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Abstract

Motivated by various applications such as scriation, network alignment and ranking
from pairwise comparisons, we study the problem of cstimating a structured matrix
with rows and columns shuffled by latent permutations, given noisy and incomplete
observations of its entries. This problem is at the intersection of shape constrained es-
timation which has a long history in statistics, and latent permutation learning which
has driven a recent surge of interest in the machine learning community. Shape con-
straints on matrices, such as monotonicity and smoothness, are generally more robust
than parametric assumptions, and often allow for adaptive and efficient estimation in
high dimensions. On the other hand, latent permutations underlie many graph match-
ing and assignment problems that are computationally intractable in the worst-case
and not yet well-understood in the average-case. Therefore, it is of significant inter-
est to both develop statistical approaches and design efficient algorithms for problems
where shape constraints meet latent permutations.

In this work, we consider three specific models: the statistical seriation model,
the noisy sorting model and the strong stochastic transitivity model. First, statistical
seriation consists in permuting the rows of a noisy matrix in such a way that all its
columns are approximately monotone, or more generally, unimodal. We study both
global and adaptive rates of estimation for this model, and introduce an efficient
algorithm for the monotone case.

Next, we move on to ranking from pairwise comparisons, and consider the noisy
sorting model. We establish the minimax rates of estimation for noisy sorting, and
propose a near-linear time multistage algorithm that achieves a near-optimal rate.

Finally, we study the strong stochastic transitivity model that significantly gener-
alizes the noisy sorting model for estimation from pairwisc comparisons. Our efficient
algorithm achieves the rate O(n~%/4), narrowing a gap between the statistically op-
timal rate ©(n~!) and the state-of-the-art computationally efficient rate O(n='/2).
In addition, we consider the scenario where a fixed subset of pairwise comparisons is
given. A dichotomy exists between the worst-case design, where consistent estimation
is often impossible, and an average-case design, where we show that the optimal rate
of estimation depends on the degree sequence of the comparison topology.

Thesis Supervisor: Philippe Rigollet
Title: Associate Professor of Mathematics
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Chapter 1

Introduction

The problem of matrix estimation and matrix completion has long been studied in
mathematical statistics and machine learning [Faz02, AM07, RV07, CR09, KMO10,
MHT10, RT11, Chal5|. Structural constraints, such as low-rankness [CP11, Koll1,
KLT11, NW11, JNS13| and smoothness [GLZ15, HR16, KTV17, CGS18], allow for
statistical inference of a high-dimensional matrix given noisy and incomplete obser-
vations of its entries. On the other hand, the past decade has witnessed a burgeoning
literature on the problem of graph estimation and network reconstruction from noisy
data [ACNO08, BC09, GZFA10, Lovl2, ACC13, GLZ15, KTV17, CLR17b]. Central
tasks include, for example, clustering [AS15, LR15, ABH, BRS16, HWX16, MPW16,
CLR17a/, ranking [FV93, DKNS01, Alo06, Liu09, NOS12, RA14, SBB*16] and align-
ment [CFSV04, LJTKJ06, SXB08, ZBV(9, Burl3, FQRM*16, ESDS16]. The current
work lies at the intersection of the above two areas. More specifically, given noisy
observations of entries of a structured matrix with rows and columns shuffled by la-
tent permutations, we concern ourselves with the task of recovering the permutations
and estimating the matrix. If the matrix in consideration is the adjacency matrix
of a graph, then the task can be restated as reordering the nodes of the graph and
estimating interactions between pairs of nodes. We study both statistical and com-
putational aspects of the problem, by establishing minimax rates of estimation and
designing provable polynomial-time algorithms, for several concrete models.

In slightly more formal terms, we consider the general model
Y =ML +Z, (1.1)

where M is an unknown n; X n, real matrix with certain shape constraints (e.g.
bivariate monotonicity), II and ¥ are unknown permutation matrices acting on the
rows and columns of M respectively, and Z is a noise matrix which is assumed to be
sub-Gaussian throughout this work. Given partial observations of the entries of Y, we
aim to estimate the permutations Il and X, as well as the underlying matrix M. In the
following chapters, we study three models—the statistical seriation model [FMR16],
the noisy sorting model [BMO08] and the strongly stochastic transitivity model [Chal5,
SBGW17]—all of which can be written in the form (1.1).
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Seriation. The first problem of interest is seriation, which finds its root in archae-
ology [Pet99, Rob51, Ken63, Ken69, OL99]. As the name suggests, the problem of
seriation consists in ordering items in a series, so that adjacent items are more similar
than distant items. In the setting of sequence dating in archacology, the rows of the
matrix M represent sepultures in chronologically order, and the columns represent
artifacts. The sepultures are not ordered when they are discovered, which corre-
sponds to that the rows of M arc shuffied by an unknown permutation II. We do
not aim to order the artifacts, so ¥ is assumed to be the identity. Moreover, entry
Y;; takes a binary value, indicating whether artifact j is present in sepulture i. It
is a basic hypothesis [Pet99, Rob51] that the sets of artifacts in two chronologically
close sepultures are similar, so we expect to see artifacts appearing consecutively if
the sepultures are reordered chronologically. Equivalently, this says that reordering
the rows of Y appropriately should bring it to having nearly consecutive ones along
each column.

More generally, in Chapter 2, we consider a matrix M whose columns are unimodal
(i.e., when we move down along a column, the entries first increase and then decrease).
We refer to the model Y = IIM + Z as the statistical seriation model, and study
the corresponding minimax rates of estimation of the pair (II, M). Specifically, we
demonstrate that the least squares estimator is optimal up to logarithmic factors and
adapts to matrices whose columns have block structure. In addition, we propose and

study a computationally efficient estimator in the case where the columns of M are
monotone.

Noisy sorting. Next, we consider pairwise comparison data which arises naturally
in various applications, such as social choice [CN91|, tournament rankings [HMGO6],
web search [DKNSO01] and recommender systems [BMR10]. Given noisy comparisons
between pairs of items, the task is to recover the underlying ranks of the items (hence
the name “noisy sorting”). Therefore, it is of importance to design and analyze robust
models for ranking from pairwise comparisons.

More formally, suppose that items 1,...,n are associated with unknown ranks
7(1),...,m(n) according to their strength, where 7 : [n] — [n] is a permutation. Let
M be an n x n matrix, whose entry My € [0, 1] denote the probability with which the
k-th strongest item beats the ¢-th strongest item in a comparison between them. The
binary outcome of a comparison between items ¢ and j is thus Y; ; = Ber(Mxr)(j)),
where Y; ; = 1 if item ¢ beats item j and Y;; = 0 if the opposite occurs. Therefore,
the comparison model can be succinctly written as Y = Ber(ITMII "), where II is the
row permutation matrix corresponding to 7, and the Bernoulli random variables are
independent across the entries. Note that the model can be rewritten in the linearized
form Y = IIMII" + Z, which is a special case of (1.1).

A prototype of so-called permutation-based ranking models is the noisy sorting
modcl [BM08, BM09]. In this model, a stronger item is assumed to beat a weaker
item with probability % + A for a constant A € [0,1]. Thus all the upper triangular
entries of M are equal to % + A, while all the lower triangular entries are equal to
% — A. It is easy to estimate the single parameter A in this model, so the difficulty
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entirely lies in recovering the unknown permutation 7. In Chapter 3, we establish
the minimax rates of learning the model, and provide a near-linear time algorithm to
achieve near-optimal rates.

Stochastically transitive models. The noisy sorting model captures the discrete
nature of ranking problems, yet falls short of properly modeling comparison proba-
bilities in many situations, because it is unlikely that the outcomes of comparisons
between two similar items and between two vastly different items follow the same
distribution. Taking one step back, parametric models have been the mainstream
in the statistics and machine learning literature for years [Hun04, NOS12, RA14,
HOX14, SBB*16, NOS16, NOTX17]. In a parametric model, it is assumed that
M;; = F(w; — w;), where F : R — [0,1] an increasing link function known to the
learner, and w is a decreasing vector whose entries represent the strength of the
items. Modulo the nonlinearity F, the parametric model is essentially a rank-one
modecl; therefore, while it allows polynomial-time rate-optimal estimation, the model
again possesses weakness in modeling comparisons in certain scenarios [SBGW17].

Recently, a structurally richer permutation-basecd model, the strong stochastic
transitivity (SST) model, has been proposed and shown to contain both the noisy
sorting model and the parametric model as special cases [Chal5, SBGW17]. More
precisely, the probability matrix M is assumed to be bivariate isotonic, i.e., to have
nondecreasing rows and nonincreasing columns. Perhaps surprisingly, the minimax
rate of estimation for the SST model is no slower than that for the noisy sorting
or parametric model up to a logarithmic factor. However, this statistical advantage
comes with a price: the parameter space of the SST model is highly non-convex, mak-
ing efficient optimization unlikely. As a result, the statistically optimal rate for the
SST model has not been achieved by efficient learning algorithms yet. In Chapter 4,
we design and analyze polynomial-time algorithms that improve upon the state of
the art. In particular, our results imply that for the SST model, a computationally
efficient algorithm achieves the rate of estimation O(n~%/%), narrowing the gap be-
tween ©(n~!) and O(n~'/2), which were hitherto the rates of the most statistically
and computationally efficient methods respectively.

Fixed comparison topology The results discussed above for permutation-based
models are achieved only when we have full or uniformly random observations of the
entries of Y in equation (1.1). However, this is not necessarily a valid assumption for
certain applications [HOX14, KO16, SBB*16|, where we may observe comparisons of
a fized subset of pairs of items. The set of comparisons that we observe is referred to as
the comparison topology. It is therefore of significant interest to study the dependence
of the rate of estimation on the comparison topology for permutation-based models.
In Chapter 5, we pursue this topic for both the noisy sorting model and the more
general SST model.

More specifically, we show that when the assignment of items to the topology is
arbitrary, these permutation-based models, unlike their parametric counterparts, do
not admit consistent estimation for most comparison topologies used in practice. We
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then demonstrate that consistent estimation is possible when the assignment of items
to the topology is randomized, thus establishing a dichotomy between worst-case and
average-case designs. We propose two estimators in the average-case setting and
analyze their risk, showing that it depends on the comparison topology through the
degree sequence of the topology. The rates achieved by these estimators are shown
to be optimal for a large class of graphs.

Chapter 2 is based on joint work with Nicolas Flammarion and Philippe Rigol-
let [FMR16]. Chapter 3 is based on joint work with Jonathan Weed and Philippe
Rigollet  MWR17]. Chapter 4 is based on joint work with Ashwin Pananjady and Mar-
tin J. Wainwright [MPW18]. Chapter 5 is based on joint work with Ashwin Panan-
jady, Vidya Muthukumar, Martin J. Wainwright and Thomas Courtade [PMM*17a].
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Chapter 2

Optimal Rates of Statistical Seriation

Seriation has been a central technique for data analysis for over a century. It has
roots in archaeology and especially sequence dating where the goal is to recover the
chronological order of sepultures based on artifacts found in them [Pet99]. Since then
seriation has found applications in a variety of disciplines ranging from anthropol-
ogy [Cze09] to sociology [FK46], biology [Sok63] and marketing [ASDH88]. More
recently, it was proposed as a method in computational biology for de novo DNA
assembly [AS98]. See [Liil0] for a detailed account of seriation in data analysis. In
modern language, seriation belongs to the class of unsupervised learning problems.
Akin to clustering, it aims at rearranging heterogeneous data into a simple structure
that is amenable to better interpretation and understanding. Actually, in his seminal
work on clustering, Hartigan [Har72] advocates for a post-processing of direct cluster-
ing with seriation for better data visualization. However, unlike clustering methods
that quantize the data into a pre-specified number of clusters, seriation methods
are truly nonparametric and “non-destructive”, a term coined by Murtagh [Mur89],
meaning that it does not discard information from the data. Perhaps one of the most
spectacular successes of seriation was achieved in bioinformatics where it was used to
display genome-wide expression patterns [ESBB98]. Despite its widespread use, seri-
ation has not been the subject of statistical analysis. The main goal of this chapter
is to propose a new model that is amenable to a statistical analysis of seriation.

To describe seriation in further details, we begin with a canonical problem, the
consecutive 1’s problem (C1P) [FG64] that is defined as follows. Given a binary matrix
A the goal is to permute its rows in such a way that the resulting matrix enjoys the
consecutive 1°s property: each of its columns is a vector v = (vy,...,v,)" where
v; = 1 if and only if @ < j < b for two integers a,b between 1 and n. This problem
arises in the archaeology where the entry A;; of matrix A indicates the presence
of an artifact of type 7 in sepulture 4. In his seminal work, egyptologist Flinders
Petrie [Pet99] formulated the hypothesis that two sepultures should be close in the
time domain if they present similar sets of artifacts, which indicate that the matrix
A should be close to a matrix having the consecutive 1’s property. In an influential
follow-up work, Robinson [Rob51] generalized this problem to the case where A, ;
counts the number of artifacts of type j in sepulture . Robinson argues that “types
come into and get out of general use” so that it is reasonable to assume that the
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columns of A are, in fact unimodal: the count of a certain type of artifact increases
as it comes into general use and decreases as it gets out. Note that matrices that
satisfy the consecutive 1’s property have, in particular, unimodal columns. More
generally, seriation is used to rearrange matrices whose rows are permuted and whose
columns satisfy a nonparametric shape constraint. For example the case where A has
monotone columns arises in bipartite ranking under the strong stochastic transitivity
assumption (see subsection 2.1.2). In the rest of this chapter we consider both the
unimodal and the monotone setting.

Because of the presence of a latent permutation, the C1P exhibits interesting algo-
rithmic challenges already in the noiseless case and that have motivated much of its
study. In particular, it is reducible to the famous Traveling Salesman Problem [GG12]
as observed by statistician David Kendall [Ken63, Ken69, Ken70, Ken71] who em-
ployed early tools from multidimensional scaling as a heuristic to solve it. The C1P
belongs to a more general class of problems that consist in optimizing various criteria
over the discrete set of permutations and that can be recast as examples of the no-
toriously hard quadratic assignment problem [LAABN*07]. While such problems are
NP-hard in general, some examples, including C1P, may be solved efficiently using
either combinatorial optimization [FG64], spectral methods [ABH98] or convex opti-
mization [FJBd13, LW14]. However, little is known about the robustness to statistical
noise of such methods.

In order to set the benchmark for the noisy case, we propose a statistical seriation
model and study optimal rates of estimation for this model. Assume that we observe
an n X m matrix Y = [1A + Z, where Il is an unknown n X n permutation matrix, Z
is an n X m noise matrix and A € R™™ is assumed to have columns that satisfy a
certain shape constraint. Our goal is to give estimators II and A so that 1A is close
to IIA. The shape constraint can be the consecutive 1’s property, but more generally,
we consider the class of matrices that have unimodal columns, which also include
monotone columns as a special case. These terms will be formally defined at the end
of this section.

The rest of the chapter is organized as follows. In Section 2.1 we formulate the
model and discuss related work. Section 2.2 collects our main results, including uni-
form and adaptive upper bounds for the least squares estimator together with corre-
sponding minimax lower bounds in the general unimodal case. In Section 2.3, for the
special case of monotone columns, we propose a computationally efficient alternative
to the least squares estimator and study its rates of convergence both theoretically
and numerically. Section 2.4 presents new bounds for unimodal regression implied
by our analysis, which are minimax optimal up to logarithmic factors. Section 2.5 is
devoted to the proofs of the results. We conclude with a discussion in Section 2.6.

Notation. For a positive integer n, define [n] = {1,...,n}. For a matrix A € R™™,
let ||A||r denote its Frobenius norm, and let A;. be its i-th row and A.; be its j-th
column. Let B"(a,t) denote the Euclidean ball of radius ¢ centered at a in R". We
use C' and c to denote positive constants that may change from line to line. For any
two sequences (u,), and (v,),, we write u, < v, if there exists an absolute constant

14



C > 0 such that u, < Cuv, for all n. We define u,, 2 v, analogously. Given two real
numbers a, b, define a A b = min(a,b) and a V b = max(a,b).

Denote the closed convex cone of increasing! sequences in R by S, = {a € R" :
a3 < --- < a,}. We define 8™ to be the Cartesian product of m copies of S,, and we
identify 8™ to the set of n x m matrices with increasing columns.

For any [ € [n], define the closed convex cone C; = {a € R": a; < --- < aq;}N{a €
R":a; > --- > a,}, which consists of vectors in R" that increase up to the I-th entry
and then decrease. Define the set U of unimodal sequences in R" by U = | J;—, C;. We
define U™ to be the Cartesian product of m copies of U and we identify U™ to the set
of n x m matrices with unimodal columns. It is also convenient to write /™ as a union
of closed convex cones as follows. For 1 = (Iy,...,l,) € [n]™, let C* =C), x --- x (.
Then U™ is the union of the n™ closed convex cones Cj*,1 € [n]™.

Finally, let G,, be the set of n X n permutation matrices and define the set M =
Unes, U™ where IIU™ = {IIA : A € U™}, so that M is the union of the nln™
closed convex cones IIC*, 11 € G,,1 € [n|™.

2.1 Problem setup and related work
In this section, we formally state the problem of interest and discuss several lines of

related work.

2.1.1 The seriation model
Suppose that we observe a matrix Y € R"*™, n > 2 such that
Y=I"A"+Z, (2.1)

where A* e U™, Il € G,, and Z is a centered sub-Gaussian noise matrix with variance
proxy o2 > 0. Specifically, Z is a matrix such that E[Z] = 0 and, for any M € R™*™,

2 M 2
E[exp (Tr(ZTM))] < exp (%) ,
where Tr(-) is the trace operator. We write Z ~ subG,, ,,(¢?) or simply Z ~ subG(c?)
when dimensions are clear from the context.

Given the observation Y, our goal is to estimate the unknown pair (I1*, A*). The
performance of an estimator (II, A) € &,, x U™, is measured by the quadratic loss:

1 -~ 4
—|IIIA — IT"A*))%..
— I

In particular, its expectation is the mean squared error. Since we are interested in
estimating II*A* € M, we can also view M as the parameter space.

!Throughout the chapter, we loosely use the terms “increasing” and “decreasing” to mean “mono-
tonically non-decreasing” and “monotonically non-increasing” respectively.
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In the general unimodal case, upper bounds on the above quadratic loss do not
imply individual upper bounds on estimation of the matrix II* or the matrix A* due
to lack of identifiability. Nevertheless, if we further assume that the columns of A*
are monotone increasing, that is A* € 8™, then the following lemma holds.

Lemma 2.1.1. If A*, A € 8™, then for any II*,1I € &, we have that
IA — A*|[% < |ITA - A%,

and that _ .
ITA* — I A%||% < 4||ITTA — IT*A*|)7..

Proof. Let a,b € S, and b; = (brq1), ... ,br(n)) Where 7 : [n] = [n] is a permutation.
It is easy to check that D" ; ab; > D1 aibegs), so |la — b||3 < ||la — b,||3. Applying
this inequality to columns of matrices, we see that

1A~ A"|E < A - O A7) 5 = | IIA - T A% %,
since A*, A € §™. Moreover, ||IIA* — [1A||f = ||A* — A||r, so
ITIA* ~ T A*||p < || A" — Allp + 1A - II"A*|| < 2||TTA - I A%,

by the triangle inequality and the previous display. g

Lemma 2.1.1 guarantees that ||TTA — II*A*|| ¢ is a pertinent measure of the per-
formance of both IT and A. Note further that ||[[LA* — II* A*|| 7 is large if II misplaces
rows of A* that have large differences, and is small if I only misplaces rows of A*
that are close to each other. We argue that, in the seriation context, this measure of
distance between permutations is more natural than ad hoc choices such as the trivial
0/1 distance or popular choices such as Kendall’s 7 or Spearman’s p.

Apart from Section 2.3 (and Section 2.5.4), the rest of this chapter focuses on the
least squares (LS) estimator defined by

(II, A) ¢ argmin |Y —I1A)%. (2.2)
(IL,A) €& xUU™

Taking M = I1A, we see that it is equivalent to define the LS estimator by

M € argmin ||Y — M|%. (2.3)
MeMm

Note that in our case, the set of parameters M is a union of n!n™ closed convex cones
but is not convex itself. Thus it is not clear how to compute the LS estimator effi-
ciently. We discuss this aspect in further details in the context of monotone columns
in Section 2.3. Nevertheless, the main focus of this chapter is the least squares esti-
mator which, as we shall see, is near-optimal in a minimax sense and therefore serves
as a benchmark for the statistical seriation model.
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2.1.2 Related work

Our work falls broadly in the scope of statistical inference under shape constraints
but presents a major twist: the unknown latent permutation II*.

Shape constrained regression

To set our goals, we first consider the case where the permutation is known and assume
without loss of generality that II* = I,,. In this case, we can estimate individually
each column A?; by an estimator A.; and then obtain an estimator A for the whole

matrix by concatenating the columns A.,j. Thus the task is reduced to estimation of
a vector §* which satisfies a certain shape constraint from an observation y = 6* + 2
where z ~ subG,, ;(c?).

When 6* is assumed to be increasing we speak of isotonic regression [BBBB72].
The LS estimator defined by § = argmin,, s, 10 —yl|3 can be computed in closed form
in O(n) using the Pool-Adjacent-Violators algorithm (PAVA) [ABE*55, BBBB72,
RWD8S] and its statistical performance has been studied by Zhang [Zha02] (see also
[NPT85, Don90, vdG90, Mam91, vdG93| for similar bounds using empirical process
theory) who showed in the Gaussian case z ~ N(0, 021,,) that the mean squared error

behaves like . 2V(9) )
Long gz = (CVLO7)\?3
—E|l0 -0 =< (=), (2.4)

where V() = maxe[, 0; — min;ep, 6; is the variation of § € R". Note that 2/3 =
28/(28 + 1) for 8 = 1 so that this is the minimax rate of estimation of Lipschitz
functions (see, e.g., [Tsy09]).

The rate in (2.4) is said to be global as it holds uniformly over the set of monotone
vectors with variation V' (6*). Recently, [CGS15] have initiated the study of adaptive
bounds that may be better if 8* has a simpler structure in some sense. To define this
structure, let k(6) = card({61,--- ,0,}) denote the cardinality of entries of § € R™.
In this context, [CGS15] showed that the LS estimator satisfies the adaptive bound

log

|14 —ng*Hz N 02;;(0) ke(’:;)) 25)

) 2 .
Z — 92 <
nEHe ol < C’;&fn <

This result was extended in [Bell5] to a sharp oracle inequality where C = 1. This
bound was also shown to be optimal in a minimax sense [CGS15, BT15].

Unlike its monotone counterpart, unimodal regression where 8* € U has received
sporadic attention [SZ01, KBI14, CL15]. This state of affairs is all the more surprising
given that unimodal density estimation has been the subject of much more research
[BF96, Bir97, EL00, DDS12, DDS*13, TG14|. It was recently shown in [CL15] that
the LS estimator also adapts to V(0*) and k(6*) for unimodal regression:

V(6*) + 0)2/3 o?

1 - * . *
=16 — 0"113 < min (04/3( k(6")**(1og n)3/2) (2.6)

n

with probability at least 1 — n™ for some o > 0. The exponent 3/2 in the sccond
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term was improved to 1 in the new version of [CL15] after the first version of our
work [FMR16] was posted. Note that the exponents in (2.6) are different from the
isotonic case. Our results will imply that they are not optimal and in fact the LS es-
timator achieves the same rate as in isotonic regression. See Corollary 2.4.1 for more
details. The algorithmic aspect of unimodal regression has received more attention
[Fri86, GS90, BS98, BMI06] and [Sto08] showed that the LS estimator can be com-
puted with time complexity O(n) using a modified version of PAVA. Hence there is
little difference between isotonic and unimodal regressions from both computational
and statistical points of views.

Latent permutation learning

When the permutation II* is unknown the estimation problem is more involved. Noisy
permutation learning was explicitly addressed in [CD16] where the problem of match-
ing two sets of noisy vectors was studied from a statistical point of view. Given n xm
matrices Y = A+ Z and Y = II*A + Z, where A € R™™ is an unknown matrix
and II* € R™" is an unknown permutation matrix, the goal is to recover II*. It
was shown in [CD16] that if min;; | 4;. — 4;.||l2 > co((logn)'/? v (mlog n)!/*), then
the LS estimator defined by II = argmingg ||IIY — Y||% recovers the true permu-
tation with high probability. However they did not directly study the behavior of
IT1A — T1* A%

In his celebrated paper on matrix estimation [Chal5], Sourav Chatterjee describes
several noisy matrix models involving unknown latent permutations. One is the
nonparametric Bradley-Terry-Luce (NP-BTL) model where we observe a matrix Y €
R™" with independent entries Y;; ~ Ber(P,;) for some unknown parameters P =
{P.;}1<ij<n Where P;; € [0,1] is equal to the probability that item ¢ is preferred
over item j and P;; = 1 — P;. Crucially, the NP-BTL model assumes the so-
called strong stochastic transitivity (SST) [DM59, Fis73] assumption: there exists an
unknown permutation matrix II € R™ " such that the ordered matrix A = II" PII
satisfies Ay x < --- < A, for all £ € [n]. Note that the NP-BTL model is a special
case of our model (2.1) where m = n and Z ~ subG(1/4) is taken to be Bernoulli.
Chatterjee proposed an estimator P that leverages the fact that any matrix P in
the NP-BTL model can be approximated by a low rank matrix and proved [Chalb,
Theorem 2.11] that n~2|| P— P||2. < n~'/4, which was improved to n~/2 by [SBGW17]
for a variation of this estimator. This method does not yield individual estimators
of Il or A. Instead [CM16] proposed estimators II and A so that TIAIIT estimates P
with the same rate n~1/2 up to a logarithmic factor. The non-optimality of this rate
has been observed in [SBGW17] who showed that the correct rate should be of order
n~! up to a possible log n factor. However, it is not known whether a computationally
efficient estimator could achieve the fast rate. A recent work [SBW16b| explored a
new notion of adaptivity for which the authors proved a computational lower bound,
and also proposed an efficient estimator whose rate of estimation matches that lower
bound.

Also mentioned in Chatterjee’s paper is the so-called stochastic block model that
has since received such extensive attention in various communities that it is futile
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to attempt to establish a comprehensive list of references. Instead, we refer the
reader to [GLZ15] and references therein. This paper establishes the minimax rates
for this problem and its continuous limit, the graphon estimation problem and, as
such, constitutes the state-of-the-art in the statistical literature. In the stochastic
block model with k¥ > 2 blocks, we assume that we observe a matrix ¥ = P+ Z
where P = IIAII",II € R™" is an unknown permutation matrix and A has a block
structure, namely, there exist positive integers n, < ... < ng < ngyy := n, and k?
real numbers as;, (s,t) € [k]? such that A has entries

Ai,j - Z as,tl{ns S 1 S Ns41, T SJ S nt+1}7 7'7.7 € [TL] :
(sit)€[K]?

While traditionally, the stochastic block model is a network model and therefore
pertains only to Bernoulli observations, the more general case of sub-Gaussian ad-
ditive error is also explicitly handled in [GLZ15|. For this problem, Gao, Lu and
Zhou have established that the least squares estimator P satisfies n=2||P — P||% <
k?/n? + (log k)/n together with a matching lower bound. Using piecewise constant
approximation to bivariate Holder functions, they also establish that this estimator
with a correct choice of k£ leads to minimax optimal estimation of smooth graphons.
Both results exploit extensively the fact that the matrix P is equal to or can be well
approximated by a piecewise constant matrix and our results below take a similar
route by observing that monotone and unimodal vectors are also well approximated
by piecewise constant ones. In addition, we allow for rectangular matrices.

In fact, our result can be also formulated as a network estimation problem but on
a bipartite graph, thus falling at the intersection of the above two examples. Assume
that n left nodes represent items and that m right nodes represent users. Assume
further that we observe the n x m adjacency matrix Y of a random graph where
the presence of edge (i, j) indicates that user j has purchased or liked item 7. Define
P = E[Y] and assume SST across items in the sense that there exists an unknown nxn
permutation matrix II* such that P = II*A* and A" is such that A} ; <--- < A7 . for
all users j € [m]. This model of bipartite ranking falls into the scope of the statistical
seriation model (2.1).

2.2 Main results

2.2.1 Adaptive oracle inequalities

For a matrix A € U™, let k(A.;) = card({A1;,...,A,;}) be the number of values
taken by the j-th column of A and define K'(A4) = 37| k(A. ;). Observe that K(A) >
m. The first theorem shows that the LS estimator adapts to the complexity K.

Theorem 2.2.1. For A* € R™™ and Y = II*A* + Z, let (I1, A) be the LS estimator
defined in (2.2). Then the following oracle inequality holds

(2.7)

log

K(A) enm ) ,logn
nm K(A) 7

1 T A 2 : 1 2 2
I _ * * < R _ *
— |0 - A"} S min (—[l4— A + o
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with probability at least 1 — e~°("*™) ¢ > 0. Moreover,

A 1 K(A ]
LIEHHA—H"A”Il'f’v < min (——IIA—A*II%Jra2 ( )10 ‘”””) 2108
nm BN Aet™ \nm U

By T T 28

Note that while we assume that A* € Y™ in (2.1), the above oracle inequalities
hold in fact for any A* € R™™ even if its columns are not assumed to be unimodal.
The oracle inequalities indicate that the LS estimator automatically trades off the ap-
proximation error ||A— A*||% for the stochastic error 02K (A)log(enm/K (A)). More-
over, 3 is the best constant we can achieve before the oracle approximation term when
the error is expressed in the Frobenius norm, i.e.,

|IA — IT" A*||p < [{ngln (3] A — A*||r + stochastic error terms) .
e m

This is the content of (2.21) in the proof of Theorem 2.2.1. Making (2.7) and (2.8)
into sharp oracle inequalities remains an interesting open problem.

If A* is assumed to have unimodal columns, then we can take A = A* in (2.7)
and (2.8) to get the following corollary.

Corollary 2.2.2. For A* € U™ and Y = II*A* + Z, the LS estimator (I, A) satisfies

1 4 K(A*) enm  logn
— |14 - |3 S 0*( 1 )
with probability at least 1 — e=*("t™) ¢ > 0. Moreover, the corresponding bound with
the same rate holds in expectation.

The two terms in the adaptive bound can be understood as follows. The first
term corresponds to the estimation of the matrix A* with unimodal columns if the
permutation II* is known. It can be viewed as a matrix version of the adaptive bound
(2.5) for the vector case. The LS estimator adapts to the cardinality of entries of A*
as it achieves a provably better rate if K (A*) is smaller while not requiring knowledge
of K(A*). The second term corresponds to the error due to the unknown permutation
II*. As m grows to infinity this second term vanishes, because we have more samples
to estimate II* better. If m > n, it is easy to check that the permutation term is

dominated by the first term, so the rate of estimation is the same as if the permutation
is known.

2.2.2 Global oracle inequalities

The bounds in Theorem 2.2.1 adapt to the cardinality of the oracle. In this subsection,
we state another type of upper bounds for the LS estimator (fl, A) They are called
global bounds because they hold uniformly over the class of matrices whose columns
are unimodal and that have bounded variation. Recall that we call variation of a
vector a € R™ the scalar V(a) > 0 defined by

V(a) = max a; — min a;.
1<i<n 1<i<n
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We extend this notion to a matrix A € R™*™ by defining
/1 m \2/3 3/2
V(d) = (= ; V(4 )*)"

While this 2/3-norm may seem odd at first sight, it turns out to be the correct
extrapolation from vectors to matrices, at least in the context under consideration
here. Indeed, the following upper bound, in which this quantity naturally appears, is
matched by the lower bound of Theorem 2.2.6 up to logarithmic terms.

Theorem 2.2.3. For A* € R™™ and Y = II*A* + Z, let (II, A) be the LS estimator
defined in (2.2). Then it holds that

1

A— A% +
nmll I

(UZV(?B logn)2/3] g logn

1 A A
—|IfIA - I*A*||2 < min [
nm Aeym™

with probability at least 1 — e~("*™) ¢ > 0. Moreover, the corresponding bound with
the same rate holds in expectation.

If A* € U™, then taking A = A* in Theorem 2.2.3 leads to the following corollary
that indicates that the LS estimator is adaptive to the quantity V(A*).

Corollary 2.2.4. For A* e U™ and Y = II*A*+ Z, the LS estimator (fI, fl) satisfies

o2V (A*)log n)2/3 Lo logn

1 PN
— A - a3 5 (
nm nAm

n
with probability at least 1 — e~("*™) ¢ > 0. Moreover, the corresponding bound with
the same rate holds in expectation.

Akin to the adaptive bound, the above inequality can be viewed as a sum of a
matrix version of (2.4) and an error due to estimation of the unknown permutation.
Observe that if o = 1, m > n?3 and all the entries are bounded by a universal
constant, then the rate of estimation simplifies to O(n~2/3). Since every monotone
vector is unimodal, the rate O(n=2/3) also holds for the case where columns of A* are
monotone, which will be discussed in detail in Section 2.3. Recently, rates of O(n™")
have been established for bi-isotonic matrices with latent permutations [SBGW17,
CM16], where bi-isotonicity means that the columns and the rows of the underlying
matrix are both monotone. We emphasize that our rate is slower because only the
columns of the matrix are assumed to be unimodal or monotone, while no constraints
are imposed on the rows. The minimax lower bounds below in fact suggest that the
rate O(n~%3) is optimal up to a logarithmic factor.

