemma states that with high probability, we
observe all the coefficients for all sample s in the full observation regime.

Lemma F.1. Assume that Ao > 161log(5nd/d). The event {rfjl)n > \o/2} holds simultaneously
for all sample s with probability at least 1 —5T4.

Proof of Lemma F.1. We apply Chernoff’s inequality - see e.g. section 2.2 of [11] - to derive
that for any 4,k

s 1
P(r) < 2o/2) < exp(~—z o) £8/(nd) (80)
where we use the inequality (1 -1log(2))/2 > 1/8. We conclude with a union bound over all
coefficients in [n] x [d] and all 57 samples. O

Let us now omit the dependence of E and E in the sample s. In what follows, use that
the coefficients of E are 5-subGaussian, which is a consequence of the fact that FE;; is the
sum of a centered variable bounded by 1 and a 1-subgaussian random variable Ej;, so that by
Cauchy-Schwarz and the Hoeffding inequality we have

E[exp(xFEi)] < exp(422/8)\/exp(422/2) = exp(5/4z?) . (81)

Under the event of Lemma F.1, we use that Ek is A\g/2-subGaussian, as an average of at
least 2/)\¢ random variables that are 1-subGaussians:

Elexp(eEun)] < exp(a?) | (52

F.1. Adjustements for the general analysis

We first make the changes that should be done in Appendix A to have a proper proof in the
case A\g > 1.

If \g € [1,16log(5nd/d)], we simply replace \g by 1/\¢ in the upper bound of (31) for the
event £ in Lemma A.1. In the proof of the restated Lemma A.1, we can replace the inequality
(37) by

(W)l <1007 105 (2) (53)

for any matrix W e R™*?, with probability at least 1 — . We can then obtain 1 /Ao instead of
Ao simply by using that ¢r, /v/Ao > \/¢r,, recalling that ¢r, is defined in (9).

If Ao > 16log(5nd/d), we say that we are under event £ if the event of Lemma F.1 holds
and (31) holds for all pairs (Q,w), replacing E by E, and Ay by 1/A¢. The proof of the new
version of Lemma A.1 lies in the Hoeffding inequality applied to E under the event of Lemma
F.1, leading to the subsequent equation:

~ 4w 3, 2
|(E,W)|3\J Lo (5) (84)

for any matrix W e R™¢, with probability at least 1 —d’. This equation then replaces (37).
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F.2. Adjustments to the proofs of Proposition A.6

We now adapt the proofs in Appendix C of Proposition A.6 to the case A\g > 1.
All the lemmas of Appendix C can be stated as is for any Ag > 1, and the only adjustments
concern the proofs of Lemma C.1, Lemma C.2 and Proposition C.3.

F.2.1. Adjustments in the proofs of Lemma C.1 and Lemma C.2

Consider the proof of Lemma C.1. First, if Ao > 16log(5nd/d), we place ourselves under the
event Lemma F.1 and replace A; by 1 and all the E by E. Instead of inequality (55), we use
the fact that the coefficients of E are 2/\g-subGaussian - see (82) - leading to the following
inequality with probability at least 1 - §:

1

ol d/o)\ | ——
< rhlog(nd/o)\ [ s

(85)

~ 1 ~ 1 .
Eiy(a)| = |—— B — E;
Bl = | 2 B e 2 B

for some numerical constant (. The rest of the proof remains unchanged.

If Ao € [1,161og(5nd/d)], we use the fact that E has 5-subGaussians coefficients - see (81)
and we do not divide by A in (57) - see the definition of A (21).

Concerning Lemma C.2, the adjustments are the same as for Lemma A.1, namely working
under the event of Lemma F.1 and we replacing E by E, A\ by 1/Xo and A1 by 1 if Ag >
161og(5nd/d), and using the fact that the coefficient of E are 5-subGaussians - see (81) if
Ao € [1,161og(5nd/d)].

F.2.2. Adjustments in the proof of Proposition C.3

We now adapt the proofs in Appendix E of Proposition C.3 to the case Ay > 1. First, Lemma
E.2 can be stated as is, and its proof when Ag > 1 is directly implied by Lemma E.5 in [14]
with © := M either conditionally on Lemma F.1 with noise N := E and (? := 2/X\o when
Ao > 161log(5nd/d) or with noise N := E and (2 := 5 when Ao < 161log(5nd/9).