Having stated the main upper bounds, we digress a little to remark that the proofs
of Theorem 2.2.1 and Theorem 2.2.3 also yield a minimax optimal rate of estimation
(up to logarithmic factors) for unimodal regression, which improves the bound (2.6).
We discuss the details in Section 2.4.
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2.2.3 Minimax lower bounds

Given the model Y = II*A* + Z where entries of Z are i.i.d. N(0,0?) random
variables, let (ﬂ,fi) denote any estimator of (II*, A*), i.e., any pair in &, x R™™
that is measurable with respect to the observation Y. We will prove lower bounds that
match the rates of estimation in Corollary 2.2.2 and Corollary 2.2.4 up to logarithmic
factors. The combination of upper and lower bounds, implies simultaneous near
optimality of the least squares estimator over a large scale of matrix classes.

For m < Ky < nm and Vy > 0, define Y, = {A € U™ : K(A) < Ky} and
U™(Vo) = {Aeud™ : V(A) < Vp}. We present below two lower bounds, one for the
adaptive rate uniformly over U and one for the global rate uniformly over U™(Vp).
This splitting into two cases is solely justified by better readability but it is worth
noting that a stronger lower bound that holds on the intersection Uz NU™ (V) can
also be proved and is presented as Proposition 2.5.9.

Theorem 2.2.5. There ezists a constant ¢ € (0,1) such that for any Ko > m, and
any estimator (11, A), it holds that

1 o~ . K logl
sup PHA[——-—||HA——HA||2FZO'2(—O+—O§—)] > ¢,
(ILA)ES xUR, nm nm m

where | = min(Ko—m,m)+1 and P4 is the probability distribution of Y = 11A+Z.
It follows that the lower bound with the same rate holds in expectation.

In fact, the lower bound holds for any estimator of the matrix II*A*, not only
those of the form IIA with A € U™. The above lower bound matches the upper
bound in Corollary 2.2.2 up to logarithmic factors.

Note the presence of a logl factor in the second term. If | = 1 then K¢y = m
which means that each column of A is simply a constant block, so IIA = A for any
II € 6,.. In this case, the second term vanishes because the permutation does not
play a role. More generally, the number ! — 1 can be understood as the maximal
number of columns of A on which the permutation does have an effect. The larger
[, the harder the estimation. It is easy to check that if [ > n the second term in the
lower bound will be dominated by the first term in the upper bound.

A lower bound corresponding to Corollary 2.2.4 also holds:

Theorem 2.2.6. There exists a constant ¢ € (0,1) such that for any Vo > 0, and
any estimator (I1, A), it holds that

1 .-~ - 217 2 2
sup  Pra[—A-T4E 2 (57 + T+ Zam?] 2,
(ILA)e&n xU™ (Vo) nm n n " m

where Pra is the probability distribution of Y = 1A + Z. The lower bound with the
same rate also holds in expectation.

There is a slight mismatch between the upper bound of Corollary 2.2.4 and the
2
lower bound of Theorem 2.2.6 above. Indeed the lower bound features a term 2 A
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m?VZ instead of just "—rj In the regime m?Vy{ < %, where A has very small variation,
the LS estimator may not be optimal. Proposition 2.2.7 below, whose proof can
be found in Section 2.7, indicates that a matrix with constant columns obtained by
averaging achieves optimality in this extreme regime.

Proposition 2.2.7. For Y = II"A* + Z where Z ~ subG(c?), let 11 = I,, and A be
defined by A;; = 230 Yi; for all (i,5) € [n] x [m]. Then,

1 -~ - 9 o?
o _TT* A* < 2 2 2
—AA - A"} S =+ mV(4)

with probability at least 1 — exp(—m) and the corresponding bound with the same rate
holds in expectation.

2.3 Further results in the monotone case

A particularly interesting subset of unimodal matrices is $™, the set of n x m matrices
with monotonically increasing columns. While it does not amount to the seriation
problem in its full generality, this special case is of prime importance in the context
of shape constrained estimation as illustrated by the discussion and references in
Section 2.1.2. In fact, it covers the example of bipartite ranking discussed at the end
of Section 2.1.2. In the rest of this section, we devote further investigation to this
important case. To that end, consider the model (2.1) where we further assume that
A* € 8™. We refer to this model as the monotone seriation model. In this context,
define the LS estimator by

(II,A) € argmin ||Y —IIA||%.
(IM,A)EG, xS™

Since S™ is a convex subset of U™, it is easily seen that the upper bounds in The-
orem 2.2.1 and 2.2.3 remain valid in this case. The lower bounds of Theorem 2.2.5
(with log [ replaced by 1) and Theorem 2.2.6 also extend to this case; see Section 2.5.3.

Although for unimodal matrices the established error bounds do not imply any
bounds on estimation of A* or II* in general, for the monotonic case, however,
Lemma 2.1.1 yields that

A * 1 . * * A * A%
A-A HZF‘VZ“(H—H JA*|% < JHA — T A*||% .

so that the LS estimator (fI,A) also leads to good. individual estimators of II* and
A* respectively.
2.3.1 RankScore: An efficient estimator and its performance

Because it requires optimizing over a union of n! cones IIS™, no efficient way of
computing the LS estimator is known since. As an alternative, we describe a simple
and efficient algorithm to estimate (IT*, A*) and study its rate of estimation.

23



The main difficulty of the problem lies in providing an efficient estimator II of IT*,
because after determining I we may project Y onto the convex cone I1S™ eﬂi(:lently
to estimate A*. Recovering the permutation I1* is equivalent to sorting the rows of
IT* A* from their noisy version Y. One simple method to aggregate information across
columns, which we call RankSum, is to sort the rows of Y so that they have increasing
row sums. However, it is easy to observe that this method fails if

"0 0 ... O]

) 0 0 ...0

a=|m 0 (2.10)
N

where the last | %] entries in the first column of A* are equal to \/m and the entries
of Z arei.i.d. standard Gaussian variables. Because the sum of noise in each row is of
order y/m which is no less than the gaps between row sums of A*, RankSum will place
a nonzero row before a zero row with a constant probability. Therefore, if II is the
permutation given by RankSum, then ||TIA — IT*A*||%, will be of order nm regardless
of the matrix A € 8™, so we have no hope of consistent estimation in general.

In fact, it is easy to distinguish the two types of rows of A* even when noise is
present, for example, by looking at the first entry of a row. To circumvent the issue
raised by this A*, we would like to combine the information from rows sums with that
from each individual column. This motivates us to consider the following method
called RankScore, which outperforms RankSum and yields consistent estimation.

For A* € R™™ and ¢, € [n], define

Apr(1,7) = %%(A" - A7) \/_ Z(A AjJ)

and define Ay (i,4") analogously. The quantity A 4+(7,7') measures the difference be-
tween row ¢ and row i’ of A* by either the largest difference between two correspond-
ing entries, or the difference between the row sums scaled by the effective noise level
m~12, whichever is larger. If the noisy version Ay (4,4') is larger than some threshold
7, then with high probability row ¢ of Y should be placed after row ¢’ in the original
order. The procedure RankScore aggregates the comparison results between all pairs
of rows of Y as follows:

1. For each i € [n], define the score s; of the i-th row of Y by
= 1(Ay(l,i) > 27) (2.11)
=1

where 7 := Co+/log(nm) for some tuning constant C' (sece Section 2.5.4 for
details).
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2. Order the rows of Y so that their scores are increasing, with ties broken arbi-
trarily.

The score s; is just the number of comparisons row ¢ wins. Intuitively, rows
with larger entries will win more comparisons and thus be placed after rows with
smaller entries. Hence RankScore can be viewed as a variant of the classical counting-
based method for ranking, Copeland’s method [Cop51], with a counting rule designed
specifically for the model under consideration.

The RankScore procedure recovers an order of the rows of Y, which leads to an
estimator II of the permutation. Then we define A € 8™ so that 1A is the projection
of Y onto the convex cone [18™.

To quantify the rate of estimation for the RankScore estimator (II, A), we define
a new quantity R(A) for A € S™ as follows:

1 |Ai. — A 012 ml||A;. — A; I3
R(A) = — max : Jv 72 ’ 522 2.12
(4) nzc? £ \JJAi — A [ 1A — Al ) (212)
|Z)=n (8T

where the summand is understood to be 1 if the rows A;. and A;. are identical.

To understand what properties of A the quantity R(A) captures, consider the
difference between the rows A;. and A;., denoted by u € R™. First, the quantity
llull3/llull?, is small when u is sparse. We have ||ul|2/||ul|%, > 1 with equality achieved
when ||ulp = 1. Second, the quantity m/||u||2/||u||? is small when u is dense. We have
mllul|3/||ull? > 1 with equality achieved when all entries of u are the same. In
particular, it holds that R(A) > 1, and R(A) is small when the differences between
rows of A are either very sparse or very dense. For example, if A is the matrix
in (2.10), then the difference between any two distinct rows is 1-sparse, so we have
R(A) = 1. Another example is

A= m , (2.13)

where the lower |n/2] rows of A are all ones while the remaining entries are all zeros.
For this matrix, the difference between any two distinct rows is the all ones vector,
so again we have R(A) = 1.

Moreover, ||ull2 < ||ull1]lulls by Holder’s inequality, so 142 A e < /o ag

- llullZ, llullf
the product of the two terms is no larger than m. The equality is achieved by
w = (1,...,1,0,...,0) where the first \/m entries are equal to one. Therefore we
have

R(A) € [1,v/m]. (2.14)

Roughly speaking, the quantity R(A) is large if there exist ©(n) pairs of rows for
which the differences are v/m-sparse. An example of such an A is the lower triangular
matrix with all ones on the lower triangle. We can take pairs of rows that are /m
positions apart, and their differences are exactly \/m-sparse binary vectors. Thus we
have R(A) < v/m.

Since RankScore makes use of entrywise differences between rows, together with the
difference between row sums, we expect a better performance of RankScore when the
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differences between rows of A* are either very sparse or very dense, which is exactly
what captured by the quantity R(A*). Therefore, it is natural that the estimator
(11, A) enjoys the following rate of estimation, characterized by R(A*) together w1th
K(A) defined in the previous section.

Theorem 2.3.1. For A* € S™ andY =II"A*+ 7, let (ﬁ,/i) be the estimator defined
above using the RankScore procedure with threshold T = 30+/(C + 1) log(nm), C > 0.
Then it holds that

1 - - ) , 1

- _TT* A* < - _ * (2

— |HIA — " A*[|p S min (nmllA A'llF +

R(A") log(nm)
m ’

Ay )

+(C +1)0*

with probability at least 1 — e="*™) — (nm)~C for some constant ¢ > 0.

The quantity R(A*) only depends on the matrix A*. If R(A*) is bounded loga-
rithmically, the estimator (ﬁ, fl) achieves the minimax rate up to logarithmic factors.
In any case, R(A*) < y/m, so the estimator is still consistent with the permutation
error (i.e. the last term) decaying at a rate O(\/Lﬁ) Furthermore, it is worth not-

ing that R(A*) is not needed to construct (II, A), so the estimator adapts to R(A*)
automatically.

Remark 2.3.2. In the same way that Theorem 2.2.3 follows from Theorem 2.2.1, we
can deduce from Theorem 2.3.1 a global bound for the estimator (I1, A) which has rate

(a?V(A*) log n)2/3 L o? (1222 N R(A*)loggrr:m)) .

n

2.3.2 Simulations

We corroborate the theoretical results above with a numerical comparison between
the RankSum and RankScore procedures.

Consider the model (2.1) with A* € S™ and assume without loss of generality that
I1* = I,,. For various n X m matrices A*, we generate observations Y = A* + Z where
entries of Z are i.i.d. standard Gaussian variables. The performance of the estimators
given by RankScore and RankSum defined above is compared to the performance of
the oracle A°® defined by the projection of Y onto the cone S™. Note that we are
not able to compute the LS estimator efficiently, so instead the oracle estimator is
used as the benchmark. For the RankScore estimator we take 7 = 6. The curves are
generated based on 30 equally spaced points on the base-10 logarithmic scale, and all
results are averaged over 10 replications. The vertical axis represents the estimation
error of an estimator [1A, measured by the sample mean of log,, (#Hﬂfl — A*||%)
unless otherwise specified.

We begin with a simple example for which we set n = m. For each a € [0, 1],
define a matrix A* = A*(a) € RV by Aj; = m0=9/2 for n/2 <i<n,1 <j<me
and Aj; = 0 otherwise. Note that A* is an interpolation between the matrix in (2.10)
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Figure 2-1: Estimation errors of the three estimators for A* = A*(a) where o ranges
from 0 to 1. Left: the oracle estimator; Middle: the RankScore estimator; Right: the
RankSum estimator.

(where a = 0) and the matrix in (2.13) (where a = 1). The nonzero rows of A* have
f5-norm equal to \/m for any a € [0, 1].

In Figure 2-1, we plot the estimation errors of the oracle, RankScore and RankSum
estimators for this A* in the three plots respectively. As expected, RankSum has poor
performance in estimating the true permutation when « is close to zero, because it
fails to exploit the differences between rows along individual columns. When « is close
to one, the weight of a nonzero row of A* is distributed evenly across the columns,
so it is appropriate to only consider row sums and thus RankSum behaves well. On
the other hand, RankScore outperforms RankSum in recovering the permutation for
any a € [0,1] when n is large, and it has roughly the same performance as the
oracle. According to the discussion after (2.12), we have R(A*) = 1 for a = 0 or
1. Thus Theorem 2.3.1 predicts the fast rate, which is verified by the experiment.
For a close to 1/2, however, Theorem 2.3.1 only guarantees a rate O(m~1/2) while
the experiment suggests that RankScore still behaves as well as the oracle. Hence
improving the adaptive bound in Theorem 2.3.1 remains an interesting problem for
future research.

Note that the performance of each estimator for @ = 0.6 is slightly better than
that for & = 1. This is not inconsistent with our theoretical guarantees as the bounds
we proved are up to logarithmic factors. Achieving sharper bounds to explain such a
phenomenon also remains an interesting open question out of the scope of the present
work.

In Figure 2-2, we compare the performance of RankScore to that of the oracle in
three regimes of (n,m). The matrices A* are randomly generated for different values
of n and m as follows. For the right plot, A* is generated so that V(A*) < 1, by
sorting the columns of a matrix with i.i.d. U(0,1) entries. For the left plot, we further
require that K (A*) = 5m by uniformly partitioning each column of A* into five blocks
and assigning each block the corresponding value from a sorted sample of five i.i.d.
U(0, 1) variables.

Since the oracle knows the true permutation, its behavior is independent of m,
and its rates of estimation are bounded by 1—053 for K(A*) = 5m and (lﬁﬁﬂ)% for
V(A*) = 1 respectively by Theorem 2.2.1 and 2.2.3. (The difference is minor in the
plots as n is not sufficiently large). For RankScore, the permutation term dominates
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Figure 2-2: Estimation errors of the oracle (dashed lines) and RankScore (solid lines)

for different regimes of (n, m) and randomly generated A* of size nxm. Left: K(A*) =
5m; Right: V(A*) < 1.

the estimation term when m = n'/? by Theorem 2.3.1. From the plots, the rates
of estimation are better than O(n~/4) predicted by the worst-case analysis in both
examples. For m = n, we also observe rates of estimation faster than the worst-case
rate O(n~/?) and close to the oracle rates. We could explain this phenomenon by
R(A*) < y/m, but such an interpretation may not be optimal since our analysis is
based on worst-case deterministic A*. Potential study of random designs of A* is left
open. Finally, for m = n%2, the permutation term is of order O(n~%/%) theoretically,
in between of the oracle rates for the two cases. Indeed RankScore has almost the
same performance as the oracle experimentally. Overall Figure 2-2 illustrates the
good behavior of RankScore in these random scenarios.
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Figure 2-3: Various estimation errors of the oracle and RankScore for the triangular
matrix.
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To conclude our numerical experiments, we consider the n x n lower triangular
matrix A” defined by A}, = 1(¢« > j). For this matrix, it is casy to check that
K(A*) =2n —1 and R(A*) = \/n. We plot in Figure 2-3 the estimation errors of
1A, ITA* and A given by RankScore, in addition to the oracle. By Theorem 2.3.1, the
rate of estimation achicved by I1A is of order O(n~'/2), while that achieved by the
oracle is of order O(n™') since there is no permutation term. The plot confirms this
discrepancy. Moreover, % IIﬁA* — A*||% is an appropriate measure of the performance
of 11 by Lemma 2.5.13 and 2.1.1, and the plot suggests that the rates of estimation
achieved by ITA* and IIA are about the same order. F inally A seems to have a
slightly faster rate of estimation than IT1A, so in practice A could be used to estimate
A. However we refrain from making an explicit conjecture about the rate.

2.4 Unimodal regression

If the permutation in the main model (2.1) is known, then the estimation problem
simply becomes a concatenation of m unimodal regressions. In fact, our proofs imply
new oracle inequalities for unimodal regression. Recall that U denotes the cone of
unimodal vectors in R™. Suppose that we observe

y=0"+z,

where 6" € R" and z is a sub-Gaussian vector with variance proxy o?. Define the LS
estimator 6 by
6 € argmin ||0 — y||3.
oeu

Moreover let k(6) = card({6,...,0,}) and V(0) = max;cn) 6; — mingep,) 6;.

Corollary 2.4.1. There exists a constant ¢ > 0 such that with probability at least
1—n"% a>1,

1,4 9 2! k(9) en
- __ p* < il _ p*l12 2™M\Y/ I
~ |16 — 6]l < min (nIIH b[l2 + 0= log k(e)) +ao

,logn

- (2.15)

and

1,4 1 2V (9)1 2/3 1

~ 18— 6" S min [0 — 073 + (T——" ©) BT + a0t 2R,

n oeu Ln n n
The corresponding bounds in expectation also hold.

The proof of Corollary 2.4.1 can be found in Section 2.7. Note that the bounds
above match the minimax lower bounds for isotonic regression in [BT15] up to loga-
rithmic factors. Since every monotone vector is unimodal, lower bounds for isotonic
regression automatically hold for unimodal regression. Therefore, we have proved
that the LS estimator is minimax optimal up to logarithmic factors for unimodal
regression.

A result similar to (2.15) was obtained by Pierre C. Bellec in the revision of [Bell5)
that was prepared independently and contemporaneously to our work [FMR16]. In
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addition, Sabyasachi Chatterjee and John Lafferty also improved their bounds to
having optimal exponents [CL15] after the first version of our work [FMR16] was
posted. Interestingly Bellec employs bounds on the statistical dimension by leveraging
results from [DA14], and Chatterjee and Lafferty use both the variational formula and
the statistical dimension. Moreover, their results are presented in the well-specified
case where 0* € Y and 6 = 6*.

2.5 Proofs

In this section, we provide the proofs of the main results.

2.5.1 Proof of the upper bounds

Before proving the main theorems, we discuss two methods adopted in recent works
to bound the error of the LS estimator in shape constrained regression, in a general
setting. Consider the least squares estimator 6 of the model y = 0" + z, where 6" lies
in a parameter space © and z is Gaussian noise. One way to study E||6 — 6*|| is to
use the statistical dimension [DA14] of a convex cone © defined by

E[(eeeflnlgl)lzg(g’ Z>)2] '

This has been successfully applied to isotonic and more general shape constrained
regression [CGS15, Bell5].

Another prominent approach is to express the error of the LS estimator via what
is known as Chatterjee’s variational formula, proved in [Chal4d] and given by

A t?
|10 — 6%||2 = argmax ( sup (8 —6",z2) — —) . (2.16)
t>0 0€0,||0—-0*|2<t 2

Note that the first term is related to the Gaussian width (see, e.g., [CRPW12]) of ©
defined by E[supgee(f, 2)], whose connection to the statistical dimension was studied
in [DA14]. The variational formula was first proposed for convex regression [Chal4],
and later exploited in several different settings, including matrix estimation with
shape constraints [CGS18| and -unimodal regression [CL15]. Similar ideas have ap-
peared in other works, for example, analysis of empirical risk minimization [Men15],
ranking from pairwise comparison [SBGW17] and isotonic regression [Bell5|. In this
latter work, Bellec has used the statistical dimension approach to prove spectacularly
sharp oracle inequalities that seem to be currently out of reach for methods based on
Chatterjee’s variational formula (2.16). On the other hand, Chatterjee’s variational
formula seems more flexible as computations of the statistical dimension based on
[DA14] are currently limited to convex sets © with a polyhedral structure. In this
chapter, we use exclusively Chatterjee’s variational formula.
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A variational formula for the error of the LS estimator

We begin the proof by stating an extension of Chatterjee’s variational formula. While
we only need this lemma to hold for a union of closed convex sets we present a version
that holds for all closed sets. The latter extension was suggested to us by Pierre C.
Bellec in a private communication [Bel16).

Lemma 2.5.1. Let C be a closed subset of R%. Suppose that y = a* + z where a* € C
and z € R%. Let a € argmin, . ||y — a||2 be a projection of y onto C. Define the
function fi« : Ry — R by

* t°
far(t)= sup (a—a’,2) - .
e€CnBi(a* t) 2
Then we have
lla —a*||2 € argmax fa(2). (2.17)
>0

Moreover, if there exists t* > 0 such that f,-(t) < 0 for allt > t*, then ||a—a*||2 < t*.

Proof. By definition,

. i 1
a € argmin (Ha —a*|5—2{a—a*z) + |}z||§) = argmax ((a —a*,z)— =|la— a*]|§) .
aeC aeC 2

Together with the definition of f,-, this implies that

1 .
furlla = a*ll) > 3~ a*,2) — 5lla — a°|
> sp ((a—a’z)~ glla—a'[}3)
acCnBd(a* t) 2
t2
> sup  (a—a"z2)— = = fo-(2).
a€CNBi(a*,t) 2

Therefore (2.17) follows.
Furthermore, suppose that there is ¢* > 0 such that f,.(¢) < 0 for all t > t*. Since
far(Jla — a*||2) = far(0) = 0, we have ||a — a*||2 < t*. O

Note that this structural result holds for any error vector z € R¢ and any closed
set C which is not necessarily convex. In particular, this extends the results in [Chal4]
and [CL15] which hold for convex sets and finite unions of convex sets respectively.

Proof of Theorem 2.2.1

For our purpose, we need a standard chaining bound on the supremum of a sub-
Gaussian process that holds in high probability. The interested readers can find the
proof, for example, in [vH14, Theorem 5.29], and refer to [LT91] for a more detailed
account of the technique.
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Lemma 2.5.2 (Chaining tail inequality). Let © C R* and z ~ subG(o?) in R%. For
any by € O, it holds that

diam(©)
sup(f — 6y, z) < Ca/ VIeg N(©, || - ||l2,¢) de + s
0eo 0

with probability at least 1 — C exp(—mi;%) where C and c are positive constants.

Let A € Y™. To ligthen the notation, we define two rates of estimation:

Ry = Ry(A,n) = 0(\/K(1¢~1) log ;{TEZ) nlog n) (2.18)
and
Ry = Ry(A,n) = o? (K(A) log ;7:2) + nlog n) (2.19)

Note that Ry < Rf < 2R,.

Lemma 2.5.3. Suppose Y = A* + Z where A* € R™™ and Z ~ subG(o?). For
AelU™ and all t > 0, define

- - 2
fat) = sup (A—AY -A)——.
AEMNBr™(ALL) 2

Then for any s > 0, it holds simultaneously for all t > 0 that

- 2
fA(t) S Cth + t”A* — A”F — 5 + st (220)

with probability at least 1 — C exp(—fj—;), where C' and ¢ are positive constants.

Proof. Define © = O(A,1) = Usrso{B — M : B e MNB"™(\A, 1)} (see also
Definition (2.24)). In particular, © C B"™(0,1) and 0 € ©. Since M is a finite union
of convex cones and thus is star-shaped, by scaling invariance,

sup (A-A,Z)=t sup (B—t71A,Z) < tsup(M,2Z).
AEMNBr™(A,L) BeMnBnm(t—14,1) Me©

By Lemma 2.5.2, with probability at least 1 — C exp(—f—;),

2 .
sup (M, Z) < Ca/ Vieg N(©, | - |, €)de + 5.
0

Mee

Moreover, it follows from Lemma 2.5.8 that

log N(©, || - ||, &) < Ce 'K (A)lo enm +nlogn.
gN©, || - llF.e) < ()gK(A) g
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Combining the previous three displays, we see that

sup (A— A, Z) <Cat/ [ Ce e 1K (A) log
AEMNBr(At)
< Cat\/K A)log +Cat\/nlogn+st

) +nlogn de + st

= Cth + st

with probability at least 1 — C exp(— ) Therefore

. - +2
fat) = sup (A—AY —A) — —
AEMNB™(At) 2
~ - - #2
< sup (A-AZ)+ sup (A—A A" - Ay — —
AeMNBr™(ALt) AEMNB™(ALt) 2
t2
SCth'f‘St“"t“A* A”F—E
with probability at least 1 — C exp(—%'%z) simultaneously for all ¢ > 0. a

We are now in a position to prove the adaptive oracle incqualities in Theorem 2.2.1.
Recall that (II, A) denotes the LS estimator defined in (2.2). Without loss of gener-
ality, assume that I[I* = I, and Y = A* + Z.

Fix A € U™ and define f; 7 as in Lemma 2.5.3. We can apply Lemma 2.5.1 with
a*=A,z=Y — A, y=Y and a = [1A to achieve an error bound on 114 — A||f,
since 1A € argminy v |Y — M3 To be more precise, for any s > 0 we define
t* = 3C1 Ry + 2||A* — A||r + 2s where C) is the constant in (2.20). Then it follows
from Lemma 2.5.3 that with probability at least 1—C exp(— %%2 , 1t holds for all t > t*
that

- 2
Therefore by Lemma 2.5.1,
ITA — A||p < t* = 3C1 R, + 2||A* — A|p + 25,

and thus o 3
ITIA — A*||r < CRy + 3||A* — A||p + 25 (2.21)

with probability at least 1 — C exp(—ﬁ)

In particular, if s = R;, then s > oy/n+m as K(A) > m. We see that with
probability at least 1 — C exp(——) > 1 — e clntm)

ITA — A*||p S Ry + ||A" - A|p
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and thus

+o*nlogn .

flA — A" A* — A2 + 02K (A)log 22
0L — 41 5 147 = Al + 0K () log

Finally, (2.7) follows by taking the infimum over A € U™ on the right-hand side and
dividing both sides by nm.
Next, to prove the bound in expectation, observe that (2.21) yields

1A i cs
P[IIHA — A7 = C(Ra + ||A" - All) > s] < Cexp(~),

where Rs is defined in (2.19). Integrating the tail probability, we get that

0,2

- . . o cs
E1A - 4°[} ~ O(Ra+ |4 = A1) 5 [ exp(~5) ds = =

and thercfore 3
E|TIA - A*||3 SRy + ||A* — A|l7.

Dividing both sides by nm and minimizing over A € U™ yields (2.8).

Proof of Theorem 2.2.3

In the setting of isotonic regression, [BT15| derived global bounds from adaptive
bounds by a block approximation method, which also applies to our setting. The
lemma below is a generalization of [BT15, Lemma 2] to the case of unimodal matrices.
For k € [n], let
Uy = {aclU:card({ay,...,a,}) < k}.

Define k* = [(6312‘2(2;))1/ 3]. More generally, for k € [n]™, we write k = (k1, ..., kp)
and let

U'={Acld™ :card({Aij,..., Anj}) =k for 1 < j <m}.
Then K(A) =377, k; for A € U, Define k* by

()]

Lemma 2.5.4. For A € U™, there exists A € U such that

1.+ o 170°V(A)log(en)\2/3 o2
—lA — < Z Z
A - Al < 4( n ) R log(en)

and .
a?K(A)
nm

o2V (A) log(en) )2/3 202

log(en) < 2( + -—n—log(en)

n

The proof of the lemma is provided in Section 2.7. To prove the theorem, for
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A € U™, choose A € U according to Lemma 2.5.4. Then

1 - 2 2 .

—— ||A — A* 2 < 2 _A*|2 el —A 2
Lpaap< ja- a2 A ap
5(02V(A) logn>2/3 502

2
< —||A - A%+ = —1 .
< — A A+ +ologn  (222)
by noting that log(en) < 2.5logn for n > 2, and similarly

a’K(A)

nm

Plugging (2.22) and (2.23) into the right-hand side of (2.7) and (2.8), and then min-
imizing over A € U™, we complete the proof.

o2V (A)log n)2/3 502

log(en) < 5( +—- logn. (2.23)

n

2.5.2 Metric entropy

This section is devoted to studying various covering numbers or metric entropy related
to the parameter space of the model (2.1). The proofs of the lemmas in this section
are provided in Section 2.7.

Recall that an e-net of a subset G C R”™ with respect to a norm || - || is a set
{ws, -+ ,wy} C G such that for any w € G, there exists ¢ € [N] for which ||lw—w;]|| <
€. The covering number N(G,| - |,€) is the cardinality of the smallest e-net with
respect to the norm || - ||. Metric entropy is defined as the logarithm of a covering
number. In the following, we will consider the Euclidean norm unless otherwise
specified.

We start with a lemma bounding the metric entropy of a Cartesian product of
convex cones. It is useful in later proofs and has its own interest. Let {I;}7*, be a
partition of [n] with |I;] = n; and } ", n; = n. For a € R, the restriction of a to
the coordinates in I; is denoted by aj, € R™. Let C; be a convex cone in R™ and
C=Cy x---xC.

Lemma 2.5.5. With the notation above, suppose that ay, € C;N(—C;). Then for any
t>0 ande € (0,t],

Ct o €
log N (CNB"(a1), |- ll2.¢) < mlog =+ log N (C: N B™ (a8}, ]| I, )
i=1

for some constant C > 0.

Recall that S, denotes the closed convex cone of increasing vectors in R”. First,
we give a result on the metric entropy of S, intersecting with a ball.

Lemma 2.5.6. Letb € R"™ be such thatb; =--- =b,. Then for anyt > 0 ande > 0,
log N(S, N B™(b, 1), | - ||l2,€) < Ce 'tlog(en).
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Next, we study the metric entropy of the set of matrices with unimodal columns.
Recall that C;={a e R": a1 <---<a@}N{a€R*:q; > -+ > a,} for | € [n]. For
1= (l,...,ln) € [n|™, define C]* = G}, x --- x Cp,,. Moreover, for A € R™™, ¢t >0
and C C R™™ define

Oc(A,1) = | J{B—XA: BeCNB"™(A\A,1)} (2.24)
A>0
-U (c NB™(\A,t) = M),

Note that in particular ©¢(A,t) C B"(0,1t).

Lemma 2.5.7. Given A € R"™ and 1= (l,...,l,) € [n]™, we define the quantities
k(A.;) = card({Avj, ..., An;}) and K(A) = 3770 k(A ;). Then for any t > 0 and

>0,
enm

K(A)

log N (Ocr (A, 1), 1l - |lr,e) < Ce 't K(A)log

Finally, we consider the metric entropy of Ox(A4,t) for A € R™™, ¢t > 0 and
M = UHeGn [IU™. The above analysis culminates in the following lemma which we
use to prove the main upper bounds.

Lemma 2.5.8. Let A € R™*™ and K(A) be defined as in the previous lemma. Then
for anye >0 andt > 0,

cnm +nlogn
K@) TR

log N(Om(A,t), || - llF,e) < Ce 't K(A)log

2.5.3 Proof of the lower bounds

For minimax lower bounds, we consider the model Y = II*A* + Z where entries of Z
are i.i.d. N(0,0%). Define Ug (Vo) = U, NU™(Vp) and M, (Vo) = Upes, TUR, (Vo).
Define the subset of Mg, (Vy) containing permutations of monotone matrices by
ME (Vo) = {TIA € My, (Vo) : T € 6,,A € S™}. Since each estimator pair (II, A)
gives an estimator M = IIA of M = IIA, it suffices to prove a lower bound on
|M — M|[%. In fact, we prove a lower bound stronger than the one in Theorem 2.2.5.
The proofs of the lemmas below can be found in Section 2.7.

Proposition 2.5.9. Suppose that Ky < m(f—g‘)l/3%2/3 —m. Then

. 1, - K,
inf sup Py ["““HM — M|} > co®—>
M MeMg, (Vo) nm nm

2

+c max min (U— log, mzl_3%2)} > (2.25)
1<Ii<min(Ky—m,m)+1 m

for some c,c > 0, where Py, is the probability with respect to Y = M + Z. This
bound remains valid for the parameter subset M% (Vo) if L =1 or 2.
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Note that the bound also holds for the larger parameter set My, = Upce, IIUR,.
By taking ! = min(Ky — m,m) + 1 and V; large enough, we see that the assumption
in Proposition 2.5.9 is satisfied and the second term becomes simply "—nj logl, so The-
orem 2.2.5 follows. In the monotonic case, by the last statement of the proposition,
it Ko > m + 1 then taking | = 2 and V} large enough yields a lower bound of rate
02(%% + L) for the set of matrices A with increasing columns and K(A) < K.

The proof of Proposition 2.5.9 has two parts which correspond to the two terms
respectively. First, the term 02% is derived from the proof of lower bounds for
isotonic regression in [BT15]. Then we derive the other term ‘7’—: logl forany 1 <1<
min(Ky — m,m) + 1, which is due to the unknown permutation.