Secondly, remark that if Ao > 1, it holds that o_ = ¢ and that Condition (16) on w is
automatically satisfied, so that step 2 and step 4 can be removed from the proof in that case.
For Step 3 and 5, we do the following adjustments:

If \g € [1,161log(5nd/d)], the proof remains unchanged except that we use that the coeffi-
cients of E are 5-subGaussian -see (81).

If Ao > 1610g(5nd/ 9), we work conditionnally on the event of Lemma F.1 and we replace A\
by 1 and E by E. The subgaussian concentration bound on E (84) allows us to replace Ag by
)\—O in the equations from (64) to (69).

Appendix G: Proof of Corollaries 2.4 and 2.5

Proof of Corollary 2.4. Assume that 7* = id for simplicity. Let Pg, be the projector on the
set of isotonic matrices, and E’ = Yw(,zl) — M1 so that Mg, = so(Mz-1 + E"). Remark that the
loss can be decomposed as

H(MiSO)fr - M”% = | PsoMz-1 = PsoM + Pgo (M + E") = M + M — Mz ”% .

Using the non-expansiveness of Pg, and the triangular inequality as in the proof of proposition
3.3 of [10], we deduce that

| Miso = MF < 4 Mz = M + 2] Prso(M + E) = M| . (86)
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Since the projection of M + E’ on isotonic matrices is equal to the columnwise projection on
isotonic vectors, it holds that sup e, (n,a) El Pso(M +E") -M|% = dSup prec(n,1) Bl Pso (M +
) -M, H%, where we also use the notation P, for the projector on isotonic vectors. The rate
of estimation in Lo norm of an isotonic vector with bounded total variation partial observation
can be found in [24], with V := 1 and o2 := 1/\. Hence, we obtain that SUppsec(n,1) Bl Pso (M1 +
") = My|% < C1n*3 /X3, Upper bounding the first term in (86) with a quantity of order

Pperm < 2preco by Theorem 2.2 concludes the proof.
O

Proof of Corollary 2.5. We follow the same steps as in Corollary 2.4. Assume that 7* =n* =id,
E = YA(31) ., — M, and let Ps be the projector on bi-isotonic matrices. We have that

71
| (Muiso) s = M |5 < 4| Mg-151 = M |3 + 2| Poiso(M + E') = M |3, . (87)

M is isotonic in both directions so that we can apply Theorem 2.2 in rows and columns. After
the first two steps of the above procedure, we obtain two estimator 7,7 that satisfy

sup E [HMﬁ—lﬁ—l |/ H%] < C"log”" (n)nOA~6 (88)
Tx m*ellp

M: Mﬂ.*—ln*—l €Chiso

The second term of (87) is the risk of a bi-isotonic regression by least square, and is smaller
than n/A <nOX=5/6 _ see e.g. [10]. O

Appendix H: Proof of the minimax lower bound

Proof of Theorem 2.1. Since pperm(n,d, A) is nondecreasing with n and d, we can assume with-
out loss of generality that both n and d express as a power of 2.

The following proof is strongly related to the proof of Theorem 4.1 in [14]. While a worst case
distribution is defined on the set of matrices that have nondecreasing rows and nondecreasing
columns in [14], we aim here at defining a worst case distribution on matrices only have
nondecreasing columns. Since the isotonic model is less constrained than the bi-isotonic model
studied in [14], the permutation estimation problem is statistically harder, and the lower bound
has a greater order of magnitude.

As in [14], the general idea is first to build a collection of prior vg indexed by some G € G
on M, then to reduce the problem to smaller problems and finally to specify the prior in
function of the regime in n,d and A. By assumption, the data y; is distributed as a normal
random variable with mean M, and variance 1, conditionally on M and x;. We write as in
[14] Pgun) and Egun) the corresponding marginal probability distributions and expectations
on the data (z¢,y¢). Our starting point is the fact that the minimax risk (4) is higher than
the worst Bayesian risk:

Rperm(n,d, A) > inf éug gl [ M1 — My | 7] (89)
T Ge

Step 1: Construction of the prior distribution on M

Let pe {2,...,n} and ¢ € [d] be two powers of 2 to be fixed later, and E“) =[(t-1)p+1,up],

for 1€ {1,...,n/p}. The general idea is to build a simple prior distribution on isotonic matrices
=)

in R® %4 and to derive a prior distribution on isotonic matrices in R™*? by combining n/p

=)
independent simple prior distributions defined on each strip RS 9.
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Let w € R™ be a vector that is constant on each group E“) =[(¢—1)p+1,:p] and that has
linearly nondecreasing steps:

w; = [%J% e[0,1/4] . (90)

Letting 1(4) be constant equal to 1 in R?, we define

M =wll v

S
where the random matrix B® € {0,1}7*¢ is defined as in [14]. We recall the definition of its
distribution in what follows for the sake of completeness.

Consider a collection G of subsets of [p] with size p/2 that are well-separated in symmetric
difference as defined by the following lemma.

Lemma H.1. There exists a numerical constant cg such that the following holds for any even
integer p. There exists a collection G of subsets of [p] with size p/2 which satisfies log(|G|) > co|p|
and whose elements are p/4-separated, that is |G1AGse| > p/4 for any G # Gs.

The above result is stated as is in [14] and is a consequence of Varshamov-Gilbert’s lemma
- see e.g. [22].

For each ¢ € [n/p], we fix a subset G(*) from G, and its translation G*) = {(v = 1)p + z :
x € G(‘)} c E(L). The experts of GY*) will correspond the p/2 experts in E(L) that are above
the p/2 experts in E“) NG We write G = (GHD ..., GH"/P)) and G the corresponding
collection of all possible G. Given any such G, we shall define a distribution vg of p(full)
and equivalently of M by (91).

For ¢ € [n/p], we sample uniformly a subset QW of ¢ questions among the d columns. In
cach of these ¢ columns, the corresponding rows of B are equal to one. More formally, we
have

n/p
pg(full) _ Z lowlon - (92)
=1
As mentioned above, the definition of B ig the same as in [14], if d is set to be equal
to d. They define a block constant constant matrix when d < d to get an appropriate prior
distribution for bi-isotonic matrices, but we do not need to do that here since we do not put
any constraint on the rows of M.

The matrix M defined in (92) is isotonic up to a permutation of its rows and has coefficients
n [0, 1], if the following inequality is satisfied.

v P
VPN 8n
This constraint is strictly weaker than its counterpart (149) in [14], and this is precisely what
makes the lower bound in the isotonic setting larger than the lower bound in the bi-isotonic

setting of [14]. Our purpose will be to wisely choose parameters p,q and v > 0 to maximize
the Bayesian risk (89) with vg.

(93)

Step 2: Problem Reduction

In what follows, we use the same reduction arguments as in [14]. Using the notation of [14],

we write P(Gfun) and E(Gfun) for the probability distribution and corresponding expectation of
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the data (x¢,y;), when M is sampled according to vg. Since the distribution of the rows of M

—t
in G “ only depend on G*")| we write Ve for the distribution of these rows. We also write

(full) (full)
PGt(b) and EGt(b)

of the observations (z,y:) such that (x;); € ", By the poissonization trick, the distribution
Pgun) is a product measure of Pgﬁ{l)) forv=1,...,n/p.

Let 7 be any estimator of 7*. Let us provide more details than [14] to prove that 7 can

for the corresponding marginal distribution and corresponding expectation

be modified into an estimator 7 satisfying 7%(6“)) = E(b) for all « =1,...,n/p, and reducing
the loss | Mz1 — M1 |% < [Ma1 — Mye1|% almost surely, for all possible prior vg. For that
purpose, we introduce
n/p =)
N(7T)=Z Z 1{i¢G "} .

=l

If N(7) > 0, then there exists ¢y and ig € E(‘O) such that 7(ig) € E(“) with ¢1 # ¢g. Then,
7 being a permutation, we consider its associated cycle containing ¢y, which we denote by
(i1,...,iK). Let (41,i5,...,17) be the elements of this cycle such that 7(i)) ¢6(”), where ¢
satisfies i; € G“). Then it holds that for any [=1,...,L—-1, 7(i]) € E(””), and (i} ) € a“,
We now define 7'(i) = (i) for all 4, except on the cycle (i,...,i}) where we set 7'(i}) =
7(i)_,). Then, we easily check that N(7') = N(7) - L < N(7), and that |Mz-1 — Mpe1|% <
| M1 = M1 |% if condition (93) is satisfied.