Lemma 2.5.10. Suppose that K, < m(%‘%")IBVOW3 —m. For somec,c > 0,

inf  sup lPM[HM - M|% > cozKo] >c,
M MeMg (Vo)

where Py is the probability with respect toY = M + Z.

For the second term in (2.25), we first note that the bound is trivial for [ = 1
since log! = 0. The next lemma deals with the case | = 2.

Lemma 2.5.11. There exist constants ¢,c’ > 0 such that for any Ko > m + 1 and
Vo 20,

inf  sup Py [HM — M||% > cnmin (02,m3V02)] >,

M Mer{O(Vo)

where Py is the probability with respect to Y = M + Z.

For the previous two lemmas, we have only used matrices with increasing columns.
However, to achieve the second term in (2.25) for [ > 3, we need matrices with
unimodal columns.

Lemma 2.5.12. There ezist constants c,c¢’ > 0 such that for any Ko > m, V5 >0
and 3 <! < min(Ky —m,m) +1,

inf  sup ]PM[HM — M||% > cnmin (0 logl,msl“‘gvoz)} >,
M MEMKO(VQ)

where P s is the probability with respect to Y = M + Z.

Proof of Proposition 2.5.9. Combining Lemma 2.5.10, 2.5.11 and 2.5.12, and then
dividing the bound by nm, we get (2.25) because the max of two terms is lower
bounded by a half of their sum. The last statement in Proposition 2.5.9 holds since
Lemma 2.5.10 and 2.5.11 are proved for matrices with increasing columns. O

Furthermore, the proof of Theorem 2.2.6, provide2d in Section 2.7, only uses
Lemma 2.5.10 and 2.5.11, so the lower bound of rate (2)%3 4+ & 4 min(Z, m?Vy)

holds even if the matrices are required to have increasing columns.
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2.5.4 Matrices with increasing columns

For the model Y = II*A* + Z where A* € 8™ and Z ~ subG(0?), a computationally
efficient estimator (II, A) has been constructed in Section 2.3 using the RankScore
procedure. We will bound its rate of estimation in this section. Recall that the
definition of (I, A) consists of two steps. First, we recover an order (or a ranking) of
the rows of Y, which leads to an estimator II of the permutation. Then define A € S™
so that T4 is the projection of Y onto the convex cone [I8™. For the analysis of
the algorithm, we deal with the projection step first, and then turn to learning the
permutation. The proofs of the results in the section can be found in Section 2.7.

In fact, for any estimator I1, if A is defined as above by the projection correspond-
ing to II, then the error ||ITA — IT*A*}|2 can be split into two parts: the permutation
error ||(H I1*) A*||% and the estimation error of order O(c2K (A*)).

Lemma 2.5.13. Consider the model Y = II*A* + Z where A* € 8™ and Z ~
subG(0?). For any Il € &,, define A € 8™ so that 1A is the projection of Y
onto II8™. Then with probability at least 1 — e="*™) it holds simultaneously for all
I €6, that

TA_TI* A*|12 < : A2 2 *
IA-1 4|3 S min, (14— A")13 + 02K (4) log K(A))+0 nlogn+ || (T—11) A*||%..

The idea of splitting the error into two terms as in Lemma 2.5.13 has appeared in
[SBGW17, CM16].

By virtue of Lemma 2.5.13, it remains to control the permutation error ||IIA* —
I1* A*||% where II is given by the RankScore procedure defined in Section 2.3. Recall
that

1 m
Aps(1,1 AL — ALV —
A (7’72) max( z,])v\/ﬁ;(

j€[m]

for ¢, € [n] and Ay(¢,7') is defined analogously. Since columns of A* are increasing,

|Aa- (6, 1) = 147, = Af lloo V i = Al (2.26)

1

\/‘T‘ﬁ“Ai’ )

Recall that the RankScore procedure is defined as follows. First, for ¢ € [n], we
associate with the i-th row of Y a score s; defined by s; = >~ | 1(Ay(l,7) > 27) for
the threshold 7 := 30+/log(nmd—1) where ¢ is the probability of failure. Then we
order the rows of Y so that the scores are increasing with ties broken arbitrarily. This
~ is equivalent to requiring that the corresponding permutation 7 : [n] — [n] satisfies
that if s; < sy then #71(i) < #71(#'). Define II to be the n x n permutation matrix
corresponding to 7 so that H,T(Z).2 = 1 for i € [n] and all other entries of I are zero.
Moreover, let 7* : [r] — [n] be the permutation corresponding to II*.

To control the permutation error, we first state a lemma which asserts that if the
gap between two rows of A* is sufficiently large, then the permutation defined above
will recover their relative order with high probability.
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Lemma 2.5.14. There is an event £ of probability at least 1 —6 on which the following
holds. For any 1,1 € [n], if Ap-(i,7) > 47, then 7 om* (i) < 7~ o *(¢).

Equipped with the above lemma, we are able to bound the permutation error in
terms of the quantity R(A*) defined in (2.12).

Lemma 2.5.15. There is an event £ of probability at least 1 — & on which
|TA* — 11" 4*||% < 02 R(A*) nlog(nmé™?).

Finally, the bound of Theorem 2.3.1 is an immediate consequence of Lemma 2.5.13
and Lemma 2.5.15 with § = (nm)~¢ for C > 0.

2.6 Discussion

While computational aspects of the seriation problem have received significant atten-
tion, the robustness of this problem to noise was still unknown to date. To overcome
this limitation, we have introduced in this chapter the statistical seriation model and
studied optimal rates of estimation by showing, in particular, that the least squares
estimator enjoys several desirable statistical properties such as adaptivity and mini-
max optimality (up to logarithmic terms).

While this work paints a fairly complete statistical picture of the statistical seri-
ation model, it also leaves many unanswered questions. There are several logarithmic
gaps in the bounds. In the case of adaptive bounds, some logarithmic terms are
unavoidable as illustrated by Theorem 2.2.5 (for the permutation term) and also by
statistical dimension consideration explained in [Bell5] (for the estimation term).
However, a more refined argument for the uniform bound, namely one that uses cov-
ering in fo-norm rather than ¢,,-norm, would allow us to remove the log n factor from
the estimation term in the upper bound of Corollary 2.2.4. Such an argument can be
found in [BS67, ABG*79, vdG91] for the larger class of vectors with bounded total
variation (see [MvdG97]) but we do not pursue sharp logarithmic terms in this work.
For the permutation term, logn in the upper bound of Corollary 2.2.2 and log! in
the lower bound of Theorem 2.2.5 do not match if [ < n. We do not scek answers to
these questions in this chapter but note that their answers may be different for the
unimodal and the monotone case.

Perhaps the most pressing question is that of computationally efficient estima-
tors. Indeed, while statistically optimal, the least squares estimator requires search-
ing through n! permutations, which is not realistic even for problems of moderate
size, let alone genomics applications. We gave a partial answer to this question in
the specific context of monotone columns by proposing and studying the performance
of a simple and efficient estimator called RankScore. This study reveals the exis-
tence of a potentially intrinsic gap between the statistical performance achievable
by efficient estimators and that achievable by estimators with access to unbounded
computation. A similar gap is also observed in the SST model for pairwise compar-
isons [SBGW17]. We conjecture that achieving optimal rates of estimation in the
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seriation model is computationally hard in general but argue that the planted clique
assumption that has been successfully used to establish statistical vs. computational
gaps in [BR13, MW15, SBW16b] for example, is not the correct primitive. Instead,
one has to seek for a primitive where hardness comes from searching through permu-
tations rather than subsets.

2.7 Additional proofs

2.7.1 Proof of Proposition 2.2.7

Recall that V(A) = (£ 372, V;(A)*3)%2. Since the £;-norm of a vector is no larger
than the £ z-norm,

i Vi(4)* < (i V;(4)Y ‘"’)3 = m*V(A)2.

j=1

On the other hand,

A*7J+ szj’

3|'—‘
M:

so we have that

ITA - 11° A*| %
1 n X 1 n
SR WIS I
i€[n],j€m] = k=1
n 2
@ ¥ (Xa-a)el ¥ ()
i€[n].5€[m] : i€[n],jelm] k=1
n 2
<om 3 V(AP 42 =3 (X z)
j€lm] j€lm] k=1
< 2nm*V(A)? + 2 Z gJ2.,
j€[m]
where g; = ﬁ Y re1 Zij for j € [m] so that g1,...,gm are centered sub-Gaussian

variables with variance proxy o?. It is well-known that ]Egjz < 02, s0

E|IIA — IT*A*||2 < nm®V (4)? + mo®.
Moreover, since (gi,...,9m) is a sub-Gaussian vector with variance proxy o?, it
follows from [HKZ12, Theorem 2.1] that } 7, 97 < o*m with probability at least
1 — exp(—m). On this event,

|IA — IT*A*|)2 < nmPV(A)? + mo?.
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Dividing the previous two displays by nm completes the proof.

2.7.2 Proof of Lemma 2.5.4

Lemma 2 of [BT15] and its proof extend to the unimodal case with minor modifica-
tions. We provide the proof here for completeness.

Lemma 2.7.1. For a € U and k € [n], there exists @ € Uy such that

V(a)
2k -

|a —all2 < (2.27)

o
vn
In particular, there exists a € Uy~ such that

Lol < Lo (21 L0Llo8len)y75 ooglen)y

’
n n

Moreover,

o’k*

2V(a)1l 2/3 g2log
log(en) < 2 max ((0 (a)nog(en)> ’ o oi,(en)).
Proof. Let a = min(ai, a,), @ = max;ep)a; and i € argmax;e, a;. For j € [k — 1],
consider the intervals

I = [Q+ i;—1V(a),_q+ %V(a)],

and I = [a—l— Ely(a), ] Also for j € [k], let J; = {i € [n] : a; € I;}. We define the

vector @ € R" by a; = a + 1:,:£V(a) for ¢ € [n], where 7 is uniquely determined by
i € I;. Since a is increasing on {1,...,4p} and decreasing {ip,...,n}, sois @. Thus

a € Uy. Moreover, |a; — a;| < VQ(,‘:) for 7 € [n], which implics (2.27).

Next we prove the latter two assertions. Since k* = (U;/ l(oag)(l':l))l/&l, if a € Uy~ and
k* =1 then ) V( 2 ,
a o
Y- ol < YO < © rogen)

and
2 k‘* 2

log(en) = % log(en).

On the other hand, if £* > 1, then

—lla - allz 4‘(/15“))2 < %(" V(a)nlog(en))z/s
and . 2
o’k log(en) < 2( V(a)nlog(en))m.
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Lemma 2.5.4 is then an easy generalization of the previous lemma to the matrix
case. Applying Lemma 2.7.1 to columns of A, we see that there exists A € Ux such

that
1 - 5 1 o2V (A.;)log(en)\2/3 o>
— J— . < — i -
n“A'J Ajllz < 7 max (( n ) ' log(en))

and

2k 2V (A )]
7% tog(en) < 2 max ((0 (4.;)log(en)

2/3 02
- )7, - log(en)).

Summing over 1 < 7 < m, we get that

1, - 9 1 /0?log(en)\2/3 < as3 , 0 log(en)
A — < (2 e\ . Z e\
— A Allf < 4m( - ) ;S_zl VAP +—F

1 /0%V(A)log(en)\2/3 o?
——Z( p ) +Rlog(en),

and similarly

02K (A)
nm

2 2/3 2
log(en) < 2(0 V(Azllog(en)) + 2% log(en) .

2.7.3 Proofs of lemmas in Section 2.5.2

We start with a result on the metric entropy of a ball in one norm in R™ with respect
to another norm. This result is well-known for certain pairs of norms (e.g. [Mas07,
Lemma 7.14]), and we use the general version from [Wail7, Lemma 5.2].

Lemma 2.7.2. Let || - || and || - ||' be a pair of norms on R™. Let B and B’ denote
the unit balls in || - || and || - || respectively. Then for any € > 0, it holds that
vol(2B + B')
N Iy < —e” 7
(B7 “ ” 76) — VOI(BI) i

where vol(-) denotes the volume of the argument. In particular, for any € € (0, 1],
€
vm

where B™(0, 1) is the unit ball in the £y-norm and C' is a positive constant.

N(B™(0, 1,1l e —=) < (C/e)™,

Proof. The proof for the general bound is a standard volume argument and can be
found in [Wail7}. To prove the second bound, note that the £, unit ball is contained

in the £5 ball of radius /m/e. Hence the general bound with || - || = || - ||z and
Il -1 =1l - lloo implies that
, € vol(22B) ,
N m . < £ < m
(B0 -l o) < =y S (©/9"
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where the second inequality follows from the asymptotic formula for the volume of
an Euclidean ball in R™: vol(rB) ~ \/—}r—,_m—(%jl—e)m/?rm for r > 0. a

Proof of Lemma 2.5.5. Since a product of balls B (0, ﬁ) - x B"™ (0, ) is con-
tained in B"(0,¢), one could try to cover C N B"(a,t) by such products of balls. It
turns out that this yields an upper bound of order m3/2, which is too loose for our
purpose. Fortunately, the following argument corrects this dependency.

Without loss of generality, we assume that ¢ = 1. We construct a 3e-net of
CNB"(a,1) as follows. First, let N be a minimal 5= (0,1) with respect
to the ¢.-norm. Define

1
N ={ € N : mi i>——“}-
Note that u; + VLH > 0 for p € Np, and let N, be a minimal (p; + \/—%)e-net of
C;i N B™(az;, i + 7). Define N, = Ny, x -+ x N,,,, ie,

Nu ={weR":w= (wh,"' , W, ), Wy, GNM}.

We claim that (., NV, is @ 3e-net of C N B"(a, 1).

Fix v € CNB*(a,1). Let vy, € R™ be the restriction of v to the component space
R"™. Then vy, € C;. Let A € R™ be defined by A\; = ||v1 —ar|l2, so |[A|l2 = |[v—all2 < 1.
Hence we can find u € N such that || — Al < 55=. In particular, for all i € [m],
i > Ai— 2\/_ > 2\/_, so p € Np. Moreover, |lv;,—ay|l2 = X < ui+ﬁ and vy, € C;,
so by definition of N,,,, there exists w;, € N, such that |jwy, — vp]l2 < (u + ﬁ)a
Let w = (wy,, ..., wy,,) € N,. Since

m

PRI Em:(/\i A= l)? < iZ)\f +% <
=1 =1 i=1

l\DIU'l

we conclude that
lw — v} <Z (ki + ) €2 < Tl

Therefore |J,,c x,, Ny is a 3e-net of C N B™(a, 1).

It remains to bound the cardinality of this net. By Lemma 2.7.2, [Np| < [Np| <
(C/e)™. Moreover, recall that NV, is a (p; + \/—)6 -net of C; N B™ (ay,, wi + \/—) Since
ar, € C; N (=C;), for any t > 0, C; N B™(ay,,t) = {x +ay, : x € C;N B™(0,t)}. Hence
we can choose the net so that

N, = N(Ci NB™ (0, s + \/—%), Il (s + ﬁ)a)
=N(C:nB™(0,1),] - ll2,€)
= N(C;NB"(az,;, 1), - ll2,€) -
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As [N, < TIZ, [Ny, therefore

U ) = (9) TIV@nw0.0 o)

UEND

Taking the logarithm completes the proof. O

Proof of Lemma 2.5.6. Part of this proof is due to Lemma 5.1 in an old version of
[CL15], but we improve their result by a factor v/logn and provide the whole proof
for completeness. The technique we employ here is similar to that in the proof of
Lemma 2.5.5. Roughly speaking, we shall construct a net of the original set by
carefully combining nets of sub-blocks of vectors in the original set.

The bound holds trivially if € > ¢, since the left-hand side is zero. Hence we can
assume that ¢ < t. We also assume that b = 0 since the set of interest is translation
invariant. Moreover, we assume that ¢ = 1 and n is an even integer for simplicity, as
the proof extends easily to the case where t > 0 or n is odd. First, let n’ = n/2 and
I = [n/]. Define S’ = {(ay,...,an) € R” :a € S, N B"*(0,1)}. Note that by splitting
the vectors into two halves and using symmetry we have

log N(8, N B™(0,1), || - l2,€) < 2log N(S', || - l2,6/v/2) - (2.28)

To construct a net of S’, we introduce some notation. Let k be the smallest integer
for which 2% > n’, so that in particular k < log,n < Clog(en). We partition [ into k
blocks I; = I N [29729) for j € [k] and let m; = |I;|. Define a norm || - || on R* by

koo N2
all = (Y 22) (2.29)
Jj=1

for p € RF. Let Bﬁ'.” (u,7) denote a ball in the norm || - || in R* with radius » > 0
centered at u. Note that || - || is simply a weighted f>-norm, and a ball in || - || is an
ellipsoid (or more precisely, the set bounded by an ellipsoid).

Let Ng be a minimal e-net of B{T-II(O’ V10) N R%, with respect to the norm || - ||,

where R% is the nonnegative orthant of R*. For each pu = (p1,..., ) € Ng, let
N, be a minimal Jr-net of Sy, N[—p;, p]™ with respect to the Euclidean distance.
Then we define N, = N, x --- x N, and claim that |J,c, Ny is @ 2e-net of &'
with respect to the Euclidean distance.

Fix a € &' so that a = a; for some a € S, N B"(0,1). For j € [k], let v; =
maxey, |a;|. For each block I; where j > 2, the maximum v; is achieved either at
the left boundary é; = 277! or the right boundary iz = (2 — 1) An’. If we have
a;; <0 and |a;,| = v, then |a;| > v; for all ¢ < i; as a is increasing. Otherwise, we
must have a;, > 0, and so a;, = v;. In this case, a; > v; for all ¢ > iy, and thus
v; <1/y/n—ix+1 < 4/1/n since ||@||2 < 1 and iy < n’ = n/2. Combining the two
cases, we obtain that a7 +1/n’ > v? for any i € I;_;. Summing over all 7 € [n] yields
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that
k

k

327 <SS e
j=2 =2 iel;_

Together with the trivial bound v; < 1, this implies zk_l 2/v7 < 10, so we have

that v € Bk 1(0, V10) NRE %o- By the definition of N, there exists u € N such that
| — v < E Moreover, define o’ € S’ by a; = (a; A p;) V (—p;) for any ¢ € I; where
J € [k]. Recall that v; = maxej, |ai|, so it holds that

k k
lo'~allf = > > (ai-a)? Z D (=) <Y 27N =) < v < €
j=1

j=1i€l; j=1 i€l;

b

Note that a}j € Sm; N [—j,15]™ . By the definition of N, there exists a vector
z1; € Ny, such that |lz;, —a] |2 < e/Vk. If we define z € R™ by concatenating z;,
for j € [k], then we have z € N, and ||z — @/||2 < e. Finally, the triangle inequality
gives that ||z — al|2 < 2¢, s0 U,ep, Ny is indeed a 2e-net of .

It remains to bound the cardinality of Uy, N, By the definition of N, its
cardinality is bounded by N(B” 1(0,v10), || - ||, €). Taking both norms in Lemma 2.7.2
to be the norm || - || defined in (2.29), we obtain that

vol(Bf (0,9/¢)) 9

log|N5|<IogN(B””O\/_) -1, 6)__log 5 0.1) =k, (230)
VOIS

because if we scale an ellipsoid in RF by ratio » > 0 then its volume scales as r*.

Next, we know from [Chal4, Lemma 4.20] that for any d > ¢ >0 and n > 1,
log N(Sn N [e, d]™ || - [l2,6) < Ce™'n(d ~¢).
It follows that for any u € Mg and j € [k],
log [N, | =108 N(Sm, N[5, 15", || - |2,/ Vk) < Ce™VE 2y,
Summing over j € [k] and applying the Cauchy-Schwarz inequality, we get that
log IV, < Zlog N < f 22’% < Ck(Zqug)” < gk (2.31)
j=1 j=1

where the last inequality holds because |||| < v/10 by definition. Since & < C'log(en),
(2.30) and (2.31) imply that log | ,cp, Mul < Ce™'log(en). We complete the proof
by combining this bound with (2.28). O

Proof of Lemma 2.5.7. Assume that € <t since otherwise the left-hand side is zero
and the bound holds trivially. For j € [m], define 17! = [};] and I/ = [n] \ [;].
Define kj1 = k(Apa ;) and kj2 = k(Ape;). Let 22 = 377 (kj1 + kj2) and observe
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that K(A) < 3 < 2K(A). Moreover, let {I', ... I’"1 .} be the partition of I* such
that A p1,; 1s a constant vector for i € [k;1]. Note that elements of I] need not to
be consecutlve. Define the partition for 79 analogously.

For j € [m] and i € [k;;] (resp. [kjp2]), let Spn; (resp. Spe ;) denote the set of

increasing (resp. decreasing) vectors in the component space R'I 'l (resp. RII”|)
Lemma 2.5.6 implies that

log N(Sy3r; VB (Apse 1, 8), |- I, €) < Ce™ 't log(el 127]).
I3 I 1

As a matrix in R™™ can be viewed as a concatenation of s = 377 (kj1 + kjz2)
vectors of length |I/|,r € [2],5 € [m], we define the cone 8* in R™*™ by §* =
| 2, 112 1Spir ;> which is clearly a superset of C[". It also follows that A €
§* N (=8*), and thus by Lemma 2.5.5 and the previous display,

m 2 kjr

log N(S* N B"™(A,t), ]| - |lr €) < xlog—+ZZECs Y log(el "))

7=1 r=1 i=1
r
< Ce Mt + C’zs_lt%logér—’—'—z—|
P

(A)

where we used the concavity of the logarithm and Jensen’s inequality in the second
step, and that K(A) < 3 < 2K(A) in the last step.

Since A € $*N(—8*) (the cone S* is pointed at A) we have that S*NB"™ (A, t)—
AA =S8N B*(0,t) for any A > 0. In view of the definition of O, it holds

< Ce'tK(A)lo g

Os-(A,1) = | JS*NB™™(AA, 1) — AA = S"NB"™(AA,£) — AA, VYA>0.

A>0

In particular, taking A = 1, we get O5:(A,t) = S* N B"(A,t) — A. Moreover,
Ci" C 87, so that O¢pn(A,t) C Os:(A,t) = §* N B"™(A,t) — A. Thus the metric
entropy of O¢m(A,t) is subject to the above bound as well. ]

Proof of Lemma 2.5.8. Assume that € < t since otherwise the left-hand side is zero
and the bound holds trivially. Note that U™ = U\gjym €1, and M = Upee, U
Thus M is the union of n™n! cones of the form IIC]*. By definition, © (A4, t) is also
the union of n™n! sets Oncp (A, t), each having metric entropy subject to the bound
in Lemma 2.5.7. Therefore, a union bound implies that

log N(Om(A,1), |l - lIF, €) <log N(Ocm(A,1), || : ||F, £) + log(n™n!)

< Ce7t K(A) +mlogn + nlogn

ER(A) K(A)
< Ce 't K(A) log

1
K(A) + nlogn,
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where the last step follows from that K log{enm/K) > mlogn for m < K < nm and
that ¢ < ¢. O

2.7.4 Proofs of lemmas in Section 2.5.3

The Varshamov-Gilbert lemma [Mas07, Lemma 4.7] is a standard tool for proving
lower bounds.

Lemma 2.7.3 (Varshamov-Gilbert). Let § denote the Hamming distance on {0,1}¢
where d > 2. Then there exists a subset Q C {0,1}¢ such that log|Q| > d/8 and
O(w,w) > d/4 for distinct w,w’ € Q.

We also need the following useful lemma.

Lemma 2.7.4. Consider the modely = 6+ z where § € © C R? and z ~ N(0,0°1,).
Suppose that |©] > 3 and for distinct 6,0’ € ©, 4¢ < |6 — ¢'||]3 < Zglog|9| where
¢ > 0. Then there exists ¢ > 0 such that

inf sup Py [16 — 013 > ¢] > c.
8 0eco

Proof. Let Py denote the probability with respect to 8+ z. Then the Kullback-Leibler
divergence between Py and Py satisfies that

10 - 0l% _ log|®] _ log(10] — 1)

KL(Po,Py) = 5 < —5 < 10

since [©| > 3. Applying [Tsy09, Theorem 2.5] with a = 55 gives the conclusion. O

Proof of Lemma 2.5.10. We adapt the proof of [BT15, Theorem 4] to the case of
matrices. Let V; =V for all j € [m]. Since

K, < (16n)1/3 23 _ o Z[ 16n 1/3 2/3 1],

o?
Jj=1

we can choose k; € [n] so that k; < (%)1/3{/]-2/3 and Ko = > 7" kj. According to
Lemma 2.7.3, there exists Q C {0, 1}%° such that log |Q| > Ky/8 and §(w,w’) > Ko/4
for distinct w,w’ € Q. Consider the partition [Kg] = U’ _,I; with |I;| = k;. For
each w € Q, let w € {0,1}* be the restriction of w to coordinates in I;. Define
M* € R™™™ by

" 1— Dk /n|V;
M = U 2)k;/ 1V; + VW (i~1)k; /n)+15

where v; = £+/k;/2n. It is straightforward to check that k(M. ;) < k;, V(M. ;) <V}
and M. ; is 1ncrcasmg, so M is in the parameter space. Moreover, for dlStlnCt w,w €
Q,

(| M~ — M ||F>CZ 26(w?, (W')) = co® Zé (W, (W) = co®Kp.
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On the other hand,

m 2 2 2
w w12 U j Y 4 ! 4 KO g
|M“ - M|z <2 ;:1 }C‘;’Y;"s(w}, (W')) < aé(m,w) < 6 < "S"IQEJQI
Applying Lemma 2.7.4 completes the proof. 0

Proof of Lemma 2.5.11. By Lemma 2.7.3, there exists  C {0, 1}" such that log |2} >
n/8 and §(w,w’) > n/4 for distinct w,w’ € Q. For each w € Q, define M¥ € R™™
by setting the first column of M“ to be aw and all other entries to be zero, where
o = min (%, m%?V;). Then

1. M“ e M¥, (Vo) since K(M) =m+1 < Ko, V(M) <V, and we can permutate
the rows of M“ so that its first column is increasing;

2. sz —MY|% > min(g—z, m3V2) 6(w,w’) > min(2Z, 2mV) for distinct w,w’ €
)

3. |M¥ — M¥||% < Z6(w,w’) < Tn < Zlog | for w,w’ € Q.
Applying Lemma 2.7.4 completes the proof. O
The following packing lemma is the key to the proof of Lemma 2.5.12.

Lemma 2.7.5. For |l € [m], consider the set 9 of n x m matrices of the form

M= 1 for ezactly one j; € [l] for each i € [n],
0 otherusse.

For e > 0, define k = LezT"J Then there exists an ev/n-packing P of 9M such that
Pl > 1" F (L) if k> 1 and |P| = 1" if k= 0.

Proof. There are [ choices of entries to put the one in each row of M, so |9| = [".
Fix My € M. If |M — My||r < ey/n where M € 9, then M differs from M, in at
most k rows. If k£ = 0, taking P = 91 gives the result. If £ > 1 then

|97 N B"™ (Mo, ev/n)| < (Z) I* < (%)kl’“ .

Moreover, let P be a maximal e /n-packing of 9. Then P is also an ey/n-net, so
M C Upgep B"™ (Mo, e4/n). 1t follows that

"= < Z |20t N B™™ (Mo, ev/n)| < |P| - (%)klk'
MoeP

We conclude that |P| > ["~F(£)k, O
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Proof of Lemma 2.5.12. For notational simplicity, we consider 2 < [ < min(K, —
m,m) instead of 3 <! < min(Ky —m,m) + 1.

Set € = 1/2 and let P be the \/n/2-packing given by Lemma 2.7.5. Ifk = | ¢]| = 0,
then log |P| = nlogl. Now assume that k > 1. Since (£)® is decreasing on [1,n], we
have that [P| > I™/8(L)"/8. Hence for | > 2,

log |P| > 7—8”- logl — glog(Se) > %logl. (2.32)

Moreover, for each My € P, consider the rescaled matrix

logl ,m
M = mm(8 5 ,(—1—)3/21/0)M0.

1. We can permute the rows of My so that each column has consecutive ones (or
all zeros), so M € M. Morcover,

KM)=2l+m—1<min(m,Ky—m)+m < Ky

and
V(M) g(
so M € Mg, (V) for My € P.

2. For My, M} € P, ||Mp — M{||% > n/4, so

. so?logl
10 = M3 = min (T2, (m/0°VE ) | Mo — M
2

. (O n M3 g
> min (mnlogl, Z(—l—) VO) )
3. For Mo, My € P, My — Myl[3 < 21| Moll3 + 2| M3 < 4n, so by (2:32),
2 2

ag a
My — My < S-nlogl < % log P,

1M~ M2 < 2 1"“

Since log! > 1 log(l + 1) for | > 2, applying Lemma 2.7.4 completes the proof. O

Proof of Theorem 2.2.6. The last term min("2 m?V?) is achieved by Lemma 2.5.11,
so we focus on the trade-off between the first two terms. Suppose that (16”)1/ 3V2/ 3
3, in which case the first term ("n )?/3 dominates the sccond term. Then we have

m(lf_zn)l/31/02/3 —m > 2m. Setting

Ko = [m(G7) Ve = m)
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we see that Ko > L'm(lﬁ'")1/3V2/3J Lemma 2.5.10 can be applied with this choice of
Ko. Then the term co?Z2 is Jower bounded by c( Y012/3,

On the other hand, if ()" 323 < 3, then the second term 5‘;; dominates the
first up to a constant. To deduce a lower bound of this rate, we apply Lemma 2.7.3
to get Q C {0,1}™ such that log || > m/8 and é(w,w’) > m/4 for distinct w,w’ € .

For each w € Q, define M*¥ € R™™ by setting every row of M*“ equal to #w‘r.
Then

1. M¥ e U™(Vp) since V(M¥) = 0;
2 MY~ MY = Z(w0,) > co®m
3. ||MY - MY||% = "— d(w,w) < 64m < %longl.

Hence Lemma 2.7.4 implies a lower bound on #"M — M||% of rate "—:n? = 0

2.7.5 Proofs of lemmas in Section 2.5.4

Proof of Lemma 2.5.13. The proof follows that of Theorem 2.2.1 with appropriate
adaptation, so for simplicity we will not detail every step. Assume without loss of
generality that II* = I,,. Fix A € 8™ and [l € &,,. Define

2

~ ~ t
faa(t) = sup (M -TIA)Y —TIA) — —.
MellSmnBrm™(f1A,t) 2

Since 8™ = C* with 1 = (n,...,n), by Lemma 2.5.7,

KA

log N(@Hsm(A ), IlF, ) < Ce 't K(A)log

Following the proof of Lemma 2.5.3, we see that

- +2
+t|IHA — A*||p — — + st

K(4) 2

with probability at least 1 — C’exp(—‘ff—;). Lemma 2.5.1 then implies that on this
event

Faalt) < Cat\/K(A) log —

ITLA — A% < 200\/K(A)1 g ML A - AT p 425, (233)

(A)

Taking s = o [1 /| K(A)log #iay + Cavnlog n] for a sufficiently large constant Cy > 0,
we see that with probability at least 1 — exp(—c(m + n) — nlogn),

ITLA — A%|12 < 02K (A)log 2 4 o*nlogn + ||TIA — A*||
K(A)
< 02K (A)log ;{’E% +otnlogn + ||A — A*||% + ||T1A* — A*||%..
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Minimizing over A € §™ yields the desired bound for a fixed I1. Finally, the bound
holds simultaneously for all II € &, with probability at least 1 — e~(™*") by a union
bound since n! < n" = exp(nlogn). d

Proof of Lemma 2.5.14. Since Z ~ subG(0?), Z; ; and ﬁ i1 Zs j are sub-Gaussian
random variables with variance proxy 2. A standard union bound yields that

) < 7 = 30/ IogGams D)

1 m
max max |Z;; ,max——' Zis
(ie[n],je[m]l Jl icln] /M ; 7
on an event & of probability at least 1 — 2(nm + n) exp(—é%) >1-9.
In the sequel, we make statements that are valid on the event £. Since Y-y ; =
A} ; + Z;j, by the triangle inequality,

|Ay (7 (3), (7)) — Au-(3,7')] < 27 (2.34)

Suppose that Ag-(i,7') > 47. We claim that sz.) < speiry. If for I € [n] we have
Ay (m*(l), 7*(¢)) > 27, then Ax«(l,7) > 0 by (2.34). Since A* has increasing columns,
Ap(l,7) > 47. Again by (2.34), Ay(7*(l),7*(')) > 27. By the definition of the
score, we see that sp.(;y < spe(#y. Moreover, Ax«(i,4") > 47 so Ay (7*(2), 7* (i) > 27.
Therefore s;-(;y < Sx+(7y. According to the construction of 7, 7 lon*(i) < #to
(7). O

Proof of Lemma 2.5.15. Throughout the proof, we restrict ourselves to the event £
defined in Lemma 2.5.14. To simplify the notation, we define o; = AZ_,_ . @~ A;
Then

ITA" =A%} = D | As), — Are 1 =D Nl (2.35)
=1 el

where I is the set of indices i for which «; is nonzero. For each i € I,

a3 = min (

leall mllesll? o Jleulld
2 7 2 - max ”al”ooa
lleullZ " [leull? m

112 112
= min < Ul m||a1||2) cApe (3,7 o w*(i))z (2.36)

loalls,™ Neull?

by (2.26).

Next, we proceed to showing that |Aa«(¢,v())] < 47 for any ¢ € [n], where
v = 7 1on*. To that end, note that if A 4«(¢,2(2)) > 47, in which case Aa+(i,7') > 47
forall #/ € I' := {¢ € [n] : ¢ > v(4)}, then it follows from Lemma 2.5.14 that
on &, v(i) < v(¥’), Vi € I' Note that |v(I')] = |I'| = n — v(i) + 1. Hence
v(i) < v(¥'), Vi€ I' implies that v(i) < n—|v(I")| = v(i)—1, which is a contradiction.
Therefore, there does not exist such ¢ € [n] on £. The case where A 4. (4, (1)) < —47
is treated in a symmetric manner.
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Combining this bound with (2.35) and (2.36), we conclude that

2
[TIA* — A% < E:rnm(”%”2 mljeal; )-72

2" a2, Tl

< 0?R(A*) nlog(nmé™?).

by the definitions of R(A*) and 7. O

2.7.6 Proof of Corollary 2.4.1

The proof closely follows that of Theorem 2.2.1 and Theorem 2.2.3.
First note that the term nlogn in the bound of Lemma 2.5.8 comes from a union
bound applied to the set of permutations, so it is not present if we consider only the

set of unimodal matrices U™ instead of M. Hence taking m = 1 in the lemma yields
that

log N (6u(@,1), | - l12.€) < Ce™ ¢ k() log =~
. k(0)
For § € U, define
- ~ 2
fs(t) = sup (0~9,y—0)—-§.

geuUNB™(6,t)

Following the proof of Lemma 2.5.3 and using the above metric entropy bound, we

see that
< Cot k@lo ~—{—159 g* ———+st
fe( ) \/ ( ) g Ic(()) " “2 5

with probability at least 1 — C exp(—¢ ) Then the proof of Theorem 2.2.1 gives that
with probability at least 1 — Cexp(—<5

16— 0l < © (o, [k(0) 10 % 18- 6°l12) +2s.

Taking s = Cov/alogn for a > 1 and C sufficiently large, we get that with probability
at least 1 — n™ %,

16 — 6*)|2 < 0k(6) log % + 160 = 6*)|2 + ac?logn.

Minimizing over # € U yields the first bound of the corollary. The corresponding
bound in expectation follows from integrating the tail probability as in the proof of
Theorem 2.2.1.

Finally, we can apply the proof of Theorem 2.2.3 with m = 1 to achieve the global
bound.
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Chapter 3

Minimax Rates and Efficient
Algorithms for Noisy Sorting

Pairwise comparison data is frequently observed in various domains, including recom-
mender systems, website ranking, voting and social choice [BMR10, DKNS01, Liu09,
You88, CNO91]. For these applications, it is of significant interest to produce a suit-
able ranking of the items by aggregating the outcomes of pairwise comparisons. The
general problem of interest can be stated as follows. Suppose there are n items to be
compared and an underlying matrix P of probability parameters, each entry P;; of
which represents the probability that item ¢ beats item j if they are compared. Hence
we have Pj; = 1 — P, ; and the event that item ¢ beats item j in a comparison can be
viewed as a Bernoulli random variable with probability P; ;. Observing the outcomes
of N independent pairwise comparisons, we aim to estimate the absolute ranking of
the items.

For the sake of consistency, one needs of course to impose some structure on
the matrix P = {P,;}1<ij<n. These structural assumptions are traditionally split
between parametric and nonparametric ones. Classical parametric models include the
Bradley-Terry-Luce model [BT52, Luc59] and the Thurstone model [Thu27|. These
models can be recast as log-linear models, which enables the use of the statistical
and computational machinery of maximum likelihood estimation in generalized linear
models [Hun04, NOS12, RA14, HOX14, SBB*16, NOS16, NOTX17].

To allow richer structures on the probability matrix P beyond the scope of para-
metric models, permutation-based models such as the noisy sorting model [BMO0S,
BMO09] and the strong stochastic transitivity (SST) model [Chal5, SBGW17] have
recently become more prevalent. These models only require shape constraints on the
matrix P and are typically called nonparametric. In these models, the underlying
ranking of items is determined by an unknown permutation 7*, and, additionally, the
comparison probabilities are assumed to have a bi-isotonic structure when the items
are aligned according to 7*. While permutation-based models provide ordering struc-
tures that are not captured by parametric models [Agal6, SBGW17|, they introduce
both statistical and computational barriers for estimation of the underlying ranking.
These barriers are mainly due to the complexity of the discrete set of permutations.
On the one hand, the complexity of the set of permutations is not well understood
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(see the discussion following Theorem 8 of [CD16]), which leads to logarithmic gaps
in the current statistical bounds for permutation-based models. On the other hand,
it is computationally challenging to optimize over the set of permutations, so current
algorithms either sacrifice nontrivial statistical performance or have impractical time
complexity. In this chapter, we aim to address both questions for the noisy sorting
model.

In practice, it is unlikely that all the items are compared to each other. To
account for this limitation, a widely used scheme consists in assuming that that
each pairwise comparison is observed with probability p € (0,1] [Chal5, SBGW17].
In addition to this model of missing comparisons, we study the model where N
pairwise comparisons are sampled uniformly at random from the ('2') pairs, with
replacement and independent of each other. It turns out that sampling with and
without replacement yields the same rate of estimation up to a constant when the
expected numbers of observations coincide.

Our contributions. We focus on the noisy sorting model with partial observations,
under which a stronger item wins a comparison against a weaker item with probability
at least 3 + A\ where X € (0, %) For sampling both with and without replacement, we
establish the minimax rate of learning the underlying permutation. In particular, the
rate does not involve a logarithmic term, and we explain this phenomenon through
a careful analysis of the metric entropy of the set of permutations equipped with the
Kendall tau distance, which is of independent theoretical interest.

Moreover, we propose a multistage sorting algorithm that has time complexity
O(n2) For the sampling with replacement model, we prove a theoretical guarantee on
the performance of the multistage sorting algorithm, which differs from the minimax
rate by only a polylogarithmic factor. In addition, the algorithm is demonstrated to
perform similarly for both sampling models using simulated examples.

Related work. The noisy sorting model was proposed by [BMO08]. In the original
paper, the optimal rate of estimation achieved by the maximum likelihood estimator
(MLE) is established, and an algorithm with time complexity O(n®) is shown to find
the MLE with high probability in the case of full observations!, where C' = C(A) is
a large unknown constant. Moreover, their algorithm does not have a polynomial
running time if only o(n?) random pairwise comparisons are observed. Our work
generalizes the optimal rate to the partial observation settings by studying a variant
of the MLE for the upper bound. In the model of sampling with replacement, our fast
multistage sorting algorithm provably achieves near-optimal rate of estimation. Since
finding the MLE for the noisy sorting model is an instance of the NP-hard feedback
arc set problem [Alo06, KMS07, ACN08, BM08|, our results indicate that, despite the
NP-hardness of the worst-case problem, it is still possible to achieve (near-)optimal
rates for the average-case statistical setting in polynomial time.

If the algorithm is allowed to actively choose the pairs to be compared, the sample complexity
can be reduced to O(nlogn). However, in the passive setting which we adopt throughout this
chapter, the algorithm still needs ©(n?) pairwise comparisons.
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The SST model generalizes the noisy sorting model, and minimax rates in the
SST model have been studied by [SBGW17]. However, the upper bound specialized
to noisy sorting contains an extra logarithmic factor, which this work shows to be
unnecessary. Moreover, the lower bound there is based on noisy sorting models with
A shrinking to zero as n — oo, while we establish a matching lower bound at any
fixed A\. In addition, algorithms of [WJJ13, SBGW17, CM16] are all statistically
suboptimal for the noisy sorting model. This is partially addressed by our multistage
sorting algorithm as discussed above.

In fact, both with- and without-replacement sampling models discussed in this
chapter are restrictive for applications where the set of observed comparisons is sub-
ject to certain structural constraints [HOX14, SBB+16, NOTX17, PMM*17b]. Ob-
taining sharper rates of estimation for these more complex sampling models is of
significant interest but is beyond the scope of the current work.

Finally, we mention a few other lines of related work. Besides permutation-based
models, low-rank structures have also been proposed by [RA16] to generalize classical
parametric models. Moreover, there is an extensive literature on active ranking from
pairwise comparisons [JN11, HSRW16, AAAK17|, where the pairs to be compared
are chosen actively and in a sequential fashion by the learner. The sequential nature
of the models greatly reduces sample complexity, so we do not compare our results
for passive observations to the literature on active learning. However, it is interesting
to note that our multistage sorting algorithm is reminiscent of active algorithms,
because it uses different batches of samples for different stages. Thus active learning
algorithms could potentially be useful even for passive sampling models.

Organization. The noisy sorting model together with the two sampling models is
formalized in Section 3.1. In Section 3.2, we present our main results, the minimax
rate of estimation for the latent permutation and the near-optimal rate achieved by
an efficient multistage sorting algorithm. To complement our theoretical findings, we
inspect the empirical performance of the multistage sorting algorithm on numerical
examples in Section 3.3. We discuss directions for future research in Section 3.4.
Section 3.5 is devoted to the study of the set of permutations equipped with the
Kendall tau distance. Proofs of the main results are provided in Section 3.6.

Notation. For a positive integer n, let [n] = {1,...,n}. For a finite set S, we denote
its cardinality by |S|. Given a,b € R, let a A b = min(a,b) and a V b = max(a, b).
We use C and c¢, possibly with subscripts, to denote universal positive constants that
may change at each appearance. For two sequences {u,}52, and {v,}52,, we write
U, < v, if there exists a universal constant C' > 0 such that u, < Cuv, for all n.
We define the relation u,, 2 v, analogously, and write u, < v, if both u, < v, and
u, 2 v, hold. Let &,, denote the symmetric group on [n], i.e., the set of permutations
7 [n] = [n].
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3.1 Problem setup

The noisy sorting model can be formulated as follows. Fix an unknown permutation
7" € &,, which determines the underlying order of n items. More precisely, 7* orders
the items from the weakest to the strongest, so that item ¢ is the 7*(¢)-th weakest
among the n items. For a fixed, possibly unknown A € (0,1/2), we define a class of
matrices

1

Mu(N) = { M € [0, : My, = :

1 1
M2 5+ Xii> g, Mig <5 - Aifi <},

where 1,, is the n-dimensional all-ones vector. In addition, we define a special matrix
M3 (A) € MA(A) by
124+ X ifi>j,
MMy = q1/2—=X ifi<j,
1/2 ifi=j.

Note that M () satisfies strong stochastic transitivity but other matrices M € 90t,,())
may not. Though this observation plays a crucial role in the design of efficient algo-
rithms, our statistical results hold for general matrices in 9, ().

To model pairwise comparisons, fix M € 9,(\) and let M +(;) +(;) denote the
probability that items i beats item j when they are compared?, so that a stronger
item beats a weaker item with probability at least % + A. As a result, A captures the
signal-to-noise ratio of our problem and our minimax results explicitly capture the
dependence in this key parameter.

3.1.1 Sampling models

In the noisy sorting model, suppose that for each (unordered) pair (z,j) with ¢ #
J, we observe the outcomes of N; (= N,;) comparisons between them, and item 3
wins a comparison against item j with probability Mi«:) r-(;) independently. The
set {Ni;}ic; of (3) nonnegative integers is determined by certain sampling models
described below. We allow NV, ; to be zero, which means that 7 and j are not compared.
We collect sufficient statistics into a matrix A € R™" consisting of outcomes of
pairwise comparisons, by defining A;; to be the number of times item i beats item
J among the N;; comparisons between ¢ and j. In particular, we have A;; + A;; =
N;j = Nj; for ¢ # j and A;; = 0. Our goal is to aggregate the results of pairwise
comparisons to estimate 7*, the underlying order of items.

In the full observation setup of [BMO8], we have N;; = 1 for each pair (¢, j) and
the total number of observations is V: =73, ; N;;= (g) Instead, we are interested
here in the regime where the total number of observations N is much smaller than
(g) We study the following two sampling models in this chapter:

2The diagonal entries of M are inessential in the model as an item is not compared to itself, and
they are set to 1/2 only for concreteness.
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(O1) Sampling without replacement. In this sampling model, instead of observing
all the pairwise comparisons, we observe each pair with probability p € (0, 1]
independently. Hence each N;; ~ Ber(p) is a Bernoulli random variable with
parameter p, and in expectation we have N’ : = p(’;) observations in total.

(O2) Sampling with replacement. We observe N pairwise comparisons between the
items, sampled uniformly and independently with replacement from the (’2')
pairs.

In the sequel, we study the noisy sorting model with either of the above two sam-
pling models. In particular, the minimax rates of estimating n* coincide for the two
sampling models if p(;‘) = N, i.c., if the expected number of observations are of the
same order.

3.1.2 Measures of performance

Having discussed the sampling and comparison models, we turn to the distance used
to measure the difference between the underlying permutation 7* and an estimated
permutation 7. Among various distances defined on the symmetric group, we consider
primarily the Kendall tau distance, i.e., the number of inversions (or discordant pairs)
between permutations, defined as

der(mo)= Y 1(n(i) > 7(y))
(4,9):0(8)<a(j)

for m,0 € &,,. Note that 0 < dx(m,0) < ('2‘) The Kendall tau distance between two
permutations is a natural metric on G,,, and it is equal to the minimum number of
adjacent transpositions required to change from one permutation to another [Knu98].
A closely related distance on &, is the ¢;-distance, also known as Spearman’s footrule,
defined as

Ir = olly =) Im (i) — o ()|
=1
for m,0 € &,. It is well known [DG77] that
dxy(m,0) < || — o)1 < 2dky(7m,0). (3.1)

Hence the rates of estimation in the two distances coincide. Another distance on G,
we use is the f..-distance, defined as

I = olleo = max |(2) — o (i)

Note that unlike existing literature on ranking from pairwise comparisons where
metrics on the probability parameters are studied, we employ here distances that
measure how far an item is from its true ranking.

o7



3.2 Main results

In this section, we state our main results. Specifically, we establish the minimax rates
of estimating 7* in the Kendall tau distance (and thus in ¢; distance) for noisy sorting
under both sampling models (O;) and (Oz). The minimax estimator that we propose
is intractable in general and we complement our results with an efficient estimator of
7* which achieves near-optimal rates in both the Kendall tau and the ¢.,-distance,
under the sampling model (O»).

3.2.1 Minimax rates of noisy sorting

Under the noisy sorting model with latent permutation 7* € &,, and matrix of proba-
bilities M € 9M,(\), we determine the minimax rate of estimating 7* in the following
theorem. We assume that A is given in this section for simplicity; an efficient proce-
dure of estimating A is presented in Section 3.2.2. Let E,~ » denote the expectation
with respect to the probability distribution of the observations in the noisy sorting
model with underlying permutation 7* € &,, and matrix of probabilities M € 9, (A),
in either sampling model.

Theorem 3.2.1. Fiz A € (0, % — c] where c is a universal positive constant. It holds
that

n’
An?, in sampling model (O;),

min max B pmldir (7, 7%)] < N'3)‘2
T eSS, n
MeMn(N) —— An®, in sampling model (O),
N2
where the minimum is taken minimized over all permutation estimators © € &,, that
are measurable with respect to the observations.

The theorem establishes the minimax rates for noisy sorting, including the case
of partial observations and weak signals. The upper bounds in fact hold with high
probability as shown in Theorem 3.6.2. If the expected numbers of observations in
the two sampling models (O;) and (O,) are of the same order, i.c., N' = p(}) < N,
then the two rates coincide. In this sense, the two sampling models are statistically
equivalent. In sampling model (O;), if p = 1 and X is larger than a constant, then
the rate of order n recovers the upper bound proved by [BM08§].

Note in particular the absence of logarithmic factor in the rates. Naively bound-
ing the metric entropy of &, by log|S,| ~ nlogn actually yields a superfluous
logarithmic term in the upper bound. To avoid it, we employ the maximum like-
lihood estimator over an appropriately chosen e-net of &, discussed in detail in
Section 3.6.1. In addition, we study the doubling dimension of &,,; see the discussion
after Proposition 3.5.1. Closing this logarithmic gap for other problems involving
latent permutations [CD16, FMR16, SBGW17, PWC17] remains an open question.

The technical assumption A < 1/2 — ¢ in Theorem 3.2.1 is very mild, because we
arc interested in the “noisy” sorting model (meaning that the pairwise comparisons
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are noisy, or equivalently that X\ is not close to %) In fact the requirement that A
be bounded away from % can be lifted, in which case we establish upper and lower
bounds that match up to a logarithmic factor of order log(1/A), where A =1/2 — X
(see Section 3.6).

Finally, we note that the proof of Theorem 3.2.1 holds even in the so-called semi-
random setting [BS95, MMV13], in which observations are generated by one of the
random procedures described above, but a “helpful” adversary is allowed to reverse the
outcome of any comparison in which a weaker item beat a stronger item. Though these
reversals appear benign at first glance, the presence of such an adversary can in fact
worsen statistical rates of estimation in more brittle models such as stochastic block
models and the related broadcast tree model [MPW16]. Our results indicate that no
such degradation occurs for the rates of estimation in the noisy sorting problem.

3.2.2 Efficient multistage sorting

The minimax upper bound in Theorem 3.2.1 is established using a computationally
prohibitive estimator, so we now introduce an efficient estimator of the underlying
permutation that can be computed in time O(nz) In this section, we prove theoretical
guarantees for this estimator under the noisy sorting model with probability matrix
M = M>()) and observations sampled with replacement according to (Oz) when X is
bounded away from zero by a universal constant. No polynomial-time algorithm was
previously known to achieve near-optimal rates even in this simplified setting when
o(n?) pairwise comparisons are observed.

Since we aim to prove guarantees up to constants, we may assume that we have 2N
pairwise comparisons, and split them into two independent samples, each containing
N pairwise comparisons. The first sample is used to estimate the parameter A and
the second one is used to estimate the permutation 7*.

First, we introduce a fairly simple estimator ) of A that can be described informally
as follows: first sort in increasing order the items according to the number of wins.
Then for any pair (4,j) for which item ¢ is ranked n/2 positions higher than item
7, it is very likely that item 7 is stronger than item j so that it beats item j with
probability % + A. We then average the Ber(% + A) variables over all such pairs to
obtain an estimator A of A. More formally, we further split the first sample into
two subsamples, each containing N/2 pairwise comparisons. Denote by Aj; and Aj;
the number of wins item ¢ has against item j in the first and second subsample,
respectively. The estimator ) is given by the following procedure:

1. For each i € [n], associate with item 7 a score S; = 37| A ;.

2. Construct a permutation 7 by sorting the scores S; in increasing order, i.e., 7
is chosen so that 7(i) < 7(j) if S; < S, with ties broken arbitrarily.

<2 (n\ (n/2\} .1
3. Deﬁne)\:ﬁ<2><2) -Z Ai’j_a
®(i)-#(H)>F

99



Given the estimator ;\, we now describe a multistage procedure to estimate the
permutation 7*. To recover the underlying order of items, it is equivalent to estimate
the row sums Z;’:l M= (iy =+ () Which we call scores of the items, because the scores
are increasing linearly if the items are placed in order. Initially, for each i € [n], we
estimate the score of item 7 by the number of wins item ¢ has. If item ¢ has a much
higher score than item j in the first stage, then we are confident that item 7 is stronger
than item j. Hence in the second stage, we can estimate My« (;) r=(;) by % + ;\, which
is very close to the truth. For those pairs that we are not certain about, M«() »(j)
is still estimated by its empirical version. The variance of each score is thus greatly
reduced in the second stage, thereby yielding a more accurate order of the items.
Then we iterate this process to obtain finer and finer estimates of the scores and the
underlying order.

To present the Multistage Sorting (MS) algorithm formally, let us fix a positive
integer T which is the number of stages of the algorithm. We further split the second
sample into T subsamples each containing N/7T pairwise comparisons®. Similar to
the data matrix A for the full sample, for t € [T] we define a matrix A® € R™" by
setting AEtJ) to be the number of wins item ¢ has against item j in the ¢-th sample.
The MS algorithm proceeds as follows:

1. For each i € [n], define I©(3) = [n], 19(i) = @ and 196 =2. For0<t<T,

we use I®)(i) to denote the set of items j whose ranking relative to i has not
been determined by the algorithm at stage t.

2. At the t-th stage where t € [T, compute the score Sgt) of item i:

Tn(n—-1 1 . 1 .
o=l S a0s X Gene X GoA

FeIt=1 (i) jer't v Fer1 @)
3. Let Cy and C; be sufficiently large universal constants?. If it holds that
T
|1¢-D@)) > Cln27\7 log(nT), (3.2)

then we set the threshold

7 = (10 + 2Co)ny/ [1¢-D(3)| TN~ log(nT)
and define the sets
190 = {j e n]: 59 — 59 < -3,
1) ={jen:S8Y-5Y >}, and
196 = )\ (1Y) uIPaE)) .

3We assume without loss of generality that T divides N to ease the notation.
4Determined according to Lemma 3.6.5 and Lemma 3.6.6 respectively.
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If (3.2) does not hold, then we define I® (i) = 1=V (;), I19(;) = 1*V(i) and
1O — [
0) = 1870)

4. After repeating Step 2 and 3 for t = 1,...,T, output a permutation #“* by
sorting the scores S\ in increasing order, i.e., # is chosen so that (1) <

s (5) if S < S}T) with ties broken arbitrarily.

It is clear that the time complexity of each stage of the algorithm is O(n?). Take
T = |loglogn| so that the overall time complexity of the MS algorithm is only
O(n?loglogn). Our main result in this section is the following guarantee on the
performance of the estimator #* given by the MS algorithm.

Theorem 3.2.2. Suppose that N > Cnlogn for a sufficiently large constant C > 0
and that M = M} (\) where X € [c, %) for a constant ¢ > 0. Then, under the noisy
sorting model with sampling model (O ), the following holds. With probability at least
1 —n~7, the MS algorithm with T = |loglogn| stages outputs an estimator 7 that
satisfies

2
7™ — |0 S n—(log n)loglogn

~y

and

3
der (7", %) < nﬁ(log n)loglogn .

Note that the second statement follows from the first one together with (3.1).
Indeed, we have

3
dir (3%, 7%) < [[3* — 7"l < | — 7]l S T (logn) loglogn,

which is optimal up to a polylogarithmic factor in the regime where X is bounded away
from 0 according to Theorem 3.2.1 (and Theorem 3.6.3). Therefore, the MS algorithm
achieves significant computational efficiency while sacrificing little in terms of statis-
tical performance. On the downside, it is limited to the noisy sorting model where
M = M;(A)—this assumption is necessary to exploit strong stochastic transitivity—
and our analysis does not account for the dependence in .

Furthermore, although we only consider model (O;) of sampling with replace-
ment in this section, the MS algorithm can be easily modified to handle model (O;)
of sampling without replacement. It is much more challenging to prove analogous
theoretical guarantees in this case, because we cannot split the observations into in-
dependent samples. In Section 3.3, however, we provide empirical evidence showing
that the MS estimator has very similar performance for the two sampling models.

Our algorithm bears comparison with the algorithm proposed by [BMO08]. Their
algorithm—which works in the full observation case N = (g)—achieves the statisti-
cally optimal rate in time O(n®), where C is a large positive constant depending on
A. Though our algorithm’s statistical performance falls short of the optimal rate by a
polylogarithmic factor, it runs in time O(n?loglogn) and works in the partial obser-
vation setting as long as N 2 nlogn. Note by way of comparison that Theorem 3.6.3
indicates that no procedure achieves nontrivial recovery unless N > n.
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3.3 Simulations

To support our theoretical findings in Section 3.2.2, we implement the MS algorithm
on synthetic instances generated from the noisy sorting model. For simplicity, we
take A = 0.25 and set A\ = A in the algorithm. Theorem 3.2.2 predicts a scaling
n®N~1(logn)loglogn of the estimation error in the Kendall tau distance for model
(O3) of sampling with replacement, where n is the number of items and N is the
number of pairwise comparisons. This rate is optimal up to a polylogarithmic factor

according to Theorem 3.6.3.

x10% . ‘ x10%
25| 101
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g g 8r
55 55
g 15} g8
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Figure 3-1: Estimation errors dkr(#“*,7*) for the observations sampled with and
without replacement. Left: N = p(z) = U.l(g) and n ranging from 1,000 to 10, 000;
Right: n = 10,000 and N = p(’z") ranging from 0.1(’2') to 0.01(’2‘).

In Figure 3-1, we plot estimation errors dyr(#“°,7*) averaged over 10 instances
generated from the model. In the left plot, we let n range from 1, 000 to 10, 000 and set

= 0.1(3). For this choice of N, Theorem 3.2.2 predicts that dyr(#"*, ") = Op(n)
and we indeed observe a near-hnear scaling in that plot. In the right plot, we fix
n = 10,000 and let the proportion of observed entries, @ = N/(3) range from .01 to
.1. For this choice of parameters, Theorem 3.2.2 predicts that dxr(#¥%, 7*) < C,a™!
(recall that here n is fixed), and we clearly observe a sublinear relation between
dir(7¥S,7*) and o~'. Note that this does not contradict the lower bound since the
latter is stated up to constants.

Moreover, the MS algorithm can be easily modified to work for the without re-
placement model (O;). Namely, given the partially observed pairwise comparisons,
we assign each comparison to one of the samples 1,...,7 uniformly at random, in-
dependent of all the other assignments. After splitting the whole sample into 7’
subsamples, we execute the MS algorithm as in the previous case. In Figure 3-1, we
take p = N /(’;) and plot the estimation errors for sampling without replacement,
which closely follow the errors for observations sampled with replacement. Therefore,
although it seems difficult to prove analogous guarantees on the performance of the
MS algorithm applied to the without replacement model, empirically the algorithm
performs very similarly for the two sampling models.
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Figure 3-2: The uncertainty regions R at stages ¢t = 1,2,3 of the MS algorithm.
The two axes represent the indices of the items. A black pixel at (7, j) indicates that
(i,7) € R®, ie., the algorithm is not certain about the relative order of item i and
item j at stage f. A white pixel indicates the opposite.

To gain further intuition about the MS algorithm, we consider the set 1) (i)
defined in the algorithm. At stage ¢ of the algorithm, the set 1®)(i) consists of all
indices j for which we are not certain about the relative order of item ¢ and item
j. The proof of Theorem 3.2.2 essentially shows that the uncertainty set 1*)(i) is
shrinking as the algorithm proceeds. To verify this intuition, in Figure 3-2 we plot
the uncertainty regions

RO :={(i,5) € [n]? :i € [n], j € V(i) }

at stages t = 1, 2,3 of the MS algorithm, for n = 10,000 and N = ('21) The items are
ordered according to 7* = id for visibility of the region. As exhibited in the plots,
the uncertainty region is indeed shrinking as the algorithm proceeds.

3.4 Discussion and open problems

In this chapter, we focused on minimax estimation of the latent permutation 7*.
Viewing M = %lnll as the null hypothesis and M € 90,,()\) as the alternative
hypothesis, a natural question is to establish the minimax detection level of the signal
strength A in the hypothesis testing framework.

Moreover, we proved that the minimax rates for the noisy sorting problem do not
involve any extra logarithmic factors even in the case of partial observations. For more
complex models involving permutations [CD16, FMR16, SBGW17, PWC17, SBW17],
however, there are logarithmic gaps between current upper and lower bounds. Accord-
ing to the discussion after Proposition 3.5.1, the logarithmic gaps do not necessarily
stem from the unknown permutation, so it would be interesting to close these gaps
or study whether they exist because of other aspects of the richer models.

For the MS algorithm, it remains an open question whether analogous upper
bounds can be established for sampling without replacement. We conjecture that
this is the case because of the empirical evidence in Section 3.3. More importantly,
there are still statistical-computational gaps unresolved for the general noisy sorting
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model where M € 9,,()\), for the SST model of [SBGW17] and for the seriation model
of [FMR16]. It would be interesting to know if the ideas behind the MS algorithm
could help tighten the gaps.

3.5 The symmetric group and inversions

Before proving the main results for the noisy sorting model, we study the met-
ric entropy of the symmetric group &, with respect to the Kendall tau distance.
Counting permutations subject to constraints in terms of the Kendall tau distance
is of theoretical importance and has interesting applications, e.g., in coding theory
[BM10, MBZ13]. We present the results in terms of metric entropy, which easily
applies to the noisy sorting problem and may find further applications in statistical
problems involving permutations.

Fore > 0 and S C G, let N(S,¢) and D(S, ) denote respectively the e-covering
number and the e-packing number of S with respect to the Kendall tau distance. The

following main result of this section provides bounds on the metric entropy of balls
in G,,. '

Proposition 3.5.1. Consider the ball B(m,r) = {0 € &, : dxt(m,0) < r} centered

at m € &, with radius v € (0, ()]. We have that for e € (0,r),

T 2n + 2r

nlog (——) — 2n < log N(B(m,7),e) < log D(B(r,r),¢) < nlog (

) +2n.

n+e

We now discuss some high-level implications of Proposition 3.5.1. Note that if
nSe<r< (72’), the lemma states that the e-metric entropy of a ball of radius r in
the Kendall tau distance scales as nlog Z. In other words, the symmetric group &,
equipped with the Kendall tau metric is a doubling space with doubling dimension
O(n). One of the main messages of the current work is that although log|&,| =
log(n!) =< nlogn, the intrinsic dimension of &, is ©(n), which explains the absence
of logarithmic factor in the minimax rate.

To start the proof, we first recall a useful tool for counting permutations, the

inversion table. Formally, the inversion table by,...,b, of a permutation 7 € &, is
defined by
bi= > 1(x(i) > 7(5))
ju<j

for i € [n]. Clearly, we have that b; € {0,1,...,n — i} and dkt(m,id) = >, b
It is easy to reconstruct a unique permutation using an inversion table with b; €
{0,1,...,n—1},i € [n], so the set of inversion tables is bijective to &,, via this relation;
see, e.g., [Mah00]. We use this bijection to bound the number of permutations that
differ from the identity by at most k inversions. The following lemma appears in a

different form in [BM10]. We provide a simple proof here for completeness.

Lemma 3.5.2. For0 <k < (g), we have that
nlog(k/n) — n <log ,{7r € 6, : dkr(m,id) < k}' <nlog(l+k/n)+n.
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Proof. According to the discussion above, the cardinality |{7r € 6, : dxr(m,id) < k}|,
which we denote by L, is equal to the number of inversion tables by, ...,b, where
b; € {0,1,...,n — i} such that 7  b; < k. On the one hand, if b; < |k/n| for all
i € [n], then Y. b; <k, so a lower bound on L is given by

3

L>1(lk/n]+1)A(n—i+1)

i=1

T

n—[_k/'nj n
> I (k/mi+ [ m-i+1)
i=1 i=n—|k/n|+1

> (k/n)" =" k/n]!.
Using Stirling’s approximation, we see that

log L > nlog(k/n) — (k/n)log(k/n) + |k/n]log|k/n| — |k/n|
> nlog(k/n) —n.

On the other hand, if b; is only required to be a nonnegative integer for each
i € [n], then we can use a standard “stars and bars” counting argument [Fel68]| to get
an upper bound of the form

L< (";’ k) < (14 k/n)".

Taking the logarithm finishes the proof. O
We are ready to prove Proposition 3.5.1.

of Proposition 3.5.1. The relation between the covering and the packing number is
standard.

We employ a standard volume argument to control these numbers. Let P be a
2e-packing of B(m,r) so that the balls B(o,¢) are disjoint for ¢ € P. Moreover, by
the triangle inequality, B(o,e) C B(w,r +¢) for each ¢ € P. By the invariance of the
Kendall tau distance under composition, Lemma 3.5.2 yields

log D(B(~,r),2¢) < nlog(l +r/n) +n—nlog(e/n) +n
=nlog (nT-H“) +2n.

On the other hand, if AV is an e-net of B(w, ), then the set of balls {B(c,&)}sen
covers B(m,r). By Lemma 3.5.2, we obtain

log N(B(m,r),¢) > log |B(, )| — log |B(a, €)|
> nlog(r/n) —n —nlog(l+¢/n) —n

= nlog (%H) — 2n,
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as claimed. O

The lower bound on the packing number in Proposition 3.5.1 becomes vacuous
when r and ¢ are smaller than n, so we complement it with the following result, which
is useful for proving minimax lower bounds.

Lemma 3.5.3. Consider the ball B(m,r) where r < n/2. We have that
log N(B(m,r),r/4) > glogg.

Proof. Without loss of generality, we may assume that 7 = id and n is even. The
sparse Varshamov-Gilbert bound (see Lemma 4.10 of [Mas07]) states that there exists
a set S of r-sparse vectors in {0, 1}"/2, such that log |S| > Zlog 2 and any two distinct
vectors in S are separated by at least /2 in the Hamming distance. We now map
every v € S to a permutation 7 € B(id, r) by defining

1. 7(2¢ — 1) = 2i — 1 and 7(2¢) = 2¢ if v(¢) = 0, and
2. m(2 — 1) = 2i and 7(2) = 2i — 1 if v(i) = 1,

for 7 € [n]. Note that 7 € B(id, ) because = swaps at most r adjacent pairs. Denote
by P the image of S under this mapping. Since the Hamming distance between any
two distinct vectors in S is lower bounded by r/2, we see that dxr(w, o) > r/2 for
any distinct 7,0 € P. Thus P is an r/2-packing of B(id,r). By construction, |P| =
|S| > £log 2, so we can use the standard relation D(B(id,r),r/2) < N(B(id,r),r/4)
to complete the proof. O

3.6 Proofs of the main results

This section is devoted to the proofs of our main results. We start with a lemma
giving useful tail bounds for the binomial distribution.