We can therefore restrict ourselves to estimators 7 such that ﬁ'(a(b)) = E(L) for all ¢. There
is however still another catch to obtain the same lines as in [14]. Indeed, the restriction 7
of 7 to E“) is measurable with respect to the observation Y, but not necessarily to Y(a(b)).
Still, this restriction can be writen as #(*) = fr(‘)(Y(@(b)),Y([n] N E(‘))), and, for any o > 0,
there exists y*() () such that

full full
BE™ [ Myt = Mo [3] 2 BE™ [|Me-1 () = Moo [F] - 0

where 7() := ﬁ'(L)(Y(a(L)), y*() (@) is measurable with respect to Y(@(b)). Since it is possible
such a stable estimator for any « > 0, we finally obtain the inequality

Riwm(n,d,\) > inf  su %E““‘”[(M V= Mpe )7 ]
perm \ ' % _7%; ﬁ(E(L)):@(L)GEBLﬂ G T T a(b) F

nlp (full) )
2 2. inf sup B [1(Mar1 = M) 7] -

The problem of estimating the permutation 7* is now broken down into the n/p smaller
problems of estimating the subsets GH) ¢ E(L). The square Fuclidean distance between to

— 2
experts in G(L) of experts is 0 is they are both either in or not in G**) and it is equal to ‘%\

otherwise. Let us focus on the easier problem of estimating the subsets G and define Gt
the set of the p/2 experts that are ranked above according #(). Then, we have that

2 2
H(MA(L)J - M, *_1)_@) ||%: = “ G(L)AGt(L)l 2 &1{@0) * Gt(b)}
# ~a A 5 ’

where the last inequality comes from the construction of the sets GH*) by Lemma H.1. Hence,
we deduce that
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2 n/p
* 99 54 (full) [ AG) (1)
Rperm(n’dv /\) 2 AN ; ;FI(ILE CST‘?(P) PGt(L) [G +G ] ) (94)
so that by symmetry,
nqu?

Rperm(n,d, A) > inf sup P [G(l) + Gt(l)] ‘

DA G (1) GHm

Consider the p x d matrices N and Y defined by

Nix = Zt: Lo-Gig) s Yy = Zt: Loy=(ik) (Yt —wi)

where w is defined in (90). To simplify the notation, we write henceforth G and G for GHV)
and G(M respectively. Letting P¢ for the corresponding marginal distribution of N and Y*,
the same sufficiency argument as in [14] gives that

infsup PP (G2 Gl = infsup Py [G = G .
11(@}51(1;p G [# ] 1251(1;p G[ i]

We finally obtain the following inequality:

Tle

RE d,\) >
porm(n7 ) ) 4]7)\

inf sup P¢ [G * G] . (95)
G G

Let Py be the distribution on N and Y* corresponding to the case v = 0. The entries of N
of are independent and follow a poisson distribution of parameter A. Conditionally to N;z, we
have Yli is a gaussian variable with mean 0 and variance N;;. Then, we deduce from Fano’s
inequality [22] that

infsupPa(G+G) 21— 1 + maxgeg KL(Pg|Po) ,
G Geg log(G1)

(96)

where KL(.||.) stands for the Kullback-Leibler divergence. The following lemma gives an upper
bound of these Kullback-Leibler divergences. It can be found in [14], with the slightly stronger
assumption that pA > 1.

Lemma H.2 (Lemma J.2 of [14]). There ezists a numerical constant c; such that the following
holds true. If v? <1 A pA, then for any G € G, we have

2.2
v
KL(P¢||Po) < ¢ —

The proof of Lemma H.2 can be found in [14], with 7 := p and d = d. The slighlty stronger
assumption that pA > 1 made in Lemma J.2 in [14] is in fact not necessary. Indeed, it is only
used to prove that Z := )\p(evz/()‘p) - 1) < cjv? in the proof of Lemma J.2 in [14], and this
inequality remains valid under the assumption of Lemma H.2, that is u? := v? /(Ap) < 1.

Step 3: Choice of suitable parameters p,q and v

By combining (95), (96), with Lemma H.2 and the different constraints on the parameters
(93), we directly obtain the following proposition.
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Proposition H.3. There exists a numerical constant ¢ such that ifpe {2,...,n}, ge {1,...,d}
are dyadic integers, and v satisfy the following condition:

— 3/2
v < c|[lA p/\/\ﬂ/\\/xp— , (97)
q n

then we have

2

% nqv
R d,\) >

perm(nv ’ ) c p)\

(98)

The above proposition being a direct consequence of what preceeds it, we consider that it
does not require a proof. Let us now apply Proposition H.3 for different parameters p,q and
v to conclude the proof of Theorem 2.1.

First, using the lower bound in the bi-isotonic case — see Theorem 4.1 of [14], we have for
some constant ¢’ that

Ryerm(n,d, ) 2 ¢ (nfAAnd) . (99)

In what follows, we write |z ] dya for the greatest integer that is a power of two and smaller
than x. Let us consider the following inequality:

A>1/dvn?ld® . (100)

In the case where (100) is not satisfied, then ny/d/A A n?3/dA\>6 < n/X\ A nd and the lower
bound of Theorem 2.1 is proven by (99).
We subsequently assume that (100) is satisfied.

Case 1: An < 1. In this case, we choose g = { %J and p = n/2. We have that g € {1,...,d}
d

ya
since A < 1 in that case and by assumption (100), A > 1/d. We deduce from Proposition H.3
applied with v/c = /pA = \/pd/q that

* d
Rperm (15 d, ) > c"n\/; .

Case 2: X\ ¢ [%,8712]. In this case, we choose ¢ = ["1/3‘/EJ n?/

NG Wdea. We deduce

from (100) that ¢ < d. Since A € [%,Snz], we also necessarily have that that ¢ > 1,p > 2 and
p <n. Applying the above proposition with v/c=1=/pd/q = \/ng/z/n, we deduce that

aandp:l

R eom(n,d, N) > 'V

perm )\5/6

Case 3: \ > 8n?. When ) satisfies this condition that is out of the scope of Theorem 2.1 but
discussed below Theorem 2.1, we choose g = [\/EJ dya and p = 2. Applying the above proposition

with v/c =1, we deduce that
Rperm (1, d, A) > c""T\/E .

We have proved that for any n,d and A, we have the lower bound

R;Orm(na d, )‘) >’ [n\/g/\ ni\/g/\({a A %E + Tl/)\:l And .

This concludes in particular the proof of Theorem 2.1, stated for \ € [1/d, 8n?].
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Appendix I: Proof of Proposition 4.1

Let us introduce Py, = A(X.kX_}C - E[X.kX_%C])A € RP*P, 50 that

AMXXT -E[XXT])A = ij P . (101)
k=1

Lemma 1.1. There exists a numerical constant k5’ such that for any

z € [0, (k4 (orp + K?log(q))) '], we have
1
|E[e™F*Top < exp(r5a?(o” + o'p)) + 7

Moreover, applying the Matrix Chernoff techniques for the independent matrices Py (see
lemma 6.12 and 6.13 of [23]), we have for any ¢ >0 that

18(B(1 32 Py 2 1) < log(1s [B[e* T P =t
=1

<log (tr [eXp ( i 1og(E[eka]))]) —xt

k=1

9
<log(p) + 3 |log(E[¢"T*])[op ~ t
k=1

- 108(p) + 2 g E[e" o) st

Applying Lemma 1.1, it holds for any z € [0, (k5" (c%ra + K?log(q)))™*] that

d 1
3" log([E[e"*]1up) < glog exp (<550 + 0'p)) + )
k=1

"n_2

<kf'z?(o%q+o'pg) + 1 .
where in the last inequality we used the fact that for any a > 1 and u > 0, log(a + u) <
log(a) + u/a.
Hence we obtain

q
log(P(|| Z Pilop > t)) <log(ep) + /ig'a:z(azq + a4pq) —at .
k=1

2 4
: +
and if t > 25217 P9__ we choose

2 4
. < g q+0' pq -
Hence if ¢ < 2 ety W choose z T+ K2 log(q)

ra+K2log(q)’
1 . .
T A K2 Iog()) which gives

t
264" (02q+0%pq)