Lemma 3.6.1. Suppose that X has the Binomial distribution Bin(N,p) where N €
Z, and p € (0,1). Then forr € (0,p) and s € (p,1), we have

1. P(X <rN) <exp( —Néﬁai)f))y and

2 P(X > sN) < exp (- N2z,

Proof. First, for 0 < ¢ < p < 1, by the definition of the Kullback-Leibler divergence,
we have

P 1-p Pop 1-p
KL (Ber(p)||Ber(q)) = plog = + (1 — =/ - d
(BerpBer@) = plog? + (1 - ptog =2 = [*(2 - =Ly ar

_[fp-z [P p-z . (p—0q)’
*/q - Z/q P(l—Q)d 2p(1—¢q) (3:3)
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Thus we also have

KL (Ber(q) [Ber(p)) = KL (Ber(1 — q)||Ber(1 - p)) > % (3.4)
Moreover, by Theorem 1 of [AG89] and symmetry, it holds that
1. P(X < rN) < exp(—NKL(Ber(r)||Ber(p))), and
2. P(X > sN) < exp(—NKL(Ber(s)||Ber(p))).
The claimed tail bounds hence follow from (3.3) and (3.4). O

3.6.1 Proof of Theorem 3.2.1

First, to achieve optimal upper bounds, we consider a variant of maximum likelihood
estimation. Fix A € (0,1/2),p € (0,1] and define ¢ = np~' A2 in the case of sampling
model (0,), and ¢ = n®N"?A72 in the case of sampling model (O;). If X or p is
unknown, one may learn these scalar parameters easily from the observations and
define ¢ using the estimated values. For readability, we assume that they are given
to avoid these technical complications.

Let P be a maximal ¢-packing (and thus a @-net) of the symmetric group S,
with respect to dxr. Consider the following estimator:

7 € argmax Z Aij. (3.5)

TP (i)>n()

It is easy to see that 7 is the MLE of n* over P. Such an estimator is often called
sieve estimator (see, e.g., [LC86]) in the statistics literature. The estimator 7 satisfies
the following upper bounds.

Theorem 3.6.2. Consider the noisy sorting model with underlying permutation w*
and probability matriz M € M, (\) where X € (0,1). Then, with probability at least
1 — e ™8, the estimator 7 defined in (3.5) satisfies

—% AN in model (O,)
der (7, 7%) S pns

iz An® in model (Oy).

By integrating the tail probabilities of the above bounds, we easily obtain bounds
on the expectation E[dkt(#,7*)] of the same order, which then prove the upper
bounds in Theorem 3.2.1. One may wonder whether the rate in Theorem 3.6.2 can
be achieved by the MLE 7 over G,, defined by

7 € argmax Z Aj.

€O r)>n()
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Our current techniques only allow us to prove bounds on dkt (7, 7*) that incur an
extra factor log(1/p)) (resp. log(n?/N X)) in model (O;) (resp. (O2)). It is unclear
whether these logarithmic factors can be removed for the MLE.

of Theorem 8.6.2. We assume that n is lower bounded by a constant without loss of
generality, and note that the bounds of order n? are trivial. The proof is split into
four parts to improve readability.

Basic setup. Since P is a maximal ¢-packing of &,,, it is also a ¢-net and thus there
exists 7 € P such that ® := dxr(7,7*) < ¢. By definition of 7, Eﬁ(i)d(j) A <
Zi(i) <#(j) Aij- Canceling concordant pairs (,7) under # and 7, we see that

> Aus DT Ay
#®(D)<#(5), ®()>7(5) #()>#(7), 7 () <7 (4)
Splitting the summands according to 7* yields that

Z Aij + Z Aij < Z Aij+ Z Aij -

#(i)<#(5), #(3)<F(5), #(1)>#(j), #(3)>#(3),
#(1)>7(5), #(i)>7(5), #(i)<#(j), #(i)<#(j),
(i) <n* (5) =¥ (> (5) ¥ (8 <7 (5) ¥ (@) > (5)

Since A;; > 0, we may drop the leftmost term and drop the condition #(z) > #(j) in
the rightmost term to obtain that

Z Ai’j S Z Ai,j + Z 'Ai,j . (36)

s Tz (i) <#(j),
min 2wl # (1) <7(5)s ANl
T* (i) >7*(5) ()< (5) w*(4)>7*(5)

This inequality is crucial to proving that 7 is close to 7* with high probability.
To set up the rest of the proof, we define, for 7 € P,

Lr = {(i,4) € [n]* : 7(5) < 7(5), 7(2) > 7(j), 7"(5) > 7" (5) }]
= [{(,5) € [)* : 7(d) > 7(45), 7(2) < 7(5), 7" (5) < 7" ()} -

Morcover, define the random variables

Xﬂ- = Z Ai,j , Yﬂ- = Z A,"j y and Z = Z Ai,j'
(3 < (5), (i)>m(3), #(5)<7 (),
#($)>#(3), #()<(), T (@)>7 ()
T (1)>7* (j) (@< ()
We will prove that the random process X, — Y; — Z is positive with high probability
if 7 is too far from 7. However, (3.6) says precisely that Xz —Y; — Z <0, so that =
must be close to 7 which is in turn close to 7*.

The case M = M}()\) under sampling model (O;). Consider model (O;) of
sampling without replacement, and suppose that M = M*(\) first. For a pair (3, 7)
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with 7*(z) > 7*(j), the entry A;; has distribution Ber(p( + X)), since item i and
item j are compared with probability p and conditioned on them being compared,
item 7 wins with probability %-i— A. Moreover, A; ; is independent from any other A,
with 7*(k) > 7*(£). Hence X, has distribution Bin(L,, p(3 + A)). Similarly, Y, has
distribution Bin(L,,,p(% —)), and Z has distribution Bin(@,p(% + ). Therefore,
Lemma 3.6.1 implies that

1. P(Xz < Lap(3 + 3))) < exp ( — L.pA?/8), and
2. P(Yz > Lap(} — 3N) < exp (— L.pA?/8).
Then we have that

P(X; — Y. < LpA) < 2exp ( — L.pA*/8). (3.7)

For an integer r € [Co, (72‘)] where C is a sufficiently large constant to be chosen,
consider the slice S, = {w € P : L, = r}. Note that if 7 € S,, then

dir (m,7) = [{(z,4) : (i) < &(j), 7" (1) > 7" (§)}|
<H@9) - 7() < 7(5), 7(@) > 7(5), 7" ()) > 7" ()}
+ H5) 1 7 (@) <7(5), 7 (&) > 7" (5) }
=L, +der(7,7*) <1+ 0. (3.8)

=

Since P is a gp-packing of &,, and S, C P, we see that |S,| is bounded by the ¢-
packing number of the ball B(n*,r + ¢) in the Kendall tau distance. Therefore,
Proposition 3.5.1 gves

2n 4 2r 4+ 2p

45
log |S,| < nlog +2n < nlog =
¥

By (3.7) and a union bound over S,, we see that min,es, (X; — Y;) > cL,p with
probability at least

45 A2
1—exp(nlog—-—£+log2—rp )
@ 8

4
=1-—exp (nlogﬁ + log2 — m) > 1—exp(—2n),
@ 8y

where the inequality holds because r/¢ > C for a sufficiently large constant C. Then
a union bound over integers r € [Cyp, (3)] yields that X, — Y, > cL.p for all 7 € P
such that L, > Cy with probability at least 1 —e™™.

Furthermore, since Z ~ Bin(@,p(% + /\)) and ® < ¢, Lemma 3.6.1 gives that

P(Z > 2¢p) < exp(—ypp/4) < exp(—n/4).
Combining the bounds on X, — Y, and Z, we conclude that with probability at least
1—e ™8,

Xo—=Yr—2Z >cCypp—2pp >0
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for all m € P with L, > Cy, as long as C > 2/c.
We have seen in (3.6) that X7 — Yz — Z < 0, so Lz < Cyp on the above event.

By (3.8), dxr (7, 7%) < Lz + ¢ on the same event, which completes the proof for the
model (O). '

The general case under sampling model (O;). Let us continue to use X, Yy
and Z to denote the above random variables under the noisy sorting model P with
probability matrix M (\), and use Xﬂ, Y, and Z to denote the corresponding random
variables under a general noisy sorting model P with M € M, (A). We couple the
two models such that:

1. The sets of pairs of items being compared are the same (and if a pair is compared
multiple times, the multiplicity is also the same);

2. For each pair (i, 7) with 7*(i) > 7*(j), if item ¢ beats item j in a comparison in
the model P, then it also beats item j in the corresponding comparison in the
model P.

The second statement can be satisfied because the results of comparisons are Bernoulli
random variables and M (i) () > [My(A)]xe (), n=(j) for all 7r*(i) > 7*(7), by defini-
tion. Under this coupling, we always have that X, > X, and Y, < Y,, so the above
high probability lower bound on X, — Y} also holds on Xs =Y.

Moreover recall the definition Z = > #()<F(), A;; where we have that A;; ~
= (@)> ()

Ber (p[M;(A\)]x+(i)ne(s))- Since [M(A)]r=@ () € (0,1), we can couple a sequence of
iid. B;; ~ Ber(p) with the A;;’s in such a way that B;; = 1 whenever A;; = 1.
Define W = ) #()<7(), B; ;. Then we see that W ~ Bin(®,p) and W > Z. Since

7 (1)>7" (5)

D < ¢, Lemma 3.6.1 gives

P(W > 2¢p) < exp(—pp/4) < exp(-n/4).

Thus Z is subject to the same high probability upper bound as Z. Therefore, the
proof for the model P also works to show the desired bound for the model P.

Sampling model (O,). The proof for model (O;) of sampling with replacement
is essentially the same, except the part of probability bounds where we assume
M = M}(\). We now demonstrate the differences in detail. For a single pairwise
comparison sampled uniformly from the possible (’2’) pairs, the probability that

1. the chosen pair (¢, j) satisfies 7(i) < 7 (j), #(7) > 7(3) and 7*(2) > 7*(5), and
2. item i wins the comparison,

is equal to L, (g)—l(% + A). By definition, X, is the number of times the above
event happens if N independent pairwise comparisons take place, so we have that
Xx ~ Bin(N, Lﬂ(g)_l(% +A)). Similarly, we have Y, ~ Bin(NV, L,,(g)_l(% — A)) and
Z ~ Bin(N, @(g)_l(% + ). Hence Lemma 3.6.1 gives that
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L P(Xr < LeN(D) 7'+ V) < exp (= LN () 2%/8),
2. P(Yr > L.N(2) 72 = 1N) <exp (= L.N(2)7'A%/8), and
3. ]P(Z > 2<pN(;‘)_1) < exp ( - @N(g)_l/él) )

Note that if we set p = N (,,21)—1’ then the tail bounds above are exactly the same as

those for the model (O;). Therefore, replacing p by N (g)—l everywhere in the above
proof, we then obtain the desired bound for the model (O3). a

Next, we turn to the lower bounds. Let P+ = Py« y+(») denote the probability
distribution of the observations in the noisy sorting model with underlying permuta-
tion 7 € &, and probability matrix M}(A), where A € (0, ). We prove the following
stronger statement which clearly implies the lower bounds in Theorem 3.2.1.

Theorem 3.6.3. For the sampling model (O), suppose we have A € (0,1) and
p € (0,1] such that plog =5 < C for some constant C > 0. Then it holds that

min max P« (dK-r(ir,ﬂ'*) Pe A nz) >c,

n

_ AN —_—
7 e, pA? plog 55
where the minimum is taken minimized over all permutation estimators @ € &,, that
are measurable with respect to the observations and ¢ is a universal positive constant.
Similarly, for the sampling model (O3), if we have Nn=2log ﬁ < C, then it holds

that
n3
min max P« (dKT(’ﬁ',ﬂ'*) > oz A M1

T 7w*€EGH

n3

1
08 T-3x

/\n2> >c.

Compared to the lower bounds in Theorem 3.2.1, the above lower bounds hold in
probability, weaken the condition that A is bounded away from 1/2 and only require
maximizing 7* instead of both 7* and M, and are therefore stronger.

One key ingredient in proving lower bounds is to relate the Kullback-Leibler di-
vergence between model distributions to the distance measuring the error (see, e.g.,
Chapter 2 of [Tsy09]). This is achieved in the following lemma for both sampling
models.

Lemma 3.6.4. Fiz 7,0 € 6, and A € (0, %) We denote by P, the probability
distribution of the noisy sorting model with underlying permutation w. Then for the
sampling model (O,) we have

142X
KL(P|[P,) = 2 dyr(r, 0) pAlog ==

and for the sampling model (O3) we have

1+ 2\
1—2\

-1
KL(P,|IP,) = 2dur(r, o) N(’;) Mog
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Proof. First, we consider model (O;) of sampling without replacement. For 7 # j,
let ]Pg 7 denote the distribution of outcomes between i and 7, or more formally, the
distribution of N;; and A, ;. For a pair (4,7) such that 7(i) > 7(j) and o(3) > o(j),
the distributions P%? and P™” are indistinguishable. For (i, j) such that 7 (s) > x(5)
and o(i) < o(j), the probability that ¢ and j are not compared stays the same, but
the probability that they are compared and ¢ wins the comparison is p(% + ) under
P& while it is p(3—A) under P, A symmetric statement holds for the probability
that they are compared and j wins the comparison. Therefore, we obtain that

y . 1/2+ A 1/2 =X
KL(PEDPG)) = p(1/2 + A1 1/2 — N1
(PYPPY?) = p(1L/2 + X)log 755 +2(1/2 = N log 73
142X
= 1 .
2pAlog T ox
It follows from the chain rule that
L 142X
K — %] 2y f— —_—
L(P|P.) >, KLPYIPY) = 2dir(m,0) pAlog 1

w(i)>m(j), o (i) <o (5)

which proves the claimed bound.

Next, we move on to model (Oz) of sampling with replacement. In this case,
for the noisy sorting model with underlying permutation 7, we let Q. denote the
distribution of the outcome of a single pairwise comparison chosen uniformly from
the (7) possible pairs. Conditioned on a pair (i,7) with 7(i) > 7(j) and o(i) > o(j)
being chosen, the outcome is indistinguishable under Q, and Q,. On the other hand,
conditioned on having chosen (7, j) with 7(¢) > 7 (j) and o(¢) < o(j), the probability
that ¢ wins the comparison is p(3 + A) under Q, and is p(3 — \) under Q,. By the
definition of the KL divergence, we have

-1
n 1/2+ A
kede = Y [(7) weenoei
oz \2 1/2 - £
w(1)>w (), 0 (4)<a(j)
-1
n 1/2—A
+ (2) (1/2=Nlog 7757 A]
-1
n 142X
= 2dr(ro) (7)) Mos T,

where the bound holds similarly as above. Since N independent pairwise comparisons
are observed and the KL divergence tensorizes, the conclusion follows. O

We are ready to prove the minimax lower bound.

of Theorem 3.6.3. Consider the sampling model (O;). We assume that n is lower
bounded by a constant, and use the shorthand notation k = 4pAlog % Note that
k < C for some constant C > 0 by the assumption. Let r = conx™' A (Z) and € = ¢,
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where ¢y and c; are constants to be chosen. Let P be a maximal e-packing of B(id, r),
which is thus an e-net by maximality. For any 7,0 € P, we have dxr(7,0) < 2r, so
Lemma 3.6.4 yields

KL(P,|[P,) = %HdKT(ﬂ, o) < kr < con.

On one hand, if & < ¢, for a sufficiently small constant c; > 0, then r > coc; 'nA (’2’)
and thus Proposition 3.5.1 implies that

r

log|P| > nlog —2n > 10¢yn > 10KL(P,||P,),

n—+e

where we take ¢y = 1 and ¢, ¢; small enough for the inequalities to hold.
On the other hand, if ¢; < K < C, then we take ¢; = 1/8 and ¢, sufficiently small
so that r < coc;'n < n/2. Then we can apply Lemma 3.5.3 to obtain

Con

T n
1 > og 2 >
og[P| > log - > =7

log = > 10con > 10KL(P|[P,),

0

where the second inequality holds since coC~'n < r < coc; 'n and the third inequality
holds for ¢y small enough.

In either case, we have KL(P,||P,) < 0.1log|P|. Thercfore, using [Tsy09, The-
orem 2.5] yields the lower bound of order r < nx~! A n2. Considering the limiting
behavior of Kk as A > 0 and A — % repectively, we see that & < pA? V plog ﬁ,@ SO
the claimed lower bound follows.

Forl the sampling model (O,), the same argument follows if we replace p with
N3 O

3.6.2 Proof of Theorem 3.2.2

Without loss of gencrality, assume that 7* = id and n is even to simplify the notation.
We define a score

st= Y Miy=M2i—n—1)+(n—1)/2
PG,

for each i € [n], which is simply the ¢-th row sum of M minus 1/2. Analogously, we
define

i—1 n
. 1 1 _
si—Z(§+/\)+ .Z(-Q——/\)—)\(2z——n——1)+(n—l)/2

j=1 j=i+1
for each i € [nl, which is a slightly perturbed version of s} due to the difference
between A and A. The MS algorithm is designed to refine estimates for the scores s}
in multiple stages.

First, the estimator \ satisfies the following bound, which in particular implies
that $; is close to s;.
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Lemma 3.6.5. If N > Cnlogn, then we have |\ — A| < Co\/N-1logn with proba-
bility at least 1 — n=8, where C and Cy are sufficiently large universal constants.

Proof. Consider a single pairwise comparison chosen uniformly from the ('2’) pairs.
The probability that item 7 is chosen and wins the comparison is therefore equal
to (Zje[n]\{i} M;;)/(5) = si/(5)- Thus the random variable S; = > 7, Aj; has
distribution Bin(N/2,s}/(3)). Hence Lemma 3.6.1 implies that

P(|S: — E[Si]| > ‘CIE[SZ']) < 2exp (- E[S)]) <n7',

where the last inequality holds since N > Cnlogn, and we use ¢, ¢,... to denote
suﬂiciently small constants. A union bound shows that with probability at least
1 —n7° we have |S; — E[S;]| < ¢E[S)] for all 7 € [n]. Denote this hlgh probability
event by £, and we condition on &£ henceforth.

Recall that s} = 2Ai — A(n + 1) + (n — 1)/2. Using that A is bounded away from
zero, we can choose c; small enough so that if i — j > n/4, then s} — s} > 2¢;s]. Note
that E[S;] = 2Ns?/(3), so E[Si] — E[S;] > 2c1E[S;] if i — j > n/4. Therefore, on the
event £ we have S; > S; for all (¢,j) with i — j > n/4. It follows that 7 () > 7(j) for
these pairs (i, 7), as 7 is defined by sorting the scores S;.

Next consider (2, j) such that 7(i) — 7(j) > n/2. Suppose we have ¢ < j. Then
there exists k € [n] with 7(5) < 7(k) < 7(¢) such that either k—i > n/4 or j—k > n/4,
which gives a contradiction on the event £. Therefore, it holds that i > j for all pairs
(2,7) with 7(2) — 7(j) > n/2.

Recall that A = 2() ("42) - ez Aij — 5, where T = {(4,7) € [n]* : 7(3) -
#(j) > 5}. Note that A” is independent of £, on which we have ¢ > j for all (7, j) € T.
Similar to the argument at the beginning of the proof, the probability that a uniformly
chosen pair falls in Z and ¢ wins the comparison is (3 + \)|Z|/(%). Hence the random
variable X := 3, 7 A7, has distribution Bin(N/2, (5 + V)|Z|/ (%)). It follows that
E[A| €] = A once we note that |Z| = ("42).

Moreover, Lemma 3.6.1 gives the bound

(IX E[X]| >C’2\/Nlogn| )<2exp —czlogn) <n7?,

and consequently |5\—)\| < Cy+/N-1tlogn with probability at least 1 —n 2 conditioned
on the event £, where Cs and Cjy are sufficiently large constants. A union bound then
completes the proof. 0O

We condition on the high probability event of Lemma 3.6.5 throughout the rest of
the proof, so that |5\ — Al < Co/N—1logn for a fixed constant Cy > 0. In particular,
)\ is bounded away from zero by a universal constant since A is and N > Cnlogn,
and §; < §; iff j < i. We proceed with the following key lemma.

Lemma 3.6.6. Fixt € [T], i € [n] and I C [n] with i € I. Suppose that |I| >
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C’lﬂj\,—T log(nT) for a sufficiently large constant C. If we define
Tn(n—1) ® 1 1 .
S:——Z—]V_ZAi’j+ Z (§+)\)+ Z (5—)\),
jel JEM\I, j<i FE[RI\L, j>1

then it holds with probability at least 1 — 2(nT)~° that

IS — 8| < (5+ Co)n/|I|TN-1log(nT) .

Proof. Consider a single pairwise comparison chosen uniformly from the ( ) pairs.
The probability that the chosen pair consists of item 7 and an item in I\ {i}, and
that item ¢ wins the comparison, is equal to ¢ : = (ZJGI\{z} :5)/(5). Thus the

random variable X := 3. ; A( ) has distribution Bin(N/T, q). In particular, we have

E[X] = Nqg/T = ﬁ%:lv__l)zjel\{l M, ; and by Lemma 3.6.1,
rIN Nr?
- > < 2y,
]P(|X E[X]| 2 T)—2eXp( 2T(q+r))

Taking r = 64/ i;—vq log(nT'), we see that r < gby the assumption || > 01# log(nT),

SO

]P(|X ~ E[X]| > 6y/¢NT! log(nT)) < 2(nT)™°. (3.9
By the definitions of S and §;, it is straightforward to verify that
Tn(n—1) .
—o— X ~ElX)) + =N+ > (A=,

j€I, j<1 JEI, j>1

Therefore, we obtain from (3.9), the definition of ¢ and the fact |I| < n that

IS — 3| < 3n(n —1)v/qTN-log(nT) + |[I]|A = A|
< 5ny/[I|ITN-Ylog(nT) + Co|I|]v/N-1logn
< (5 + Co)n/|I|TN-1log(nT)

with probability at least 1 — 2(nT)~°. ]

To analyze the MS algorithm, we apply Lemma 3.6.6 inductively to each stage
of the algorithm. Define £© to be the full event. As the inductive hypothesis, we
assume that on the event £~ it holds that j < 7 for all j € I(_t_l)(z') and j > 1 for
all j € I =1({). In particular, this holds trivially for ¢t = 1.

On the event £V the score S is exactly the quantity S in Lemma 3.6.6 with
I = I®1(). Thus the lemma shows that if HEDE)| > O 2 “T Jog(nT) for a large
enough constant Cy, then

159~ &] < (5 + Co)ny/ LD (E) TN~ log(nT) = 772 (3.10)
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with probability at least 1 — 2(nT)™° conditional on £¢~Y. We denote by £® the
sub-event of £¢~Y that the above bound holds for all ¢ € [n]. Then P(£® | £¢-1) >
1 — (nT)~® and we condition on £® henceforth.

For any j € I¥(:), by definition SJ(.t) -8 < —79 50 we have 3; < §; and thus
j < 4. Similarly, j > i for any j € I{”(i) on the event £®. Hence the inductive
hypothesis is verified. Moreover, note that I (i) = {5 € [n] : |SJ(~t) - Si(t)| < 2Ti(t)} -
(j €[] : |3 — & < 3rP}. Since §; — 8; = 2A(j — i) and X is bounded away from
zero by a universal constant, we have

10@)] < Cor® = Cyny/[1E-D(0)| TN log(nT), (3.11)

where we use Cy, Cj, ... to denote sufficiently large constants.

Note that if we have a® = n and the iterative relation al® < 8vVa(-1 where
a® > 0 and B > 0, then it is easily seen that a® < B2n2™". We would like to
obtain such a bound from the relation (3.11). Note that €@ C £7-D C ... € €O
by definition and P(£M) = []_, P(E®|£¢V) > 1 — n=8. Conditional on T,
the iterative relation (3.11) thus holds for all ¢ € [T], and we have |1 (i)| = n by
definition. Since 1®)(3) is not updated in the algorithm once |1 (i)| < C1 %L log(nT),
we obtain that

2T’ -T Tl2T
T-)n < (2™ L 2-T+1 n1
IIT-D(5)| < (03 — log(nT)n )v (c1 = log(nT))
2
< 04%(log n)(loglogn),

where the last bound holds because we take T' = |loglogn]|. Hence it follows from
(3.10) that

1S — &| < Csn® N~} (log n)(log log n)

and a similar argument as above shows that SZ»(T) > S](.T) for all pairs (4, 7) with
i—7 > Ce¢n’N1(logn)(loglogn) =: §. As the permutation #™° is defined by sorting
the scores S§T) in increasing order, we see that #M5(¢) > #“5(j) for pairs (¢,7) with
1—7>09.

Finally, suppose that 7™(i) —i < —9 for some ¢ € [n]. Then there exists j < i—4d
such that #M%(j) > #“5(7), contradicting the guarantee we have just proved. A similar
argument leads to a contradiction if #M(7) — ¢ > §. Therefore, we obtain that

|#M(i) — i| < 6 = Cgn* N~ (logn)(loglogn)

for all ¢ € [n], which completes the proof.
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Chapter 4

Faster Rates for Permutation-based
Models in Polynomial Time

Structured matrices with entries in the range [0, 1] and unknown permutations acting
on their rows and columns arise in multiple applications, including estimation from
pairwise comparisons [BT52, SBGW17] and crowd-labeling [DS79, SBW16b]. Tradi-
tional parametric models [BT52, Luc59, Thu27, DS79] assume that these matrices are
obtained from rank-one matrices via a known link function. Aided by tools such as
maximum likelihood estimation and spectral methods, researchers have made signifi-
cant progress in studying both statistical and computational aspects of these paramet-
ric models [HOX14, RA14, SBB*16, NOS16, ZCZJ16, GZ13, GLZ16, KOS11b, LPI12,
DDKRI13, GKM11] and their low-rank generalizations [RA16, NOTX17, KOS11a].

There has been evidence from empirical studies (e.g., [ML65, BW97]) that real-
world data is not always well-captured by such parametric models. With the goal of
increasing model flexibility, a recent line of work has studied the class of permutation-
based models [Chal5, SBGW17, SBW16b]. Rather than imposing parametric condi-
tions on the matrix entries, these models impose only shape constraints on the matrix,
such as monotonicity, before unknown permutations act on the its rows and columns.
This more flexible class reduces modeling bias compared to its parametric counter-
parts while, perhaps surprisingly, producing models that can be estimated at rates
that differ only by logarithmic factors from parametric models. On the negative side,
these advantages of permutation-based models are accompanied by significant com-
putational challenges. The unknown permutations make the parameter space highly
non-convex, so that efficient maximum likelihood estimation is unlikely. Moreover,
spectral methods are often suboptimal in approximating shape-constrained sets of
matrices [Chal5, SBGW17]. Consequently, results from many recent papers show a
non-trivial statistical-computational gap in estimation rates for models with latent
permutations [SBGW17, CM16, SBW16b, FMR16, PWC17].

Related work. While the main motivation of our work comes from nonparametric
methods for aggregating pairwise comparisons, we begin by discussing a few other
lines of related work. The current paper lies at the intersection of shape-constrained
estimation and latent permutation learning. Shape-constrained estimation has long

77



been a major topic in nonparametric statistics, and of particular relevance to our work
is the estimation of a bivariate isotonic matrix without latent permutations [CGS18].
There, it was shown that the minimax rate of estimating an n x n matrix from
noisy observations of all its entries is ©(n™!). The upper bound is achieved by the
least squares estimator, which is efficiently computable due to the convexity of the
parameter space.

Shape-constrained matrices with permuted rows or columns also arise in applica-
tions such as seriation [FJBd13, FMR16] and feature matching [CD16]. In particular,
the monotone subclass of the statistical seriation model [FMR16] contains n X n ma-
trices that have increasing columns, and an unknown row permutation. The authors
established the minimax rate ©(n~%3) for estimating matrices in this class and pro-
posed a computationally efficient algorithm with rate 5(n‘1/ 2). For the subclass of
such matrices where in addition, the rows are also monotone, the results of the current
paper improve the two rates to O(n~') and O(n=3/4) respectively.

Another related model is that of noisy sorting [BMO08], which involves a latent per-
mutation but no shape-constraint. In this prototype of a permutation-based ranking
model, we have an unknown, n X n matrix with constant upper and lower triangular
portions whose rows and columns are acted upon by an unknown permutation. The
hardness of recovering any such matrix in noise lies in estimating the unknown permu-
tation. As it turns out, this class of matrices can be estimated efficiently at minimax
optimal rate ©(n~!) by multiple procedures: the original work by Braverman and
Mossel [BMO08] proposed an algorithm with time complexity O(n¢) for some unknown
and large constant ¢, and recently, an 5(n2)—time algorithm was proposed by Mao et
al. [MWR17]. These algorithms, however, do not generalize beyond the noisy sorting
class, which constitutes a small subclass of an interesting class of matrices that we
describe next.

The most relevant body of work to the current paper is that on estimating ma-
trices satisfying the strong stochastic transitivity condition, or SST for short. This
class of matrices contains all n X n bivariate isotonic matrices with unknown permuta-
tions acting on their rows and columns, with an additional skew-symmetry constraint.
The first theoretical study of these matrices was carried out by Chatterjee [Chal5|,
who showed that a spectral algorithm achieved the rate (5(n_1/ 4) in the normalized
Frobenius norm. Shah et al. [SBGW17| then showed that the minimax rate of esti-
mation is given by é(n'l), and also improved the analysis of the spectral estimator of
Chatterjee [Chal5] to obtain the computationally efficient rate O(n~Y/2). In follow-
up work [SBW16a], they also showed a second CRL estimator based on the Borda
count that achieved the same rate, but in near-linear time. In related work, Chat-
terjee and Mukherjee [CM16] analyzed a variant of the CRL estimator, showing that
for subclasses of SST matrices, it achieved rates that were faster than O(n=%/2). In
a complementary direction, a superset of the current authors [PMM*17a] analyzed
the estimation problem under an observation model with structured missing data,
and showed that for many observation patterns, a variant of the CRL estimator was
minimax optimal.

Shah et al. [SBW16a] also showed that conditioned on the planted clique con-

78



Jecture, it is impossible to improve upon a certain notion of adaptivity of the CRL
estimator in polynomial time. Such results have prompted various authors [FMR16,
SBW16a] to conjecture that a similar statistical-computational gap also exists when
estimating SST matrices in the Frobenius norm.

Our contributions. Our main contribution in the current work is to tighten the
aforementioned statistical-computational gap. More precisely, we study the problem
of estimating a bivariate isotonic matrix with unknown permutations acting on its
rows and columns, given noisy, partial observations of its entries; this matrix class
strictly contains the SST model [Chal5, SBGW17| for ranking from pairwise com-
parisons. As a corollary of our results, we show that when the underlying matrix
has dimension n x n and ©(n?) noisy entries are observed, our polynomial-time, two-
dimensional sorting algorithm provably achieves the rate of estimation (5(71“3/ 4) in
the normalized Frobenius norm; thus, this result breaks the previously mentioned
O(n~'/2) barrier [SBGW17, CM16]. Although the rate O(n=3/4) still differs from the
minimax optimal rate (:)(n‘l), our algorithm is, to the best of our knowledge, the
first efficient procedure to obtain a rate faster than @(n='/2) uniformly over the SST
class. This guarantee, which is stated in slightly more technical terms below, can be
significant in practice (see Figure 4-1).

Main theorem (informal) There is an estimator M computable in time O(n*5)
such that for any n x n SST matriz M*, given ©(n?) Bernoulli observations of its
entries, we have

E 1, - o logn 3/4
I - M| <o (ZER)

Our algorithm is novel in the sense that it is neither spectral in nature, nor simple
variations of the Borda count estimator that was previously employed. Our algorithm
takes advantage of the fine monotonicity structure of the underlying matrix along
both dimensions, and this allows us to prove tighter bounds than before. In addition
to making algorithmic contributions, we also briefly revisit the minimax rates of
estimation.

Organization. In Section 4.1, we formally introduce our estimation problem. Sec-
tion 4.2 contains statements and discussions of our main results, and in Section 4.3,
we describe in detail how the estimation problem that we study is connected to ap-
plications in crowd-labeling and ranking from pairwise comparisons. We provide the
proofs of our main results in Section 4.4.

Notation. For a positive integer n, let [n] := {1,2,...,n}. For a finite set S, we
use |S| to denote its cardinality. For two sequences {a,}3, and {b,}2,, we write
a, < b, if there is a universal constant C such that a, < Cb,, for all n > 1. The

~Y
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Figure 4-1: Left: A bivariate isotonic matrix; M* € [0,1]"*" is a row and column
permuted version of such a matrix. Right: A log-log plot of the error # Hﬁ - M*||%
(averaged over 10 experiments each using n? Bernoulli observations) of our estimator
and the CRL estimator [SBW16al].

relation a, 2 b, is defined analogously. We use ¢, C, ¢, ¢y,... to denote universal
constants that may change from line to line. We use Ber(p) to denote the Bernoulli
distribution with success probability p, the notation Bin(n, p) to denote the binomial
distribution with n trials and success probability p, and the notation Poi(\) to denote
the Poisson distribution with parameter A\. Given a matrix M € R™*"2 its i-th row is
denoted by M;. For a vector v € R", define its variation as var(v) = max; v; — min; v;.
Let G,, denote the set of all permutations 7 : [n] — [n]. Let id denote the identity

permutation, where the dimension can be inferred from context.