€T =

q 1 t? t
P Prlop >t) < - .
(sz::l kllop 2 7) < epmax [exp( K3 (4(a2q+a4pq) v 2(c2rp + K2 log(q))))]

We deduce that with probability at least 1 -9, it holds that

| kz Pilop < [/ (oTpa + 024) og(p/5") + (o%r + K lo()) log(p/5")]
=1

for some numerical constant .
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Proof of Lemma I.1. Since |[AX (X% Alop = [AX k|3, we state the following lemma controlling
the moment generating function of the Ly norm of the projection AX y:

Lemma 1.2. There exists a numerical constant k(' such that for any x < ﬁ we have
0

"2

E[exHAX.kHZ] < M0 T TAT

Now we define the event &, = {max_1__q [AX k|3 < k(' (o%ra + K?log(¢*))}, where ()’
is the numerical constant given by Lemma I. 2 Applying the same lemma together with the
Chernoff bound, a union bound over all k=1...d gives

P(ES,) < & .

We consider in what follows the relation order < induced by the cone of nonegative symetric
matrices S}, namely X’ < X" if and only if X” - X' € S}. Under the event &,p, it holds that
for any u > 2,

< | Py 5" P
< | AXE X - E[XE X0 ])A o5 *PR
< (rY"(o”ra + K*log(q)))" Py,
for some numerical constant r” (depending on k{'). In the third inequality we used the
definition of &, the fact that E[|AX 1[3] < /{6"027"1\

We now give an upper bound of |[E[P%],p, which is the operator norm of the variance of P,

as defined in section 6 in [23]. Remark that since any matrix U € R*? satisfies UAUT < UUT

we have that P < A(X_%;X.k - E[X.%;X-k])zA-
Let us compute the expectation of (X% X\, - E[XT X, ])%

E[(XE X5 - E[XE X402 = > E[(Xan Xk — ELX ok X)) (X Xk - E[Xue X2 ])] -
leP

The off diagonal terms are zero, and the i diagonal element satisfies:

E[(X} X - E[X [ Xx])]a = E[(X], - E[X3D?] + Y E[ X E[X},] - (102)

J#i
By assumption (24), the first term of (102) satisfies
R[(X2 —B[X3])%] < 4E[(X4)] < 480°K? |

The second term of (102) is smaller than o*p, still by assumption (24). Hence we have some
numerical constant x4’ that

IE[PR]lop < [EL(XG - ELXED  lop < 55" (0 +07p)

Now, by the definition of the exponential of matrices, the triangular inequality and the fact
that Py is centered, we have

|E[exp(aPi)]lop =1+ 3. —||E Pile, llop+ Y = HE Pile lop - (103)

uz2 U uz2 U

By definition of fop together with the upper bound of the variance of Pilgop < Pi, it holds
for any z € [0, (k7' (c*rp + K%1log(q)))™!] that
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xu—2
> 2" [E[Pi1e,, Yop < 2 [E[PE][op 3. —,(fi'"(ff ra+ K?log()))"

u>2 u>2

<2’k (0% + o'p) Z 5 '
u>0 )

<exp(ry'z*(o® +o p)) -1,

(kY (o%rp + K*log(q)))"

for some numerical constant x5’. We now control the second term of (103) under the comple-
mentary event &, for any z € [0, (2x(’ (0?rp + K?log(q)))™!]:

5 ?HE[Pulgop] < E[exp(z[Pylopleg, 1]

u>2
(a)
\/E [exp(22[ P lop) ]

"

S - exp(a:/i o?ry)

where in (a) we used the cauchy-schwarz inequality for real random variables and in (b) we
applied Lemma I.2.
O

Proof of Lemma I.2. We use the result of [2| which is a generalization of the Hanson-Wright
inequality to random variables with coefficients With bernstein’s moments.

[Assumption 1 of [2]] is satisfied with parameters o2 and K, and we have the following upper
bound on the moment generating function of the quadratic form |AXZ|3 = | X AXZ|:

B[ INEIE] ¢ BINNE R K27 g pina (104
for any z satisfying condition (6) of [2], that is 128z|/A[,p K? < 1. For the last inequality, we
used the fact that |A[2% =rank(A). We obtain the result by choosing x4’ = 7" v 128. O
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