4.1 Background and problem setup

In this section, we present the relevant background and notation on permutation-
based models, and introduce the observation model of interest.

4.1.1 Matrix models

Our main focus is on designing efficient algorithms for estimating a bivariate isotonic
matrix with unknown permutations acting on its rows and columns. Formally, we
define Cgjso to be the class of matrices in [0, 1]"*"2 with nondecreasing rows and
nondecreasing columns. For readability, we assume throughout that n; > n, unless
otherwise stated; our results can be straightforwardly extended to the other case.
Given a matrix M € R™*"™ and permutations 7 € &,,, and ¢ € G,,,, we define the
matrix M(m, o) € R"*"2 by specifying its entries as

[M(m,0)];; = Ma(i)o(i) for i € [m], j € [na].
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Also define the class Cgiso(m,0) := {M(m,0) : M € Cgiso} as the set of matrices
that are bivariate isotonic when viewed along the row permutation 7 and column
permutation o, respectively.

The class of matrices that we are interested in estimating is given by

Crerm : = U Ceiso(m, o).
WEGnl
0’66712

In words, the class contains bivariate isotonic matrices with both rows and columns
permuted.

4.1.2 Observation model

In order to study estimation from noisy observations of a matrix M* in the class
Cperm, we suppose that N noisy entries are sampled independently and uniformly with
replacement from all entries of M*. This sampling model is popular in the matrix
completion literature, and is a special case of the trace regression model [NW12,
KLT11]. It has also been used in the context of permutation models by Mao et
al. [MWRI17] to study the noisy sorting class.

More precisely, let E() denote the n; x ny matrix with 1 in the (4, j)-th entry
and 0 elsewhere, and suppose that X, is a random matrix sampled independently and
uniformly from the set {E®9 : 4 € [n4], j € [n2]}. We observe N < nyn, independent
pairs {(X,, v)}2., from the model

Ye :tI’(XZTM*)—i—Zg, (41)

where the observations are contaminated by independent, centered, sub-Gaussian
noise z; with variance parameter (2. Of particular interest is the noise model consid-
ered in applications such as crowd-labeling and ranking from pairwise comparisons.
Here our samples take the form

ye ~ Ber(tr(X,/ M)) (4.2)

and consequently, the sub-Gaussian parameter (2 is bounded; for a discussion of other
regimes of noise in a related matrix model, see Gao [Gaol7].

For analytical convenience, we employ the standard trick of Poissonization, so that
we can assume throughout the paper that N’ = Poi(NN) random samples are drawn
according to the trace regression model (4.1). Upper and lower bounds derived under
this model carry over with loss of constant factors to the model with exactly N
samples; for a detailed discussion, see Appendix 4.6.

For notational convenience, denote the probability that an entry of the matrix is
observed under Poissonized sampling by pops = 1 — exp(—N/ninz). Since we assume
throughout that N < njns, it can be verified that N < pops <

2nyna ning
Now given N’ = Poi(N) observations {(Xg, y¢)}).,, let us define the matrix of
=1
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observations Y =Y ({(Xo, yg)}fzvz'l), with entry (¢, ) given by

N/
>y 1{X, = ECIY. C(4.3)

=1

Y, = 1
" Dobs 1 V Zﬁ__ll 1{Xg = E(i,j)}

In words, the rescaled entry popsY;; is the average of all the noisy realizations
of M;; that we have observed, or zero if the entry goes unobserved. Note that
E[Y;;] = iM{:j “Pobs = M;, so that E[Y] = M*. Moreover, we may write the model
in the linearized form ¥ = M* + W, where W is a matrix of additive noise having
independent, zero-mean, sub-Gaussian entries.

4.2 Main results

In this section, we present our main results—we begin by briefly revisiting the fun-
damental limits of estimation, and then introduce our algorithms in Section 4.2.2.
We assume throughout this section that as per the setup, we have n; > ne and
N ¢ [n1n2].

4.2.1 Statistical limits of estimation

We begin by characterizing the fundamental limits of estimation under the trace
regression observation model (4.1) with N’ = Poi(/N) observations. We define the
least squares estimator over the class of matrices Cpe,m as the projection

Mis(Y):=arg min |Y — M|%.
s(Y) gMeCp,,,,, [ Iz
The projection is a non-convex problem, and is unlikely to be computable exactly in
polynomial time. However, studying this estimator allows us to establish a baseline
that characterizes the best achievable statistical rate. The following theorem char-
acterizes its risk up to a logarithmic factor in the dimension; recall the shorthand

Y=Y ({Xh yf}(jzvz,l)
Theorem 4.2.1. For any matric M* € Cperm, we have

ny log? ny

N (4.4a)

1 —_—
—[|Mis(Y) = M™% S (P V1)
ning
with probability at least 1 — (niny) 3.

Additionally, under the Bernoulli observation model (4.2), any estimator M sat-
isfies

1 _ i
sup E ——M—M*2]>—. 4.4b
s B 2 (4.4
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The factor (¢* V 1) appears in the upper bound instead of the noise variance (*
because even if the noise is zero, there are missing entries. The theorem characterizes
the minimax rate of estimation for the class Cperm up to a logarithmic factor.

4.2.2 Efficient algorithms

Next, we propose polynomial-time algorithms for estimating the permutations (7, o)
and the matrix M*. Our main algorithm relies on two distinct steps: first, we es-
timate the unknown permutations; we then project onto the class of matrices that
are bivariate isotonic when viewed along the estimated permutations. The formal
meta-algorithm is described below.

Algorithm 1 (meta-algorithm)

e Step 0: Split the observations into two disjoint parts, each containing N’/2
observations, and construct the matrices Y = Y ({Xg, 3”}5;2{2) and Y® =

Y ({Xe, yé}éV:IN’/2+1)‘
e Step 1: Use YU to obtain the permutation estimates (7,7).
e Step 2: Return the matrix estimate M (7,5) : = arg min MeCaso3) [|Y P —M|1%.

Owing to the convexity of the set Cgiso(T, @), the projection operation in Step 2 of
the algorithm can be computed in near linear time [BDPR84, KRS15]. The following
result, a slight variant of Proposition 4.2 of Chatterjee and Mukherjee [CM16], allows
us to characterize the error rate of any such meta-algorithm as a function of the
permutation estimates (7,0).

Proposition 4.2.2. Suppose that M* € Cgiso(7,0) where m and o are unknown
permutations in &, and &,, respectively. Then with probability at least 1— (nyna)~3,
we have

ny 10g2 n

1 r -1 o~ )
N +n1n2“M (n7to7,id) — M HF
1

ning

1 — 2
— |M@F,5) - M7 < (¢2v1
M 8) M} £ (v

-+

(| M*(id, 0™ 0 5) — M*||2.
(4.5)

The first term on the right hand side of the bound (4.5) corresponds to an esti-
mation error, if the true permutations = and o were known a priori, and the latter
two terms correspond to an approximation error that we incur as a result of hav-
ing to estimate these permutations from data. Comparing the bound (4.5) to the
minimax lower bound (4.4b), we see that up to a logarithmic factor, the first term
of the bound (4.5) is unavoidable, and so we can restrict our attention to obtaining
good permutation estimates (7, ). We now present our main permutation estimation
procedure that can be plugged into Step 1 of this meta-algorithm.
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Two-dimensional sorting

To reorder the rows or columns of a matrix with monotonicity constraints, sorting
row or column sums is perhaps the most natural approach popularly adopted in the
literature [CM16, FMR16]. However, such a procedure does not take advantage of
the fact that the underlying matrix is monotonic in both dimensions. To improve
upon simply sorting row sums, we propose an algorithm that first sorts the columns
of the matrix approximately, and then exploits this approximate ordering to sort the
rows of the matrix.

We need more notation to facilitate the description of the algorithm. For a parti-
tion
bl = (bly,...,blg) of the set [ny]!, we group the columns of a matrix Y € R™*™ into
K blocks according to their indices in bl, and refer to bl as a partition or blocking of
the columns of Y.

Given a data matrix Y € R™*"2  the following blocking subroutine returns a
column partition BL(Y). In the main algorithm, partial row sums are computed on
indices contained in each block.

Subroutine 1 (blocking)

e Step 1: Compute the column sums {C(j) 2, of the matrix ¥ as
o
CGH) =) Y
i=1

Let Gpre be the permutation along which the sequence {C(Gpre(5))}}2, is nonde-
creasing.

e Step 2: Set 7 = 16(¢ + 1)( ﬁ}\?log(nmg) + m2 log(nan)) and K = [ns/7].
Partition the columns of Y into K blocks by defining

bly = {j € [n2] : C(j) € (—00,7)},
bl = {j € [na] : C(j) € [(k—1)7,k7)} for 1 <k < K, and
bix ={j € [ng] : C(y) € (K — 1)7,00)}.

Note that each block is contiguous when the columns are permuted by Tpye.

e Step 3 (aggregation): Set 8 = ngy/%tlog(ning). Call a block bl “large” if
|bl] > B and “small" otherwise. Aggregate small blocks in bl while leaving the
large blocks as they are, to obtain the final partition BL.

More precisely, consider the matrix Y’ = Y (id, 5) having nondecreasing col-
umn sums and contiguous blocks. Call two small blocks “adjacent” if there is
no other small block between them. Take unions of adjacent small blocks to

bl is a partition of [na] if [na] = UK bly and bl; Nbly =0 for j # &
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ensure that the size of each resulting block is in the range [33,28]. If the union
of all small blocks is smaller than %ﬂ, aggregate them all.

Return the resulting partition BL(Y) = BL.

The threshold 7 is a chosen to be a high probability bound on the perturbation
of any column sum, so we are confident that columns in a block bl; are in fact
close to those in bl; when the columns are sorted increasingly. It turns out that
comparing partial row sums on these blocks aids us in reordering the rows of the
matrix. Moreover, Step 3 aggregates small blocks into large enough ones to reduce
noise in these partial row sums. We are now in a position to describe the two-
dimensional sorting algorithm.

Algorithm 2 (two-dimensional sorting)

Step 0: Split the observations into two independent subsamples of equal size,
and form the corresponding matrices Y™ and Y? according to equation (4.3).

Step 1: Apply Subroutine 1 to the matrix Y to obtain a partition BL =
BL(Y ™) of the columns. Let K be the number of blocks in BL.

Step 2: Using the second sample Y?) | compute the row sums

S() = Z Y;(Jz) for each i € [ny],

J€[n2]

and the partial row sums within each block

Se, (1) = Z Y;(Jz) for each i € [m], k € [K].
jEBLL

Create a directed graph G with vertex set [n;], where an edge u — v is present
if either

S(v) — S(u) > 16(¢ +1) (\/n}\?g log(ning) + nxfzg log(nlng)), or
(4.6a)
S, (2) = Sty () > 16(¢ + 1)y 2B tog(ure) + 3% og(rans)

for some k € [K]. (4.6b)
Step 3: Compute a topological sort Ty of the graph G; if none exists, set
%tds = id.

Step 4: Repeat Steps 1-3 with (Y )T replacing Y@ for i = 1,2, the roles of ny
and n, switched, and the roles of 7 and ¢ switched, to compute the permutation
estimate Gigs.
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e Step 5: Return the permutation estimates (Tigs, Ods)-

Recall that a permutation 7 is called a topological sort of G if w(u) < 7(v) for

every directed edge u — v. The construction of the graph G in Step 2 dominates

the computational complexity, and takes time O(n2ny/B8) = O(n2n)/?). We have the

following guarantee for the two-dimensional sorting algorithm.

Theorem 4.2.3. For any matrizx M* € Cpem, we have

1 =~ ) 2 n1 log ny\3/4 n110g2n1
| W R ) = M} (V) [(_T)  mlog'm

with probability at least 1 — 9(nyng) 3.

In particular, setting N = nins, we have proved that our efficient estimator enjoys
the rate

1
ning

1M G ) = M = O (™),

which is the main theoretical guarantee established in this paper for permutation-
based models.

4.3 Applications

We now discuss in detail how the matrix models studied in this paper arise in
practice. The class Cpem was studied as a permutation-based model for crowd-
labeling [SBW16b] in the case of binary questions, and was proposed as a strict
generalization of the classical Dawid-Skene model [DS79, KOS11b, LPI12, DDKRI13,
GKM11]. Here there is a set of no questions of a binary nature; the true answer to
these questions can be represented by a vector z* € {0,1}"2, and our goal is to esti-
mate this vector by asking these questions to n; workers on a crowdsourcing platform.
A key to this problem is being able to model the probabilities with which workers
answer questions correctly, and we do so by collecting these probabilities within a
matrix M* € [0,1]™*"2. Assuming that workers have a strict ordering 7 of their abil-
ities, and that questions have a strict ordering o of their difficulties, the matrix M* is
bivariate isotonic when the rows are ordered in increasing order of worker ability, and
columns are ordered in decreasing order of question difficulty. However, since worker
abilities and question difficulties are unknown a priori, the matrix of probabilities
obeys the inclusion M* € Cperm.

In the calibration problem, we would like to ask questions whose answers we know
a priori, so that we can estimate worker abilities and question difficulties, or more
generally, the entries of the matrix M*. This corresponds to estimating matrices in
the class Cperm from noisy observations of their entries, whose rate of estimation is
our main result.

A subclass of Cpenm specializes to the case ny = ns = n, and also imposes an
additional skew symmetry constraint. More precisely, define Cg;5o analogously to the

86



class Cgso, except with matrices having columns that are nonincreasing instead of
nondecreasing. Also define the class Coew(n) := {M € [0,1]"*"2 : M + M T = 11"},
and the strong stochastic transitivity class

Csst(n) := ( U C,BISO(WJT)) ﬂCskeW(n)-

TEGH

The class Csst(n) is useful as a model for estimation from pairwise compar-
isons [Chal5, SBGW17], and was proposed as a strict generalization of parametric
models for this problem [BT52, NOS16, RA14]. In particular, given n items obeying
some unknown underlying ranking 7, entry (%, j) of a matrix M* € Csst(n) represents
the probability Pr(i > j) with which item ¢ beats item j in a pairwise comparison
between them. The shape constraint encodes the transitivity condition that for all
triples (2, j, k) obeying 7 (i) < 7(j) < n(k), we must have

Pr(i > k) > max{Pr(: > j5),Pr(5 > k)}.

For a more classical introduction to these models, see the papers [Fis73, ML65, BW97]
and the references therein. Our task is to estimate the underlying ranking from results
of passively chosen pairwise comparisons? between the n items, or more generally,
to estimate the underlying probabilities M* that govern these comparisons3. All
the results we obtain in this work clearly extend to the class Csst(n) with minimal
modifications; for example, either of the two estimates Tyys Or Orgs may be returned
as an estimate of the permutation 7. Consequently, the informal theorem stated in
the introduction is an immediate corollary of Theorem 4.2.3 once these modifications
are made to the algorithm.

4.4 Proofs

Throughout the proofs, we assume without loss of generality that M* € Cgiso(id, id) =
Cgiso. Because we are interested in rates of estimation up to universal constants, we
assume that each independent subsample contains N’ = Poi(N) observations (instead
of Poi(N)/2 or Poi(N)/4). We use the shorthand Y =Y ({(X¢, y¢)}2;), throughout.

4.4.1 Some preliminary lemmas

Before turning to the proof of Theorems 4.2.1 and 4.2.3, we provide three lemmas that
underlie many of our arguments. The first lemma can be readily distilled from the
proof of Theorem 5 of Shah et al. [SBGW17] with slight modifications. It is worth

2Such a passive, simultaneous setting should be contrasted with the active case (e.g., [HSRW16,
FOPS17, AAAK17]), where we may sequentially choose pairs of items to compare depending on the
results of previous comparisons.

3 Accurate, proper estimates of M* translate to accurate estimates of the ranking = (see Shah et
al. [SBGW17)).
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mentioning that similar lemmas characterizing the estimation error of a bivariate
isotonic matrix were also proved by [CGS18, CM16|.

Lemma 4.4.1 ([SBGW17)). Let n1 > ng, and let M* € Cpem. Assume that our
observation model takes the form'Y = M* + W, where the noise matriz W satzsﬁes
the properties

(a) the entries W, ; are independent, centered (( V1)-sub-Gaussian random vari-
ables;

(b) the second moments are bounded as E[|W;;|?] < 2-(¢? V1) for alli € [n1],j €
[na].

Then the least squares estimator ]\/ZLS(Y) satisfies

o~ 2
Pr { “MLS(Y) — M
F Dobs

(C2 V 1)n; log? nl} < (mng) 3.

Moreover, the same result holds if the class Cperm is replaced by the class Cgso-

The proof follows that of Shah et al. [SBGW17, Theorem 5] very closely, and is
postponed to Section 4.4.5. The next lemma establishes concentration of sums of our
observations around their means.

Lemma 4.4.2. For any nonempty subset S C [n1] X [n2], it holds that

> (-

(5)es

> 8(C+1) (\/ ISImnz | (ning) + 27 -

™ log(urs)
S 2(n1n2)'4.
Proof. According to definitions (4.1) and (4.3), we have

—M;; if entry (3, ]) 1s not observed, and

Wi =Yy, — M= .
M;; / Pobs — M5 + ——lpobs , otherwise,

where W' is a (-sub-Gaussian noise matrix with 1nde§)endent entries. Consequently,

we can express the noise on each entry as W, ; = Zl Gtz (2) where {Zi(;)}ie[nl],je[nz]

are independent, zero-mean random variables given by

7 _ M;; (P — 1) with probability pobs,
I -M;; with probability 1 — pops,

and {Zi(j)}ie[m],je[m] are independent, zero-mean random variables such that

70 i Ef;—sub—Gaussian with probability peps,
b 0 with probability 1 — pops.
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We control the two separately. First, we have |Z a )| < 1/pops and the variance

of each Z;; (1) is bounded by (1 — Pops)?/Pobs + (1 — pobs) < 1/pobs- Hence Bernstein’s
1nequahty for bounded noise yields

Pr ' >z

(i,7)eS

t2/2 )
ISI/pobs + t/(?’pobs) .

>t SQexp(—

Taking t = 4\/lm log(ning) 4 6752 log(niny) and recalling that peps > > N we

— 2ning’
obtain

Pr lOg(TLan) < (n1n2)_4

S
> \/l ad 2log(7"L1n2)+6 N

> Zy|z

(i,7)eS

In order to control the deviation of the sum of Z; (2) , we note that the g-th moment
of Zi(j.) is bounded by - pobs\/_ )< g-m—( "1"")‘1‘2. Then another version of
Bernstein’s inequality [BLM13] yields

2 16¢2[S|niny . 4¢nin
Z ZZ-(J) >/ N 24 ]\} 2t % < 2exp(—t),

(i.5)ES
and setting ¢ = 4 log(nins) gives

Pr

S|nin
Pr Z Zi(? > 8(\/' [ log(nins) + 16( log(nlng) < (nanp)™%
(i,5)€S
Combining the above two deviation bounds completes the proof. a

The last lemma is a deterministic result.

Lemma 4.4.3. Let {a;}}, be a nondecreasing sequence of real numbers. If w is a
permutation in &, such that m(i) < n(j) whenever a; — a; > T where 7 > 0, then
lax@) — a;] < 7 for alli € [n].

Proof. Suppose that a; — ary > 7 for some index j € [n]. Since 7 is a bijection,
there must exist an index ¢ < 7(j) such that 7(¢) > 7 (j). However, we then have
aj — a; > a; — ar(j) > 7, which contradicts the assumption. A similar argument
shows that a,(;y —a; > 7 also leads to a contradiction. Therefore, we obtain that
laxy — aj| < 7 for every j € [n]. O

With these lemmas in hand, we are now ready to prove our main theorems.

4.4.2 Proof of Theorem 4.2.1

We split the proof into two parts by proving the upper and lower bounds separately.
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Proof of upper bound

The upper bound follows from Lemma 4.4.1 once we check the conditions on the
noise for our model. We have seen in the proof of Lemma 4.4.2 that the noise on
each entry can be written as W;; = Zi%) + Zi(?. Again, Zi(;) and Zi(j.) are —=-sub-
Gaussian and %-sub—Gaussian respectively, and have variances bounded by ;1[’—5 and

ch;s respectively. Hence the conditions on W in Lemma 4.4.1 are satisfied. Then we
can apply the lemma, recall the relation pops > Tning
—L— to complete the proof.

nin2

and normalize the bound by

Proof of lower bound

The lower bound follows from an application of Fano’s lemma. The technique is
standard, and we briefly review it here. Suppose we wish to estimate a parameter 8
over an indexed class of distributions P = {Py | # € ©} in the square of a (pseudo-

Jmetric p. We refer to a subset of parameters {6,62,... 6K} as a local (4, €)-packing
set if
o 1
min 0',67)> 6 and _— D(Pyi||Pys) < e.
Mem#jp( ) = K(K—l)__z‘ . (Po: || Pgs )
LJE[K], i#)

Note that this set is a d-packing in the metric p with the average KL-divergence
bounded by €. The following result is a straightforward consequence of Fano’s in-
equality:

Lemma 4.4.4 (Local packing Fano lower bound). For any (9, €)-packing set of car-
dinality K, we have

~ 62 e+log2)
inf sup E [p(6,0°)? > — (1 - —==1}. 4.7
g B o007 2 5 (1- % @)

In addition, the Gilbert-Varshamov bound [Gil52, Var57] guarantees the existence

of binary vectors {v!,v?,...,v%} C {0,1}™ such that
K > 2™ and (4.8a)
llv* — v ||3 > cony for each i # 3, (4.8b)

for some fixed tuple of constants (¢, c2). We use this guarantee to design a packing
of matrices in the class Cpem. For each ¢ € [K], fix some 6 € [0,1/4] to be precisely
set later, and define the matrix M having identical columns, with entries given by

e {1/2, ifvi=0

= . (4.9)
1/2 + 4, otherwise.

j?k -

Clearly, each of these matrices {M i f_{__l is a member of the class Cpem, and each
distinct pair of matrices (M*, M7) satisfies the inequality ||M* — M7||% > conynqd?.
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Let P5; denote the probability distribution of the observations in the model (4.1)
with underlying matrix M € Cpgy,. Our observations are independent across entries
of the matrix, and so the KL divergence tensorizes to yield

D(Paril|Bas) = D D(Pagg Py )-
k€[na]
£€[n2)

Let us now examine one term of this sum. We observe Ty, = Poi(ﬁ—;) samples of
entry (k,£); conditioned on the event Ty, = m, we have the distributions

Py , = Bin(m, M;,), and PMi,e = Bin(m, M ,).
Consequently, the KL divergence conditioned on Ty ¢ = m is given by

D(PM}C’J”PM;!) = mD(Mli,£|lMlz,e)v

where we have used D(p||q) = p log(2) + (1 -p) log(}—:—g) to denote the KL divergence
between the Bernoulli random variables Ber(p) and Ber(q).

Note that for p,q € [1/2,3/4], we have

D(pllq) = plog (g) +(1-p)log <Hﬁ)

() reon (i)

_b-9?
q(1 - q)
(i) 16 5
hS ?(P -q)
Here, step (i) follows from the inequality log z < z — 1, and step (ii) from the assump-
tion q € [%, %] Taking the expectation with respect to Tk 4, we have
6 N, . 16 N
D(PM,;J“PM;J) < gﬁ(Mk,z — M) < §n1n25 ,

Summing over k € [n1],£ € [ng] yields D(Py:||Ppy) < 2 N2

Substituting into the Fano’s inequality (4.7), we have

M 2 (. BN +log2
inf sup E [”M—M*”%] > 02n127125 (1 3 +log )

M M*€Cpem

C3ny

ny

Finally, choosing 6 = ¢ and normalizing by nin, yields the claim.
N
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4.4.3 Proof of Proposition 4.2.2

Recall the definition of M (7,0) in the meta-algorithm, and additionally, define the
projection of any matrix M € R™*"2  as

Pro(M)=arg _ min ||M — M|>%.

MeCaiso(7,0)

and letting W = Y® — M*, we have

AT( -~ * ) * S N
IM(#,5) — M*||F < 2Pza(M* + W) = Pra(M*(7,5) + W)lIE
+ 2| Pra(M*(7,5) + W) — M*||%

i) ~ o~ * LN e *

< 2| M*(7,6) — M*|[7 + 2|Pra(M*(7,5) + W) = M|I%

(iii) o .~ .~~~ .

< 4| Prp(M*(7,5) + W) — M*(7,5)|% + 6| M*(7,5) - M( Ilfm)
4.10

where step (ii) follows from the non-expansiveness of a projection onto a convex set,
and steps (i) and (iii) from the triangle inequality.

The first term in (4.10) is the estimation error of a bivariate isotonic matrix
with known permutations. Since the sample used to obtain (7,0) is independent
from the sample used in the projection step, it is equivalent to control the error
| Piaja(M* + W) — M*||%. As before, the noise matrix W satisfies the conditions
of Lemma 4.4.1. Therefore, applying Lemma 4.4.1 in the case M* € Cgiso with
Dobs > %& yields the desired bound of order (¢? v 1)ﬂ1°1§,—‘—2”1

It remains to bound the second term of (4.10), the approximation error of the
permutation estimates. Note that the approximation error can be split into two
components: one along the rows of the matrix, and the other along the columns.
More explicitly, we have

1M — M*(7,0)||F < 2|M* = M*(R,id)| + 2| M*(7,id) — M*(7,5)||%
= 2| M* — M*(®,id)||7 + 2| M* — M*(id, 5)]|%-
Recall that we assumed without loss of generality that the true permutations are
identity permutations, so this completes the proof of Proposition 4.2.2. The proof

readily extends to the general case by precomposing 7 and & with 7! and ¢!
respectively.

4.4.4 Proof of Theorem 4.2.3

Recall that according to Proposition 4.2.2, it suffices to bound the approximation
error of our permutation estimate || M* — M*(Ts, id)||%. To ease the notation, we use
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the shorthand

ograns),

2
n:=16({+1) (V n}\?Q log(ninsg) + 2n}\7;2

and for each block BL; in Algorithm 2 where k € [K], we use the shorthand

= 16(C + 1)(\/|B_L’LJ'VM log(nins) + 2"}\72

log(n1n2)>

throughout the proof. Applying Lemma 4.4.2 with & = {i} x [ns] and then with
S = {i} x BLy for each i € [n4],k € [K], we obtain that

|st) - 3 M,

L€[na)

>4 < 2(mmy) ™, (4.11a)

and that

{‘SBLk -3 M*‘ ! } < 2(ning)~t. (4.11b)

£eBLy

Note that K < ny/f < n;/ 2, so a union bound over all n;(K + 1) events in inequal-
ities (4.11a) and (4.11b) yields that Pr{€} > 1 — 2(nyny)~3, where we define the

event
- and ‘ SBLk Z

= {fsi0-

telna] LeBL,

Vz € [ml, k€ [K]}

We now condition on event £. Applying the triangle inequality yields that if
S(w)—Su)>n or Sg,(v)— Se,(u) > n,

then we have

SOM =Y M, >0 or > M~ > Mi,>0.

ZG[’ng] [E[nz] £eBLg £eBLy

It follows that u < v since M* has nondecreasing columns. Thus, by the choice of
thresholds 7 and 7 in inequalities (4.6a) and (4.6b), we have guaranteed that every
edge u — v in the graph G is consistent with the underlying permutation id, so a
topological sort exists on event £.

Conversely, if we have

SOMy, = > Mi,>Mm or Y M- > My, > o,

£€[n2] £€[n2] £eBL, feBL
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then the triangle inequality implies that
S(v) — S(u)>n or Sei(v) — Ser.(u) > M.

Hence the edge u — v is present in the graph G, so the topological sort Tyys(u) satisfies
the relation Tys(u) < Tws(v). Claim that this allows us to obtain the following bounds
on event &:

| Z Tftds(’) i

Jj€[nsg]

i Z( Trtds("’)sj

JEBLk

)
<96(¢+1) n}\?z log(nyny)  for all ¢ € [n4], and

(4.12a)

ning

<96(¢ + 1)\/ |BLi|log(ning) for all ¢ € [my], k € [K].
(4.12b)

We now prove inequality (4.12b). The proof of inequality (4.12a) follows in the
same fashion. We split the proof into two cases.

Case 1. First, suppose that |[BLx| > 252 log(nin;). Applying Lemma 4.4.3 with
=D e, My ™ = Tas and 7 = 2m, we see that for all ¢ € [n1],

’ > Mz e =

£eBLg

ning

< 2m < 96(¢ + 1)\/ |BL|log(nins).

Case 2. Otherwise, we have |BLy| < 282 log(n;ny). It then follows that

| > 0,0 - M

2€BL,

< 2|BLy| < 2\/"1 2|BLy| log(nins),

where we have used the fact that M € [0,1]"*"2.
Next, we consider concentration of column sums of Y. Applying Lemma 4.4.2
again with 8 = [n1] x {j}, we obtain that

‘J) ZJV (

for all j € [na] with probability at least 1 — 2(nyns)™3. We carry out the remain-
der of the proof conditioned on the event of probability at least 1 — 4(nyns) ™2 that
inequalities (4.12a), (4.12b) and (4.13) hold.

Having stated the necessary bounds, we now split the remainder of the proof into
two parts for convenience. In order to do so, we first split the set BL into two disjoint
sets of blocks, depending on whether a block comes from an originally large block
(of size larger than 8 = ny\/%tlog(niny) as in Step 3 of Subroutine 1) or from an

n2n n A
Nz log(ning) + 2% log(nlnz)) (4.13)
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aggregation of small blocks. More formally, define the sets

BLL . = {B € BL : B was not obtained via aggregation}, and
BL® :=BL\ BL".

For a set of blocks B, define the shorthand UB = | Jgzg B for convenience. We begin
by focusing on the blocks BL".

Error on columns indexed by UBLE

Recall that when the columns of the matrix are ordered according to &y, the blocks
in BL" are contiguous and thus have an intrinsic ordering. We index the blocks
according to this ordering as By, B, . .., B; where £ = |BLY|. Now define the disjoint
sets

BLW := {B, € BL* : k = 0 (mod 2)}, and
BL® :={B, € BL" : k = 1 (mod 2)}.

Let ¢, = |BLY)| for each t = 1,2.
Recall that each block By in BLY remains unchanged after aggregation, and that

the threshold we used to block the columns is 7 = 16(¢ + 1)(\/%7310g(n1n2) +

22422 log(nyns)). Hence, applying the concentration bound (4.13) together with the
definition of blocks in Step 2 of Subroutine 1 yields

ni ni
* *
' Z Mid’l - Z Misjz
i=1 i=1

where we again used the argument leading to claim (4.12b) to combine the two terms.
Moreover, since the threshold is twice the concentration bound, it holds that under the
true ordering id, every index in By precedes every index in By, for any k € [K —2].
By definition, we have thus ensured that the blocks in BL® do not “mix” with each
other.

The rest of the argument hinges on the following lemma, which is proved in Sec-
tion 4.4.4.

2
<96(¢ + 1)\/71}\7/12 log(ning) for all ji,jo € By, (4.15)

Lemma 4.4.5. Form € Z,, let JyU---U J, be a partition of [m] such that each Jy
is contiguous and Ji precedes Jyy1. Let ar = min Jy, by = maxJy and my = |Ji|.
Let A be a matriz in [0, 1]™*™ with nondecreasing rows and nondecreasing columns.
Suppose that

Z(Ai,bk — Aio) <1 for each k € [¢] and some T > 0.

=1

Additionally, suppose that there are positive reals p, p1, ps, . .., pe, and a permutation ™
such that for any i € [n], we have (i) D271, [Arg);— Aijl < p, and (il) 3o;c;, 1Aty —
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Ai | < px for each k € [£]. Then it holds that

n m

14
2 Pk
Y (Arws — A’ <27 pr+ npIAX .

i=1 j=1 k=1

We apply the lemma as follows. For t = 1,2, let the matrix M® be the submatrix
of M* restricted to the columns indexed by the indices in UBL®). The matrix M®
has nondecreasing rows and columns by assumption. We have shown that the blocks
in BL® do not mix with each other, so they are contiguous and correctly ordered
in M®. Moreover, the inequality assumptions of the lemma correspond to (4.15),
(4.12a) and (4.12b) respectively, with the substitutions

2
A=MO, n = ny, m = | UBLY), 7 =96(C + 1)\/n}\72 log(nins)

nin3 nin
p=96(<+1)\/ N log(manz), pk:96(4+1)\/ il log(nanz),

and setting Ji,...,J; to be the blocks in BL®. Therefore, applying Lemma 4.4.5
yields :

Z Z frms (O8] M;:J' ) 2

i€[n] ]EUBL(‘)

3

3/ B
Iog(nlnz) Z |Bl+ (¢*Vv1) n 2 log(nyns) max |

< V1
(C ) =, BL®) |B|

3/2 3/2
T n2n log(ninz)
< (C2 V1) —— 1 2 log(nyny) E IBIVE+ (P v )2
BeBL(® N mingg o V/IB|
@ (¢2v 1) ni’/2n2 (C2v 1)n2nd/?
<% YT T ]
2vi log(nn
S, (C\/B ) (n1n2)3/2 (nl V. n2)1/2 Og(]vl 2),

where step (i) follows from the Cauchy-Schwarz inequality, and step (ii) follows from

the fact that ming g « |B| > 8 = npy/ 5 log(niny) so that £, < ny/B. Substituting
for 8 and normalizing by nyn, yields

g —_—
Tids (1) WJ

log(nan 3/4
M)? S (v Dy (ny Vi)' (_g_(]\;_Q)>

2 ief) geuBL“)

(4.16)

This proves the required result for the set of blocks BL®). Summing over t = 1,2 then
yields a bound of twice the size for columns of the matrix indexed by UBLY.
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Error on columns indexed by UBLS

Next we bound the approximation error of each row of the matrix with column indices
restricted to the union of all small blocks. In the easy case where BL® contains a single

block of size less than iny./% log(niny), we have
0]
* 2 * *
Z Z Trtds("‘)yj - AJ S Z Z ' ﬁtds(i)’j - A/[la]l

i€[n1] jeuBLS i€[m] jeuBLS

@ Z Z mas(t)a Mz*J)

i€fn1] jeuBLS

(i)
2 5 s i T BT o

i€n1]

n1 2, (n1 Vv n2)
N3/4

log3/4(n1n2),

= 48v2(¢ + 1)

where step (i) follows from the Hélder’s inequality and the fact that M* € [0, 1]"1*"2,
step (ii) from the monotonicity of the columns of M*, and step (iii) from equa-
tion (4.12a).

Now we aim to prove a bound of the same order for the general case. Critical to
our analysis is the following lemma:

Lemma 4.4.6. For a vector v € R", define its variation as var(v) = max; v; —min; v;.
Then we have

loli3 < var()llvlly + [lv]li/n.

See Section 4.4.4 for the proof of this claim.
For cach i € [n;], define A to be the restriction of the i-th row difference Mz o~

M to the union of blocks UBLS. For each block B € BL®, denote the restriction of
A* to B by A%. Lemma 4.4.6 applied with v = A" yields

1A% = > A5l

BeBLS
1 “AB”
< ZvarA AL+ Z
BeBLS BeBLS

IN

- - max s [|AS]|x -
Az Az BeBL B Az
(mahaph) 3 var (8) + 22 S ag

min s |B
BeBLS sesis | Bl BeBLS

< (mas1ash) [ 3 ver(ap) | + mxpen 12500~ g,

BeBLS minpeps | 5| BeBLS
(4.17)
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We now analyze the quantities in inequality (4.17). By the aggregation step of Sub-
routine 1, we have %[5 < |B| £ 2B, where 8 = ny,/3log(niny). Additionally, the
bounds (4.12a) and (4.12b) imply that

S ALl = JAT < 96(C + 1)y "2 log(niny) < (¢ + 1)8, and
N

BeBLS

. nin
18511 < 96(¢ +1)y/ 5213l og(runa)

< 96V2(¢ + ) for all B € BLS.

Moreover, to bound the quantity > 5 g s var (A%;), we proceed as in the proof for
the large blocks in BLY. Recall that if we permute the columns by Gpre according
to the column sums, then the blocks in BLS have an intrinsic ordering, even after
adjacent small blocks are aggregated. Let us index the blocks in BLS by By, Bs, ..., By,
according to this ordering, where m = |BLS|. As before, the odd-indexed (or even-
indexed) blocks do not mix with each other under the true ordering id, because the

threshold used to define the blocks is larger than twice the column sum perturbation.
We thus have

Z var (A%) = Z var(Ag ) + Z var(Aj,)

BeBLs kelm] ke[m]
k odd k even
< Z [var(M, i, +var(Mz ), 5]

k€[m]

k odd

+ Z [var(M;:Bk) + Var(Mﬁ*tds(":)qu)]
ke[m]
k even

(i) (u)
< 2var(M]) + 2var(Mz ;) < 4,

where inequality (i) holds because the odd (or even) blocks do not mix, and inequality
(ii) holds because M* has monotone rows in [0, 1]2.

Finally, putting together all the pieces, we can substitute for 8, sum over the
indices ¢ € n;, and normalize by n;n5 to obtain

/4
15 (¢t ()™ (1.19)

and so the error on columns indexed by the set UBL® is bounded as desired.
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Combining the bounds (4.16) and (4.18), we conclude that
L 1 3/4
1M (Fege,id) = M°[[3 5 (¢ V Dy (ma v ) (M)

e N

with probability at least 1 — 4(nyny)™3. The same proof works with the roles of n;
and ns switched and all the matrices transposed, so it holds with the same probability
that '

1 1 3/4
| M*(id, Gras) — M*||% S (P V 1)”;/4 (n1V n2)1/2 (Egé_(;l_n”) .
nng
Consequently,
1 * (S . * *r g o~ * s logn1 3/4
e (M (s, ) = M [+ M (09, Bs) = M°[) £ (¢ V1) (P

with probability at least 1 — 8(nyng) ™, where we have used the relation ny > na.
Applying Proposition 4.2.2 completes the proof.

Proof of Lemma 4.4.5

Since A has increasing rows, for any i, € [n] with i < i3 and any j, j» € Ji, we have

Aiyj — Aij = (A — Anay) + (Aigay — Aip,) + (A, — Aij)
< (Aizbk - Ai2yalc) + (Aiz,jz - A'i,jz) + (Ai,bk - Ai,ak)‘

Choosing j» = argmin,¢j, (Ai,» — Air), We obtain

1
Aij = Aij < (Ainb — Aiza) + (Aipe — Aia) + - D (Anr = Aip).
redy

Together with the assumption on 7, this implies that

1
|A7r(i),j - Ai,jl < flw(i),bk - An(i),aE"'{li,bk - Ai’alg+m_k Z IAW(Z'),"“ — Ai,rl .

D ~ reJ
=14k =Yik « k

J

I
::z,-,k
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Hence it follows that

n m n I4
SN (A= A= DD Y (Aij — Angys)?

i=1 j=1 i=1 k=1 jeJ;

<ZZZ|AJ A il @ik + Yik + zik/mu)

i=1 k=1 j€J;

n £
=0 zmin(@in + vik + ik /™).

i=1 k=1
According to the assumptions, we have
1. Zizl zixg <land Y .  z;x < 7 forany i€ [n],k € [{];
2. Zizl Yisk <land > yix <7 foranyi€ [n], k€ [{];
3. zix < pr and Zi:l zigp < p for any i € [n], k € [4].
Consequently, the following bounds hold:
L S ZikTik < Yoy Yokt PRTik S T oy Pk
2. i Zi:l ZikYik < Doy Zi:l PrYik ST Zf;:l Pk}

3. > Zi::l ziz,k/mk <Y Zi=1 2k - maxXkelq (Pr/mi) < np maxee(q(pe/m).-

Combining these inequalities yields the claim.

Proof of Lemma 4.4.6

Let @ = min;eppyv; and b = maxepyv; = a + var(v). Since the quantities in the
inequality remain the same if we replace v by —v, we assume without loss of generality
that b > 0. If a < 0, then |[vlloc < b—a = var(v). If a > 0, then a < ||v||;/n and
lvllo = b < |julla/n + var(v). Hence in any case we have ||v||2 < |jvlloollvlli <
ol /n + var()] o]

4.4.5 Proof of Lemma 4.4.1

The proof parallels that of Shah et al. [SBGW17, Theorem 5(a)], so we only emphasize
the differences and sketch the remaining argument. We may assume that pops > nlz
since otherwise the bound is trivial.

We first employ a truncation argument. Consider the event

£i={iwil < <

l.g € [}

log(ning)
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If the universal constant c3 is chosen to be sufficiently large, then it follows from the
sub-Gaussianity of W; ; and a union bound over all index pairs (i, j) € [n1] x [ng] that
Pr{€} > 1 — (niny)~*. Now define the truncation operator

Ty(z) = {° ifle] < A, (4.19)
A -sgn(z) otherwise.

With the choice A = -2-(( V 1)y/log(nins), define the random variables Wl(;)
Ty (W;;) for each pair of indices (4,7) € [n1] X [ng]. Consider the model where we
observe M* + W) instead of Y = M* + W. Then the new model and the original
one are coupled so that they coincide on the event £. Therefore, it suffices to prove
a high probability bound assuming that the noise is given by w,

Let us define g = E[W®) and W = W) — . We claim that for any i € [ny],j €

[n2], the following relations hold:

e (CV 1) (man) ™4

y_a

gl <55 Pobe

—

2. W, ; are independent, centered and (C V 1)-sub-Gaussian;
3. |W”| < 55(CV 1)y/log(nins);

1 En%m <2 (V).

Taking these claims as given for the moment, we turn to the main argument assuming
that our observations take the form Y = M* + W + (L.

For any permutations 7 € G,,,,0 € G,,, let M, , = MLS(Y) We claim that for
any fixed pair (7, ) such that ||Y — M, ,||2 < ||Y — M*||%, we have

Pr{HMM M2 > e(C? v1) log (nl)} oM (4.20)

O
Treating claim (4.20) as true for the moment, we see that since the least squares

estimator M is equal to M, , for some pair (7, 0), a union bound over 7 € &,,,0 €
S, yields

'obs

e {107 = 20 2 a6V ) dog?mn b < ™,

which completes the proof. Thus, to prove our result, it suffices to prove claim (4.20).
Let Ay, = My, — M*. The condition ||Y — M, ,||% < ||Y — M*||% yields the basic
inequality

1 —
§“Aw,o”% < <Arr,0: W+ N)-

Since A, € [—1,1]"*"2 we have (A,m, u)y < lulh < 5=V 1)ny® by claim 1. If
it holds that ||A,,]|% < p‘f (¢ V 1)n;® then the proof is 1mmed1ate Thus, we may
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assume the opposite, from which it follows that

1 _
18rolF < (D, W), (4.21)

Consider the set of matrices
Coire(m,0) := {a(M — M*) : M € Cgiso(m,0), a € [0,1]}.
Additionally, for every t > 0, define the random variable

Zeo(t):= sup (D, W).
DeCpjpe (o),
IDl|lp<t

For every t > 0, define the event

A= {3D € Coire(r,0) s.t. | Dl|r > V16, and (D, W) > 4||D||F\/t6n} .

For t > 6,, either we already have ||A; ;|3 < td,, or we have | Azs|lF > V16, In

the latter case, on the complement of A;, we must have (A, ,, W) < Az ol V0.
Combining this with inequality (4.21) then yields ||A,,||% < ctd,. It thus remains to
bound the probability Pr{A4,}.

Using the star-shaped nature of the set Cpjeg(7, o), a rescaling argument yields

Pr{A;} <Pr {Zm,,(&n) > 46m/t5n} for all t > 4.

The following lemma bounds the tail behavior of the random variable Z ,(d,), and
its proof is postponed to Section 4.4.5.

Lemma 4.4.7. For any § > 0 and u > 0, we have

Pr {Zm,(é) > < (¢ V1)y/logng (n1log"®n + u)}

DPobs

< ( —cqu? )
ex .
=P Pobs02/(log ny) + mq 10g1'5 n+u

Taking the lemma as given and setting 07 = 2(¢* Vv 1)m log®n; and u = c3(C V
1)ny logl'5 ni, we see that for any ¢t > §,,, we have

Pr{A} < Pr{Z,,(6,) > 46,1/, }

2 213
S exp ( C4(C V 1)n1 lOg nll - ) S n1—3n2’ (422)
(€% V 1)nylogng + nqlog > ny
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In particular, for ¢t = 4,,, on the complement of A;, we have

s (C2 V 1)ny log2 ny,

obs

A% <

which completes the proof. Note that the original proof sacrificed a logarithmic factor
in proving the equivalent of equation (4.22), and this is why we recover the same
logarithmic factors as in the bounded case in spite of the sub-Gaussian truncation
argument.

In the setting where we know that M* € Cgiso, the same proof clearly works,
except that we do not even need to take a union bound over 7 € &,,,,0 € &, as the
columns and rows are ordered.

Proof of claims 1-4

We assume throughout that the constant c3 is chosen to be sufficiently large. Claim 1
follows as a result of the following argument; we have

5] = B0V

<E [|W¢(,;-) - Wi,jl]

:/ Pr{Wl) — Wi, > t}dt

0

:/ Pr{|W;;| > % (¢ V 1)\/log(ning) + t}dt

0 DPobs

< (n1n2)_5/0 exp (c (vl /pobs) “
2 (¢ V1)(nyny)

‘obs

By definition, the random variables Wi(j-) — p;,; are independent and zero-mean,
and applying Lemma 4.7.1 (see Appendix 4.7) yields that they are also sub-Gaussian
with the claimed variance parameter, thus yielding claim 2. The triangle inequality
together with the definition of W; ; then yields claim 3.

Finally, since |T(z)| < |z|, we have

E(|W,1%] < EJWY ] < E[Wi, ) < f‘—(@ V1),

obs

yielding claim 4.
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Proof of Lemma 4.4.7

The chaining argument from the proof of Shah et al. [SBGW17, Lemma 10] can
applied to show that

C2

E[er,o((s)] < (C N 1)"1 1032 ny,

obs

as /V\V/,J is i(( V 1)-sub-Gaussian by claim 2. Note that although we are considering
a set of rectangular matrices Cpire(m, o) C [—1,1]"*"2 instead of square matrices as
in [SBGW17], we can augment each matrix by zeros to obtain an n; X n; matrix,
and so Cpjrr(7, 0) can be viewed as a subset of its counterpart consisting of n; x n;
matrices. Hence the entropy bound depending on n; can be employed so that the
chaining argument indeed goes through.

In order to obtain the deviation bound, we apply Lemma 11 of [SBGW17] (i.e.,
Theorem 1.1(c) of Klein and Rio [KRO05]) with ¥V = Cpire(m,0) N Bs, m = nny,

X = W—mw and Xt = 2&71%?——7;2”,0(5). Claim 3 guarantees that |X| is

uniformly bounded by 1. We also have E[(D, W)?] < -=(¢? v 1)6® by claim 4 for
| D||% < 2. Therefore, we conclude that

Pr{Z,w(é) > E[Z;(0)] + ¢ (CV1)y/logn, u}

Dobs

< exp ( —a’ )
- Pobs02/(logny) + my log'?ny +u/

Combining the expectation and the deviation bounds completes the proof.

4.5 Discussion

While the current paper narrows the statistical-computational gap for estimation in
permutation-based models with monotonicity constraints, several intriguing questions
remain:

e Can Algorithm 2 be recursed so as to improve the rate of estimation, until we
eventually achieve the statistically optimal rate (up to lower-order terms) in
polynomial time?

o If not, does there exist a statistical-computational gap in this problem, and if
so, what is the fastest rate achievable by computationally efficient estimators?

e Can the techniques from here be used to narrow statistical-computational gaps
in other permutation-based models [SBW16b, FMR16, PWC17]?

As a partial answer to the first question, it can be shown that when our two-
dimensional sorting algorithm is recursed in the natural way and applied to the noisy
sorting subclass of the SST model, it yields another minimax optimal estimator for
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noisy sorting, similar to the multistage algorithm of Mao et al. [MWR17|. However,
showing that this same guarantee is preserved for the larger class of SST matrices
seems out of the reach. In fact, we conjecture that any algorithm that only exploits
partial row and column sums cannot achieve a rate faster than O(n=3/4) for the SST
class.

It is also worth noting that the model (4.1) allowed us to perform multiple sample-
splitting steps while preserving the independence across observations. While our
proofs also hold for the observation model where we have exactly 3 independent sam-
ples per entry of the matrix, handling the weak dependence of the original sampling
model with one observation per entry is an interesting technical challenge that may
also involve its own statistical-computational tradeoffs [Mon15).

4.6 Appendix: Poissonization reduction

In this section, we show that estimation error bounds proved under a Poissonized
observation model are equivalent, up to constant factors, to bounds proved without
Poissonization. Note that we can assume that N > 4log(nins), since otherwise, all
the bounds in the theorems hold trivially. R

In order to prove the upper bound, assume that we have an estimator Mpy;(N),
which is designed under N’ = Poi(N) observations {y;}.,. Now, given exactly N
observations {y¢}), from the model (4.1), choose an integer N = Poi(N/2), and
output the estimator

MW%_MQWﬂ)ﬁﬁgN,
B otherwise.

Recalling the assumption N > 4log(ninsy), we have
Pr{]\N/' >N} < e N2 < (ning)~2.

Thus, the error of the estimator M(N) is bounded by —— || Mpei(N/2) — M*||2. with

ning
probability greater than 1 — (nyn,)~2, and moreover, we have

1 — 1 —~
E | ——||[M(N) = M*|12| <E | ——||Mpg(N/2) — M*|2 -2,
) = M| < B a2 = MR + ()

__In order to prove a lower bound, we must show the reverse, that an estimator
M(N) designed using exactly N samples may be used to estimate M* under a Pois-
sonized observation model. Given N = Poi(2N) samples, define the estimator

M(N) if N >N,

0 otherwise,

MPoi(zN) = {

where in the former case, M (N) is computed by discarding N — N samples at random.
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Again, using the fact that N > 4log(n;nsg) yields
Pr{N > N} <eV < (nny)™4,

and so once again, the error of the estimator M\Poi(zN ) is bounded by ﬁuﬁ (N) -

M*||2. with probability greater than 1 — (nynz)™*. A similar guarantee also holds in
expectation.

4.7 Appendix: Truncation preserves sub-Gaussianity

In this appendix, we show that truncating a sub-Gaussian random variable preserves
its sub-Gaussianity to within a constant factor.

Lemma 4.7.1. Let X be a (not necessarily centered) o-sub-Gaussian random vari-

able, and for some choice A > 0, let T\(X) denote its truncation according to equa-
tion (4.19). Then Tx(X) is v/20-sub-Gaussian.

Proof. The proof follows a symmetrization argument. Let X’ denote an i.i.d. copy of
X, and use the shorthand Y = T3 (X) and Y’ = T)(X’). Let ¢ denote a Rademacher
random variable that is independent of everything else. Then Y and Y’ are i.i.d., and

e(Y =Y LY — Y. Hence we have
E [/ EM] = E [ et(Y—]E[y/])]
< ]EYY’ [et(Y—Y/):}

= EYY'E |:6tE(Y-Y’):| .

Using the Taylor expansion of e*, we have

E [et(y —-E[Y < Eyy/ |:Z tE Y Y’ ))

>

> (= Y)”

=Eyy

since only the even moments remain. Finally, since the map T : R — R is 1-Lipschitz,
we have |Y — Y'| < |X — X’|, and combining this with the fact that X — X’ has odd
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moments equal to zero yields

E [V -B0)] < Ex

=Ex x

=Ex x

2.2
<,

- y
2 @) (HX - X)) ]
S5 X - X')Y’]
:et_(X—X')]

where the last step follows since the random variable X — X’ is zero-mean and V20-

sub-Gaussian.

d
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Chapter 5

Worst-case v.s. Average-case Design
for Estimation from Fixed Pairwise
Comparisons

The problems of ranking and estimation from ordinal data arise in a variety of
disciplines, including web search and information retrieval [DKNSO01], crowdsourc-
ing [CBCTH13], tournament play [HMGO06], social choice theory [CN91| and recom-
mender systems [BMR10]. The ubiquity of such datasets stems from the relative ease
with which ordinal data can be obtained, and from the empirical observation that
using pairwise comparisons as a means of data elicitation can lower the noise level in
the observations [Bar03, SBCO05].

Given that the number of items n to be compared can be very large, it is often
difficult or impossible to obtain comparisons between all (g) pairs of items. A subset
of pairs to compare, which defines the comparison topology, must therefore be chosen.
For example, such topologies arise from tournament formats in sports, experimental
designs in psychology set up to aid interpretability, or propertics of the elicitation
process. For instance, in rating movies, pairwise comparisons between items of the
same genre are typically more abundant than comparisons between items of dissimilar
genres. For these reasons, studying the performance of ranking algorithms based
on fixed comparison topologies is of interest. Fixed comparison topologies are also
important in rank breaking [HOX14, KO16], and more generally in matrix completion
based on structured observations [KTT15, PABN16].

An important problem in ranking is the design of accurate models for capturing un-
certainty in pairwise comparisons. Given a collection of n items, the results of pairwise
comparisons are completely characterized by the n-dimensional matrix of comparison
probabilities,! and various models have been proposed for such matrices. The most
classical models, among them the Bradley-Terry-Luce [BT52, Luc59] and Thurstone
models [Thu27|, assign a quality vector to the set of items, and assign pairwise proba-
bilities by applying a cumulative distribution function to the difference of qualities as-

LA comparison probability refers to the probability that item i beats item j in a comparison
between them.
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sociated to the pair. There is now a relatively large body of work on methods for rank-
ing in such parametric models (e.g., see the papers [NOS16, HOX14, CS15, SBB*16|
as well as references therein). In contrast, less attention has been paid to a richer
class of models proposed decades ago in the sociology literature [Fis73, ML65], which
impose a milder set of constraints on pairwise comparison matrix. Rather than posit-
ing a quality vector, these models impose constraints that are typically given in terms
of a latent permutation that rearranges the matrix into a specified form, and hence
can be referred to as permutation-based models. Two such models that have been
recently analyzed are those of strong stochastic transitivity [SBGW17], as well as the
special case of noisy sorting [BMO08]. The strong stochastic transitivity (SST) model,
in particular, has been shown to offer significant robustness guarantees and provide
a good fit to many existing datasets [BW97|, and this flexibility has driven recent
interest in understanding its properties. Also, perhaps surprisingly, past work has
shown that this additional flexibility comes at only a small price when one has ac-
cess to all possible pairwise comparisons, or more generally, to comparisons chosen at
random [SBGW17]; in particular, the rates of estimation in these SST models differ
from those in parametric models by only logarithmic factors in the number of items.
On a related note, permutation-based models have also recently been shown to be
useful in other settings like crowd-labeling [SBW16b], statistical seriation [FMR16]
and linear regression [PWC16].

Given pairwise comparison data from one of these models, the problem of estimat-
ing the comparison probabilities has applications in inferring customer preferences in
recommender systems, advertisement placement, and sports, and is the main focus of
this chapter.

Our Contributions: Our goal is to estimate the matrix of comparison probabilities
for fixed comparison topologies, studying both the noisy sorting and SST classes of
matrices. Focusing first on the worst-case setting in which the assignment of items to
the topology may be arbitrary, we show in Theorem 5.2.1 that consistent estimation
is impossible for many natural comparison topologies. This result stands in sharp
contrast to parametric models, and may be interpreted as a “no free lunch” theorem:
although it is possible to estimate SST models at rates comparable to parametric
models when given a full set of observations [SBGW17], the setting of fixed comparison
topologies is problematic for the SST class. This can be viewed as a price to be paid
for the additional robustness afforded by the SST model.

Seeing as such a worst-case design may be too strong for permutation-based mod-
els, we turn to an average-case setting in which the items are assigned to a fixed graph
topology in a randomized fashion. Under such an observation model, we propose and
analyze two efficient estimators: Theorems 5.2.2 and 5.2.4 show that consistent esti-
mation is possible under commonly used comparison topologies. Moreover, the error
rates of these estimators depend only on the degree sequence of the comparison topol-
ogy, and are shown to be unimprovable for a large class of graphs, in Theorem 5.2.3.

Our results therefore establish a sharp distinction between worst-case and average-
case designs when using fixed comparison topologies in permutation-based models.
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Such a phenomenon arises from the difference between minimax risk and Bayes risk
under a uniform prior on the ranking, and may also be worth studying for other
ranking models.

Related Work: The literature on ranking and estimation from pairwise compar-
isons is vast, and we refer the reader to some surveys [FV93, Mar96, Cat12] and ref-
erences therein for a more detailed overview. Estimation from pairwise comparisons
has been analyzed under various metrics like top-k ranking [CS15, SW15, JKSO16,
CGMS17] and comparison probability or parameter estimation [HOX14, SBB*16,
SBGW17]. There have been studies of these problems under active [JN11, HSRW16,
MG15], passive [NOS16, RA16], and collaborative settings [PNZ+15, NOTX17], and
also for fixed as well as random comparison topologies [WJJ13, SBGW17]. Here we
focus on the subset of papers that are most relevant to the work described here.
The problem of comparison probability estimation under a passively chosen fixed
topology has been analyzed for parametric models by Hajek et al. [HOX14] and
Shah et al. [SBB*16]. Both papers analyze the worst-case design setting in which
the assignment of items to the topology may be arbitrary, and derive bounds on
the minimax risk of parameter (or equivalently, comparison probability) estimation.
While their characterizations are not sharp in general, the rates are shown to depend
on the spectrum of the Laplacian matrix of the topology. We point out an interesting
consequence of both results: in the parametric model, provided that the comparison
graph G is connected, the maximum likelihood solution, in the limit of infinite samples
for each graph edge, allows for exact recovery of the quality vector, and hence matrix
of comparison probabilities. We will see that this property no longer holds for the SST
models considered in this chapter: there are comparison topologies and SST matrices
for which it is impossible to recover the full matrix even given an infinite amount of
data per graph edge. It is also worth mentioning that the top-k ranking problem has
been analyzed for parametric models under fixed design assumptions [JKSO16], and
here as well, asymptotic consistency is observed for connected comparison topologies.

Notation: Here we summarize some notation used throughout the remainder of
this chapter. We use n to denote the number of items, and adopt the shorthand
[n] := {1,2,...,n}. We use Ber(p) to denote a Bernoulli random variable with
success probability p. For two sequences {a,}5; and {b,}22,, we write a, < b, if
there is a universal constant C such that a,, < Cb,, for all n > 1. The relation a,, 2 b,
is defined analogously, and we write a,, < b, if the relations a, < b, and a,, 2 b, hold
simultaneously. We use ¢, ¢1, ¢y to denote universal constants that may change from
line to line.

We use e € R” to denote the all-ones vector in R™. Given a matrix M € R®*",
its ¢-th row is denoted by M;. For a graph G with edge set E, let M(G) denote the
entries of the matrix M restricted to the edge set of G, and let |M |3 = 32 jecp M.
For a matrix M € R™" and a permutation 7 : [n] — [n], we use the shorthand
7(M) = IIMII", where II represents the row permutation matrix corresponding to
the permutation 7. We let id denote the identity permutation. The Kendall tau
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distance [Ken48] between two permutations 7 and 7’ is given by

KT(m, ') := > 1{x(i) < x(j), 7 () > 7'(j)}.

i,7€[n]

Let C(G) represent the set of all connected, vertex-induced subgraphs of a graph G,
and let V(S) and E(S) represent the vertex and edge set of a subgraph S, respectively.
We let a(G) denote the size of the largest independent set of the graph G, which is
a largest subset of vertices that have no edges among them. Define a biclique of a
graph as two disjoint subsets of its vertices V; and V, such that (u,v) € E(G) for
all u € V7 and v € V,. Define the biclique number §(G) as the maximum number of

edges in any such biclique, given by L, ax [V1||V2]. Let d, denote the degree of
1,V2 biclique

vertex v e V.

5.1 Background and problem setup

Consider a collection of n > 2 items that obey a total ordering or ranking determined
by a permutation 7* : [n] — [n]. More precisely, item ¢ € [n] is preferred to item
J € [n] in the underlying ranking if and only if 7*(z) < 7*(j). We are interested in
observations arising from stochastic pairwise comparisons between items. We denote
the matrix of underlying comparison probabilities by M* € [0, 1]**", with M =
Pr{i > j} representing the probability that item i beats item j in a comparison.

Each item ¢ is associated with a score, given by the probability that item ¢ beats
another item chosen uniformly at random. More precisely, the score 7 of item ¢ is
given by

* 1 *
7= [T(M")); = ZMij‘ (5.1)
n—14
J#i
Arranging the scores in descending order naturally yields a ranking of items. In fact,
for the models we define below, the ranking given by the scores is consistent with the
ranking given by 7*, i.e., 7; > 7; if 7*(¢) < 7*(j). The converse also holds if the scores
are distinct.

5.1.1 Pairwise comparison models

We consider a permutation-based model for the comparison matrix M*, one defined
by the property of strong stochastic transitivity [Fis73, ML65], or the SST property
for short. In particular, a matrix M* of pairwise comparison probabilities is said
to obey the SST property if for items ¢,j and k in the total ordering such that
(i) < 7 (j) < 7*(k), it holds? that Pr(i = k) > Pr(i = j). Alternatively, recalling
that m(M) denotes the matrix obtained from M by permuting its rows and columns

ZWe set M} = 1/2 by convention.
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according to the permutation 7, the SST matrix class can be defined in terms of
permutations applied to the class Cgiso of bivariate isotonic matrices as

(CSST L= UW(CBISO) = U {W(M) M e CB|50}. (5.2)

™

Here the class Cgso of bivariate isotonic matrices is given by

{M€[0,1]™": M+ M"=ee" and M has non-decreasing rows

and non-increasing columns},

where e € R™ denotes a vector of all ones.

As shown by Shah et al. [SBGW17], the SST class is substantially larger than
commonly used class of parametric models, in which each item 7 is associated with a
parameter w; € R, and the probability that item ¢ beats item j is given by F'(w; —w;),
where F': R — [0,1] is a smooth monotone function of its argument.

A special case of the SST model that we study in this chapter is the noisy sorting
model [BMO08], in which the all underlying probabilities are described with a single
parameter A € [0,1/2]. The matrix Mys(7, A) € [0, 1]**" has entries

[Mns(m, V)], = 1/2+ A sgn (7 (5) — 7(3)),

and the noisy sorting classes are given by

Cns(A) :=|J{Mns(m,\)}, and Cns:= |J Cns(V)- (5.3)

A€E[0,1/2]

Here sgn(z) is the sign operator, with the convention that sgn(0) = 0. In words, the
noisy sorting class models the case where the probability Pr{i > j} depends only on
the parameter A and whether 7*(¢) < 7*(j). Although a noisy sorting model is a very
special case of an SST model, apart from the degenerate case A* = 1/2, it cannot be
represented by any parametric model with a smooth function F', and so captures the
essential difficulty of learning in the SST class.

We now turn to describing the observation models that we consider in this chapter.

5.1.2 Partial observation models

Our goal is to provide guarantees on estimating the underlying comparison matrix

M* when the comparison topology is fixed. Suppose that we are given data for

comparisons in the form of a graph G = (V, E), where the vertices represent the n

items and edges represent the comparisons made between items. We assume that the

observations obey the probabilistic model

Y, = {Ber(M{}-) for (i,j') € E, independently (5.4)
* otherwise,
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where * indicates a missing observation. We set the diagonal entries of Y equal to
1/2, and also specify that Y;; =1-Y;; for j > 4,sothat Y +Y 7 = ee’. We consider
two different instantiations of the edge set given the graph.

Worst-case setting

In this setting, we assume that the assignment of items to vertices of the comparison
graph G is arbitrary. In other words, once the graph G and its edges E are fixed, we
observe the entries of the matrix according to the observation model (5.4), and would
like to provide uniform guarantees in the metric ||]\//f — M*||% over all matrices M* in
our model class given this restricted set of observations.

This setting is of the worst-case type, since the adversary is allowed to choose the
underlying matrix with knowledge of the edge set E. Providing guarantees against
such an adversary is known to be possible for parametric models [HOX14, SBB+16].
However, as we show in Section 5.2.1, such a guarantee is impossible to obtain even
over the the noisy sorting subclass of the full SST class. Consequently, the latter
parts of our analysis apply to a less rigid, average-case setting.

Average-case setting

In this setting, we assume that the assignment of items to vertices of the comparison
graph G is random. Equivalently, given a fixed comparison graph G having adjacency
matrix A, the subset of the entries that we observe can be modeled by the operator
O = o(A) for a permutation ¢ : [n] — [n] chosen uniformly at random. For a
fixed comparison matrix M*, our observations themselves consist of a random subset
of the entries of the matrix Y determined by the operator O: a location where
O;; = 1 (respectively O;; = 0) indicates that entry Y;; is observed (respectively is not
observed). Such a setting is reasonable when the graph topology is constrained, but
we are still given the freedom to assign items to vertices of the comparison graph,
e.g. in psychology experiments. A natural extension of such an observation model
is the one of k¥ random designs, consisting of multiple random observation operators
{O; = 0;(A)}r_,, chosen with independent, random permutations {o;}~_;.

Our guarantees in the one sample setting with the observation operator @ can be
seen as a form of Bayes risk, where given a fixed observation pattern E (consisting of
the entries of the comparison matrix Y determined by the adjacency matrix A of the
graph G, with A;; representing the indicator that entry Y;; is observed), we want to
estimate a matrix M* under a uniform Bayesian prior on the ranking 7*. Studying
this average-case setting is well-motivated, since given fixed comparisons between a
set of items, there is no reason to assume a priori that the underlying ranking is
generated adversarially.

We are now ready to state the goal of the chapter. We address the problems of
recovering the ranking 7* and estimating the matrix M* in the Frobenius norm. More
precisely, given the observation matrix Y = Y (E) (where the set E is random in the

average-case observation model), we would like to output a matrix M that is function

114



of Y, and for which good control on the Frobenius norm error ||]/\/f — M*||% can be
guaranteed.

5.2 Main results

In this section, we state our main results and discuss some of their consequences.
Proofs are deferred to Section 5.4.

5.2.1 Worst-case design: minimax bounds

In the worst-case setting of Section 5.1.2, the performance of an estimator is measured
in terms of the normalized minimax error

1. —~
M(G,C)= _inf sup E[—2||M - M*pr],
M=f(Y(G)) M*€C n

where the expectation is taken over the randomness in the observations Y as well
as any randomness in the estimator, and C € {Csst,Cns} represents the model
class. Our first result shows that for many comparison topologies, the minimax risk
is prohibitively large even for the noisy sorting model.

Theorem 5.2.1. For any graph G, the diameter of the set consistent with observa-
tions on the edges of G is lower bounded as

sup  [|My — Ma|l7 > o(G)((G) — 1) V B(G?). (5.5a)
M, Mz€Cns
M;(G)=M2(G)

Consequently, the minimaz risk of the noisy sorting model is lower bounded as

M(G,Cus) 2 15 [a(G)(a(G) — 1)V (67 (5.5b)

Note that via the inclusion Cng C Css1, Theorem 5.2.1 also implies the same
lower bound (5.5b) on the risk M(G,Csst). In addition to these bounds, the lower
bounds for estimation in parametric models, known from past work [SBB*16], carry
over directly to the SST model, since parametric models are subclasses of the SST
class.

Theorem 5.2.1 is approximation-theoretic in nature: more precisely, (5.5a) is a
statement purely about the size of the set of matrices consistent with observations
on the graph. Consequently, it does not capture the uncertainty due to noise, and
thus can be a loose characterization of the minimax risk for some graphs, with the
complete graph being one example. The bound (5.5a) on the diameter of the set
of consistent observations may be interpreted as the worst case error in the infinite
sample limit of observations on G. Hence, Theorem 5.2.1 stands in sharp contrast to
analogous results for parametric models [HOX14, SBB*16], in which it suffices for the
graph to be connected in order to obtain consistent estimation in the infinite sample
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limit. For example, connected graphs with large independent sets of order n do not
admit consistent estimation over the noisy sorting and hence SST classes.

It is also worth mentioning that the connectivity properties of the graph that
govern minimax estimation in the larger SST model are quite different from those
appearing in parametric models. In particular, the minimax rates for parametric
models are closely related (via the linear observation model) to the spectrum of the
Laplacian matrix of the graph G. In Theorem 5.2.1, however, we see other functions
of the graph appearing that are not directly related to the Laplacian spectrum. In
Section 5.3, we evaluate these functions for commonly used graph topologies, showing
that for many of them, the risk is lower bounded by a constant even for graphs
admitting consistent parametric estimation.

Seeing as the minimax error in the worst-case setting can be prohibitively large,
we now turn to evaluating practical estimators in the random observation models of
Section 5.1.2.

5.2.2 Average-case design: noisy sorting matrix estimation

In the average-case setting described in Section 5.1.2, we measure the performance of
an estimator using the risk

1 ——
sup ]E@,y—2||M — M*H%
M*eC n

It is important to note that the expectation is taken over both the comparison noise,
as well as the random observation pattern O (or equivalently, the underlying random
permutation o assigning items to vertices). We propose the Average-Sort-Project
estimator (ASP for short) for matrix estimation in this metric, which is a natural
generalization of the Borda count estimator [CM16, SBW16a]. It consists of three
steps, described below for the noisy sorting model:

. ~ 2 Yii O :
. 2y
(3 .. )
(1) Averaging step: Compute the average 7; = o corresponding to the
FE= Tl
fraction of comparisons won by item 3.

(2) Sorting step: Choose the permutation Tasp such that the sequence {'T};Slp(i)}?:]
is decreasing in ¢, with ties broken arbitrarily.

(3) Projection step: Find the maximum likelihood estimate B by treating Tasp as

the true permutation that sorts items in decreasing order. Output the matrix
Masp : = Mns(Tasp, ).

We now state an upper bound on the mean-squared Frobenius error achievable
using the ASP estimator. It involves the degree sequence {d,},cv of a graph G without
isolated vertices, meaning that d, > 1 forallv e V.
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Theorem 5.2.2. Let the observation process be given by O. For any graph G = (V, E)
without isolated vertices and any matriz M* € Cns(A*), we have

1, ,— . 1 nlogn X\ 1
Eoy [ggHMASP -M ||2}} < — 41082 Z e and (5.6a)

Eoy [KT(7*, 7asp)] < — - Z (5.6b)

veV \/_

A few comments are in order. First, while the results are stated in expectation, a
high probability bound can be proved for permutation estimation—namely

CI;’{/ {KT(W*,??ASP) pe n logn Z \/_} <n~

Second, it can be verified that TI%I + ”IIEOJ{%" < % eV %, so that taking a supremum

over the parameter A\* € [0,1/2] guarantees that the mean-squared Frobenius error
is upper bounded as O (% Y ovev \/——% , uniformly over the entirc noisy sorting class

Cns. Third, it is also interesting to note the dependence of the bounds on the noise
parameter \* of the noisy sorting model. The “high-noise” regime A\* = 0 is a good one
for estimating the underlying matrix, since the true matrix M * is largely unaffected by
errors in estimating the true permutation. However, as captured by equation (5.6b),
the permutation estimation problem is more challenging in this regime.

The bound (5.6a) can be specialized to the complete graph K, and the Erdés-
Rényi random graph with edge probability p to obtain the rates 1/4/n and 1/,/np,
respectively, for estimation in the mean-squared Frobenius norm. These rates are
strictly sub-optimal for these graphs, since the minimax rates scale as 1/n and 1/(np),
respectively; both are achieved by the global MLE [SBGW17]. Such a phenomenon
is consistent with the gap observed between computationally constrained and uncon-
strained estimators in similar and related problems [SBGW17, FMR16, PWC17].

Interestingly, it turns out that the estimation rate (5.6a) is optimal in a certain
sense, and we require some additional notions to state this precisely. Fix constants
C; = 1072 and C, = 10? and two sequences {a, }n>1 and {b, }»>1 of (strictly) positive
scalars. For each n > 1, define the family of graphs

Gn(an, b, {G V, E) is connected : |V| = n,

Cran < |E| < Caay, and Chb, < Z

veV

b}

As noted in Section 5.1.2, the average-case design observation model is equivalent to
choosing the matrix M* from a random ensemble with the permutation n* chosen
uniformly at random, and observing fixed pairwise comparisons. Such a viewpoint is
useful in order to state our lower bound. Expectations are taken over the randomness
of both 7* and the Bernoulli observation noise.
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Theorem 5.2.3. (a) Let M* = Mys(7*,1/4), where the permutation 7 is chosen
uniformly at random on the set [n]. For any pair of sequences ({an}n>1, {bn }n>1) such
that the set G,(an,by,) is non-empty for every n > 1, and for any estzmators (M )
that are measurable functions of the observations on G' we have

1 —_ bn o~
sup E [—2||M - M*||?,~} 2 —, and sup E[KT(x*,7)] 2 nb,
Gegn(anqbn) n n Gegn(aﬂrbn)

(b) For any graph G, let M* = Mys(7*,c\/n/|E|), with the permutation ©* chosen
uniformly at random and the constant ¢ chosen sufficiently small. Then for any
estimators (M 7) that are measurable functions of the observations on G, we have

*|12 n
B| 0T - 2

Parts (a) and (b) of the lower bound may be interpreted respectively as the ap-
proximation error caused by having observations only on a subset of edges, and the
estimation error arising from the Bernoulli observation noise. Note that part (b) ap-
plies to every graph, and is particularly noteworthy for sparse graphs. In particular,
in the regime in which the graph has bounded average degree, it shows that the in-
consistency exhibited by the ASP estimator is unavoidable for any estimator. A more
detailed discussion for specific graphs may be found in Section 5.3.

Although part (a) of the theorem is stated for a supremum over graphs, we actually
prove a stronger result that explicitly characterizes the class of graphs that attain
these lower bounds. As an example, given the sequences a, = n? and b, = /n, we
show that the ASP estimator is information-theoretically optimal for the sequence
of graphs consisting of two disjoint cliques K/, U Ky, /2, which can be verified to lie
within the class G(an, b,).

The ASP estimator for the SST model would replace step (iii), as stated, by a
maximum likelihood estimate using the entries on the edges that we observe. However,
analyzing such an estimator given only a single sample on the entries O is a challenging
problem due to dependencies between the different steps of the estimator, and the
difficulty of solving the associated matrix completion problem. Consequently, we
turn to an observation model consisting of two random designs, and design a different
estimator that renders the matrix completion problem tractable.

5.2.3 Two random designs: SST matrix estimation

Recall the average-case setting with multiple random designs, as described in Sec-
tion 5.1.2, in which the comparison topology is fixed ahead of time, but one can col-
lect multiple observations by assigning items to the vertices of the underlying graph
at random. In this section, we rely on two such independent observations ; and Os
to design an estimator that is consistent over the SST class. In order to describe our
estimator, we require some additional notation. For any matrix X € [0,1]™*™ such
that X + X' =ee', we use r(X) : = Xe to denote the vector of its row sums. Note
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that this vector is related to the vector of scores, as defined in equation (5.1), via
r(X)=(n-1)7(X)+1/2.

Our estimator relies on the approximation of any matrix M* € Csst by a block-
wise constant matrix, and we require some more definitions to make this precise. For
any vector v € R?}, fix some value ¢ € (0,n) and define a block partition bl,(v) of v as

bl(v)]; = {5 € [n] : v; € [[G = D[], lat) — 1]}

In particular, the blocking vector bl,(r(X)) contains a partition of indices such that
the row sums of the matrix within each block of the partition are within a gap ¢ of
each other. Denote the set of all possible partitions of the set [n] by x,. For any
partition C' € x,, of the indices [n], define the set of blocks B(C) = {SxT : S,T € C}.

By definition, given a partition C' € x,, of [n], the set B(C) is a partition of the
set [n] x [n] into blocks. We are now ready to describe the blocking operation. For
indices ¢, 5 € [n], denote by B¢ (3, 7) the block in B(C) that contains the tuple (7, 7).
Given a matrix X € [0, 1]"*" satisfying X + X = ee', we define the blocked version
of X depending on observations in a set E C [n] X [n] as

SN ESt— g X, if Be(i,j)NE
[B(X, C, E)LJ — 4 |Bc(t.4)NE| Z(k,f)eBc(z,])ﬂE ke 1 0(1" J) 7é (rb (57)
1/2 otherwise.

In words, this defines a projection of the matrix X onto the set of block-wise constant
matrices, by block-wise averaging the entries of X over the observed set of entries E.
We now turn to our estimator, called the Block-Average-Project estimator (BAP for
short), of the underlying matrix M* € Csst. Given the observation matrix Yj, define

), = -l  if entry (4, j) is observed,
1 0 otherwise,

where D; = 77 [O1];; is the (random) degree of item 7. We now perform three

steps:

(1) Blocking step: Fix S = Y, 1/v/d,, and obtain the blocking vector b =

bls(r(Y})) and permutation Tasp as in step (2) of the ASP estimator.

(2) Averaging step: Average the matrix Y within each block to obtain the matrix

M = B(Ys, b, E,).

(3) Projection step: Project onto the space Tasp(Cgiso) = {Tasp(M) : M € Cpgiso},

to obtain the estimator Mgap.

The blocking and averaging steps of the estimator are the main ingredients that
we use to bound the error of the associated matrix completion problem. Also, the
projection step of the estimator can be computed in polynomial time via bivariate
isotonic regression [BDPR84].

Theorem 5.2.4. Let the observation process be given by O; U Oy. For any graph G

119



without isolated vertices and any matrix M* € Csst, we have
1, — 1 1

E | =||Mgap — M*||2| < = E N

['ft2” BAP ”F:I ~ n ~ v/a)

where the expectation is taken over the noise, and observation patterns O; and O,.

To be clear, the blocking estimate ]/VI\BAP is well-defined even when we have just
one sample 01 instead of two samples O; and O,, where step (2) is replaced by
the estimate M = B(Yl,b E;). In the simulations of Section 5.3, we see that for a
large variety of graphs, using a single sample O; enjoys similar performance to using
two independent samples O; and O;. We require two independent samples of the
observations in our theoretical analysis to decouple the randomness of the first step
of the algorithm from the second. When using one sample O;, the dependencies
that are introduced between the different steps of the algorithm make the analysis
challenging.

5.3 Dependence on graph topologies

In this section, we discuss implications of our results for some comparison topologies.
Let us focus first on the worst-case design setting, and the lower bound of Theo-
rem 5.2.1. For the star, path (or more generally, any graph with bounded average
degree), and complete bipartite graphs, one can verify that we have a(G) < n, so
M(G, Cys) < 1. If the graph is a union of disjoint cliques K, /2 U K, > (or having a
constant number of edges across the cliques, like a barbell graph), then we see that
B(G¢) < n?, so M(G,Cys) < 1. Thus, our theory yields pessimistic results for many
practically motivated comparison topologies under worst-case designs, even though
all the connected graphs above admit consistent estimation for parametric models®
as the number of samples grows. In the average case-setting of Section 5.1.2, Theo-
rems 5.2.2, 5.2.3 and 5.2.4 characterize the mean-squared Frobenius norm errors of
the corresponding estimators (up to constants) as D(G) := 1% | -1 W

In order to illustrate our results for the average-case settmg, we present the results
of simulations on data generated synthetically* from two special cases of the SST
model. We fix 7* = id without loss of generality, and generate the ground truth
comparison matrix M* in one of two ways:

(1) Noisy sorting with high SNR: We set M* = Mys(id, 0.4).

(2) SST with independent bands: We first set M = 1/2 for every i. Entries on the
diagonal band immediately above the diagonal (i.e. M}, ; for i € [n — 1]) are
chosen i.i.d. and uniformly at random from the set [1/2,1]. The band above is
then chosen uniformly at random from the allowable set, where every entry is

3The complete bipartite graph, for instance, admits optimal rates of estimation.
4Note that the SST model has been validated extensively on real data in past work (see, e.g.
Ballinger and Wilcox [BW97]).
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Figure 5-1: Normalized Frobenius norm error ;%g”ﬁ,qsp — M*||% with data generated
using the noisy sorting model M* = Mys(id, 0.4), averaged over 10 trials.

constrained to be upper bounded by 1 and lower bounded by the entries to its
left and below. We also set M}, = 1 — M}; to fill the rest of the matrix.

For each graph G with adjacency matrix A, the data is generated from ground
truth by observing independent Bernoulli comparisons under the observation process
O = o(A), for a randomly generated permutation . For the SST model, we also
generate data from two independent random observations ; and O, as required by
the BAP estimator; however, we also simulate the behaviour of the estimator for one
sample O; and show that it closely tracks that of the two-sample estimator.

Recall that the estimation error rate was dictated by the degree functional D(G).
While our graphs were chosen to illustrate scalings of D(G), some variants of these
graphs also naturally arise as comparison topologies.

(1) Two-disjoint-clique graph: For this graph K/, U K/, we have d, = 5 — 1 for
every v € V, and simple calculations yield D(G) = 71: It is interesting to note that
this graph has unfavorable guarantees for parametric estimation under the adversarial
model, because it is disconnected (and thus has a Laplacian with zero spectral gap.)
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Figure 5-2: Normalized Frobenius norm error ﬁg” ﬁBAp — M*||% with data generated
using the SST model with independent bands, averaged over 10 trials, plotted for one
and two samples.
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We observe that this spectral property does not play a role in our analysis of the
ASP or BAP estimator under the average-case observation model, and this behavior
is corroborated by our simulations. Although we do not show it here, a similar be-
havior is observed for the stochastic block model, a practically motivated comparison
topology when there are genres present among the items, which is a relaxation of
the two-clique case allowing for sparser “communities” instead of cliques, and edges
between the communities.
(2) Clique-plus-path graph: The nodes are partitioned into two sets of n/2 nodes
each. The graph contains an edge between every two nodes in the first set, and a
path starting from one of the nodes in the first set and chaining the other n/2 nodes.
This is an example of a graph construction that has many (< n?) edges, but is unfa-
vorable for noisy sorting or SST estimation. Simple calculations show that the degree
functional is dominated by the constant degree terms and we obtain D(G) < 1.
(3) Power law graph: We consider the special power law graph [BA99] with de-
gree sequence d; = ¢ for 1 < i < m, and construct it using the Havel-Hakimi al-
gorithm [Hav55 Hak62]. For this graph, we have a disparate degree sequence, but
D(G) =< T , and the simulated estimators are consistent.
4) |(n/ 2)"‘] -regular bipartite graphs: A final powerful illustration of our theo-
retical guarantees is provided by a regular bipartite graph construction in which the
nodes are partitioned into two sets of n/2 nodes each, and each node in one set is
(deterministically) connected to |(n/2)*] nodes in the other set. This results in the
degree sequence d, = |(n/2)%] for all v € V, and the degree functional evaluates to
D(G) < n~*/2. The value of o thus determines the scaling of the estimation error for
the ASP estimator in the noisy sorting case, as well as the BAP estimator in the SST
case, as seen from the slopes of the corresponding plots.

Some other graphs that were considered in parametric model environments by
[SBB*16], such as the star, cycle, path and hypercube graphs, turn out to be unfavor-
able for permutation-based models even in the average-case setting, as corroborated
by the lower bound of Theorem 5.2.3, part (b).

5.4 Proofs

In this section, we provide the proofs of our main results. We assume throughout
that n > 2, and use ¢, ¢’ to denote universal constants that may change from line to
line.

5.4.1 Proof of Theorem 5.2.1

For each fixed graph G, define the quantity

AG):= sup — Z (M;; — ]VI'
M,M’eCns n? (iJ)EE
M(G)=M'(G)
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corresponding to the diameter quantity that is lower bounded in equation (5.5a).
Taking the lower bound (5.5a) as given for the moment, we first prove the lower

bound (5.5b) on the minimax risk. It suffices to show that the minimax risk is lower
bounded in terms of A(G) as

1 —~ 1
__inf sup E [—2HM — M*||?,~] > -—A(G). (5.8)
M=f(Y(G)) M*eCys LT 4

In order to verify this claim, consider the two matrices M*, M? € Csst that attain
the supremum in the definition of A(G); note that such matrices exist due to the
compactness of the space and the continuity of the squared loss. By construction,
these two matrices satisfy the properties

MY G)=M*G), and Y (M5—M2)?*=n?A@G).
(6,9)¢E

We can now reduce the problem to one of testing between the two matrices M?!
and M?, with the distribution of observations being identical for both alternatives.
Consequently, any procedure can do no better than to make a random guess between
the two, so we have

. — 1
inf sup E[IM - M3 27 D (M- M2,

M MTECns ()EE

which proves the claim (5.8).
It remains to prove the claimed lower bound (5.5a) on A(G). This lower bound
can be split into the following two claims:

A(G) > %a(G)(a(G) —1), and (5.9a)
1
A(G) > —ﬁiﬂ(Gc). (5.9b)
We use a different argument to establish each claim.

Proof of claim (5.9a): Recall the definition of the largest independent set. Without
loss of generality, let the largest independent set be given by I = {v,...v,}. Assign
item ¢ to vertex v; for ¢ € [a]. Now we choose permutations 7 and 7’ so that

e (i) =i for i € [a],
o 7'(i) =a—i+1forie [al,
o 7 and 7’ agreeon {a+1,...,n}.

Note that last step is possible because 7([a]) = 7'([a]). Moreover, define the matrices
M = Mys(m,1/2) and M’ = Mys(n’,1/2). Note that by construction, we have
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ensured that M(G) = M'(G). However, it holds that

Z (Mi; — M)? = |M — M'||% = 2KT(m, ') = a(a — 1),
(1.3)¢E

which completes the proof.

Proof of claim (5.9b): Recall the definition of a maximum biclique. Since the
complement graph G¢ has a biclique with 5(G¢) edges, the graph G has two disjoint
sets of vertices V; and V, with |V3||V,2] = B(G€) that do not have edges connecting
one to the other. We now pick the two permutations 7 and 7’ so that

e the permutation 7 ranks items from V; as the top |V;| items, and ranks items
from V, as the next |V3| items;

e the permutation 7’ ranks items from V, as the top |V,| items, and ranks items
from V; as the next |V3| items;

e the permutations 7 and 7’ agree with each other apart from the above con-
straints.

As before, we define M = Mys(m,1/2) and M’ = Mys(n’,1/2), and again, we have
M(G) = M'(G). The relative orders of items have been interchanged across the bi-
clique, so it holds that 2KT (7, 7") = 5(G¢), which completes the proof. a

5.4.2 Some useful lemmas for average-case proofs

We now turn to proofs for the average-case setting. For convenience, we begin by
stating two lemmas that are used in multiple proofs. The first lemma bounds the
performance of the permutation estimator Tasp for a general SST matrix, and is thus
of independent interest.

Lemma 5.4.1. For any matrizx M* € Csst, the permutation estimator Tasp satisfies

[Fase (M) — M*||7 < 4(n = 1)|l7* = 71, (5.10a)
and if additionally, M* € Cns(A*), we have
| Tasp(M*) — M*||% < 8X*(n — 1)||7* — 7|1 (5.10b)

In addition, the score estimates satisfy the bounds

E[||7* — 7]l1] < cz —, and Pri||7" =71 > c\/lognz
vd,

1 , }S n-10
veV d veV

1
vd,
Note that Lemma 5.4.1 implies the bound (5.6b), since for a matrix M* € Cns(A*),
we have 8A\2KT (Tasp, 7°) = ||Tasp(M*) — M*||%.
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Our second lemma is a type of rearrangement inequality.

Lemma 5.4.2. Let {a,}}_, be an increasing sequence of positive numbers and let
{b.}?_, be a decreasing sequence of positive numbers. Then we have

(gau)(gbu) zb

Proof of Lemma 5.4.1

Assume without loss of generality that 7* = id. We begin by applying Holder'’s
inequality to obtain

|Tasp (M*) — M*||% < |[Tasp(M*) — M*||oo||Tasp (M*) — M*||;.

In the case where M* € Cns(\*), we have |[Mz ) — M[|lc < 2A"; in the general
case M* € Cssr, we have || M3, ) — M;|lo < 1. Next, if MZ _ denotes the matrix
obtained from permuting the rows of M* by Tasp, then it holds that

”%ASP(M*) - M*”1 S ||%ASP(M*) 1I‘Asp"1 + “ 7TAsp - M*"]
= 22 “ ?T‘Asp(’i) - Mi*“b

=1

where the equality follows from the condition M; + M}; = 1. We also have

n n
* wp ® *
Z ” Tasp (i) - Mi “1 = (n - 1) Z |TT?Asp(’i) - T’L
=1 =1

; TA_1 (z)|
<(n-1) [Z | - TA;;p(z)i + Z |Tv?;s‘p<w) ,?;;,,ml}
I<_' (n—1) [Z T =7l '*‘Z i — Ti*|]

i=1 i=1

=2(n = Dll7* =71,

where step (i) is due to monotonicity along each column of M*, and step (ii) follows
from the ¢;-rearrangement inequality (see, e.g., Example 2 in the paper [Vin90]), using
the fact that both sequences {7}}"_; and {ﬂxslp(i)}?=1 are sorted in decreasing order.
Combining the last three displays yields the claimed bounds (5.10a) and (5.10b).

In order to prove the second part of the lemma, it suffices to show that the random
variable ||7* — 7|, is sub-Gaussian with parameter ¢S, where S := 3", _, 1//d,. Let
o : [n] = V be the uniform random assignment of items to vertices with o(A) = O,
and let D; denote the random degree d, ) = > i O;; of item ¢. Note that conditioned
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on the event o(¢) = v, the difference between a score and its empirical version can be
written as

%,»—T—( S ]V*———— M)+ LS W,
Y jio(i)~u J#l Y jio(G)~u

where ~ denotes the presence of an edge between two vertices. Note that the term

al— i (j)~ M;; is the empirical mean of d, numbers chosen uniformly at random
o 2

without replacement from the set {M};};., while ~L5 >z M is the true expec-
tation. Moreover, W;; represents independent, zero-mean noise bounded within the
interval [—1, 1]. Consequently, applying Hoeffding’s inequality for sampling without
replacement [BM15, Proposition 1.2] and the standard Hoeffding bound [Hoe63] to
the two parts respectively, we obtain

Pr{|f; — 77| > t| o(i) = v} < dexp(—cd,t?). (5.11)

Replacing t by t/v/d,, we see that conditioned on the event (i) = v, the random
variable v/d,|7; — 7| is sub-Gaussian with a constant parameter ¢/, or equivalently,

[exp (tfh, ) | o(i) = v] < exp(ct?). (5.12)

Since S = Y. | 1/4/D;, Jensen’s inequality implies that
]E[exp (tzn: |7 — 7‘{‘|)]
i=1
E[i %_D: exp (tS\/EIﬁ- —~ Ti*l)]
Z ZPr {o() = v}]E[ L exp (tS\/E—im - 'ri*l) | o(2) = v]

IA

I

3

=1 veV

11 1
<) =Y - : 22
= ; Svezvn\/azexp(cb” )
= exp(cS?t?),

where the last inequality follows from equation (5.12). Therefore, the random variable
|# — 7*||1 is sub-Gaussian with parameter ¢S, as claimed. O

127



Proof of Lemmma 5.4.2

For any increasing sequence {a,} and decreasing sequence {b,}, the rearrangement
inequality (see, e.g., Example 2 in the paper [Vin90]) guarantees that

n n
Z ayzb, < Z Aybr(u) for any permutation 7.

This inequality implies that

TOMELIPEEDS) DINSHIEES 3) P prn
'v-l u=1 v—l u=1 u=1
where we define 7(*)(u) := (u4v) mod n and have used the rearrangement inequality

for each of these permutations. O

Equipped with these two lemmas, we are now ready to prove Theorem 5.2.2.

5.4.3 Proof of Theorem 5.2.2

Without loss of generality, reindexing as necessary, we may assume that the true
permutation 7* is the identity id, thereby ensuring that M* = Mys(id, A*). We begin
by applying the triangle inequality to upper bound the error as a sum of two terms:

1 = * T ~ * ~ * *
S Masp — M IF < | Masp — Tasp (M) |7 + |[Rasp (M ™) — M*||% .

WV s
estimation error approximation error

Applying Lemma 5.4.1 yields bound on the approximation error. In particular, we
have

E [|[Tase(M*) = M*|] < eny

veV

\/_

We now turn to the estimation error term, which evaluates to n2(A — A*)?, with
p) representing the MLE of A* conditional on 7 being the correct permutation. For
each random set of edges E (we now let E be random in order to lighten notation)
and permutation 7, define the set

(E) ={(i,5) € E|i < j,m(@) > n(5)},

corresponding to the set of inversions that are also observed on the edge set E. We
require that each ordered pair (¢, 7) € E obeys ¢ < j. Therefore, the MLE takes the
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form

V2+X=rml > Y+ 3D A-Yy
(ivj)eE\I*Asp(E) (ivj)EI?Asp(E)
1
T\ 2L
(I’J)eE (lvj)EIﬁAsp(E)
. 1 1 .
(t.4)EE (i,j)EIﬁASP(E)

where we have written Y;; = M}, + W,;. Consequently, the error obeys

2 2
~ . 3 12 ., 12
A=X)%< TEF Z Wi +|—E_|2(/\ )2II%ASP(E)|2+‘|'E'|3 Z W
(i9)eE (6.3) €Tz 5gp (E)
2 2
@ 3 12 ., 12
S| 2 W |t O he®l s | X W
|E|? \ 4 |E| 2] o
(LJ)GE N —_— - (1v])€IﬂAsp(E)
h g d T ~ ~
T1 TB

where step (i) follows since |/z,..(E)| < |E| pointwise. We now bound each of the
terms T3, T» and T3 separately. First, by standard sub-exponential tail bounds, and
noting that W;; € [—1, 1], we have

E[Th] < % and Pr{T1 > %} < e,

We also have

|E] —ElL
2oE [T2] = E [z (E)]
= Z D" Prlo(i) = u,0(j) = v] Pr[Fasp(i) > Fasp(4)|0(d) = u, 0(5) = v]
1<j (u,v)EE

- Z Z %‘1‘:’1_) Pr[Tasp (i) > Tasp(4)|o (i) = u,0(j) = v].

(uw)€EE i<j
We now require the following lemma, which is proved at the end of this section.
Lemma 5.4.3. For any pair of vertices u # v, we have
1 1

+
v,

3 n(nl_ 5 Pr[asp (i) > Tasp(5)lo (i) = u,0(j) = v] < XC; ( ) . (5.13)

i<j

R
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Using Lemma 5.4.3 in conjunction with our previous bounds yields

Tz]_ Z ( N f>=cx*%f%, (5.14)

uv)eE

where the equality follows since each term \/— appears d, times in the sum over all
edges, and 2|E| = }° . dy. Let {d,},_, represent the sequence of vertex degrees
sorted in ascending order. An application of Lemma 5.4.2 with a, = d(, and b, =

m for u € [n] yields

> V<3 (Zd)(gf)

ueV u€V
Together with equation (5.14), we find that
cA*

1
E[Ty] < Dy

In order to complete the proof, it remains to bound E[T3]. Note that this step is
non-trivial, since the noise terms W;; for (i, j) € Iz,.(E) depend on and are coupled
through the data-dependent quantity 7asp. In order to circumvent this tricky depen-

2
dency, consider some fized permutation 7, and let T = (Z(i’j)e () W,-j) . Note

that T3 has two sources of randomness: randomness in the edge set E and random-
ness in observations. Since the observations {W;;} are independent and bounded and
|I:(E)| < |E|, the term

> Wy

(4:9)€l-(E)

is sub-Gaussian with parameter at most /|E|. We then have the uniform sub-
exponential tail bound

Pr{Ty > |E| + 6} < e™®. (5.15)

Notice that for any a € R, the inequality 73 > « implies that the inequality
IEQ TF > o holds for some fized permutation m. Taking a union bound over all n! <

nlogn

fixed permutations, and setting § = cnlogn for a constant ¢ > 1 yields

12 1
Pr {T3 > T3] + c%%} <exp{nlogn —cnlogn} <exp{—cnlogn}. (5.16)
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Noticing that T3 < 1, we obtain

12 | nlogn
E[T3] <Pr {Ts +c }
|E] " IEPR
12 nlogn 12 nlogn
+ 1—Pr{T2—+c })(———-’r—c )
< "= E| |E]? |E| |EJ?
12 1
<exp{- cnlogn}+ + nOan
£l |E]
1 nlogn
co( Ly mlosm)
|E] ~|EP
Combining the pieces proves the claimed bound on the expectation. O

The only remaining detail is to prove Lemma 5.4.3.

Proof of Lemma 5.4.3

We fix i,j € [n] with ¢ < j and condition on the event that o(i) = v and o(j) = v
throughout the proof. First, note that the bound stated is trivially true if one of
the vertices u or v has degree 1, by adjusting the constant appropriately. Hence, we
assume for the rest of the proof that d,, d, > 2. Define the quantity
J—r—1
Ay =2\ —
J n-— 2

(5.17)

We divide the rest of our analysis into two cases.

Case 1, (u,v) ¢ E(G): When the vertices u and v are not connected, we have

B - 1 JSM=J J—2
TjI=E[Tj]=—+)\ (m—n_z) and

_ .1 o m-i—-1 i-1
wommpl= e (- £53).

and it can be verified that 7, — 7; = Zﬁ. Consequently, we have

Pr {Zasp(J) < Tase(i) | 0(i) = u,0(j) = v}
=Pr{7; > 7| o(2) = u,0(j) = v}

Vd,  ~ . N
mAﬁ l U(l)=ua0(3)—v}
- Vd, B _,
+Pr{]n 'r,|>\/__+\/_ ji | o(@) =u,0(j) = }

dudy, <
<top {7t (19

<PI‘{|T] Tj|>
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where the last step follows from the Hoeffding bound for sampling without replace-
ment in conjunction with the standard Hoeflding bound for bounded independent.
noise, by an argument similar to that of equation (5.11).

Case 2, (u,v) € E(G): When the vertices u and v are connected, we have

B = 1 dy—-1 ,/n—j j—2 1.,

=Bl =5 N (o ) g end
. 001 dy—1_,/m—i—-1 4i-1\ 1,
T=Enl =5+ =5 A( n_2 _n—2)+du)\’

and it can be verified that 7; — 7; > Zji.

Now, however, we must apply the Hoeffding bound for sampling without replace-
ment to d, — 1 and d, — 1 random variables, respectively. Recalling that d,,d, > 2,
we have

Pr{Tasp(j) < Tasp (i) | (i) = u,0(j) = v}

—Pr {7 > 7 | 0i) = v, 0(j) = v}

VT o«
<Pr {IT] 75 > mAji | 0(i) =u,0(j) = v}
Vd, < . L
+Pr{|'r, il > \/d_v+\/ZAﬁ | o(i) =u,0(5) —v}
e (du — 1)(dv — 1) 52}
(Vdy—1++d,—-1)2 7"

dyd, ~
<top{ ¢t (>:19)

We use the shorthand L,, to denote the LHS of equation (5.13). Having estab-
lished the bounds (5.18) and (5.19), we now combine them to derive that

dudy . (A2
"“n(n-l ZZ“‘”‘"{ "W+ vapd Y —z>2}

Jj=2 i<g

o e, ()
= <n—1> Z p{ (Vo + V)2 (n—2>2}’

where we have used m = j — 4, and noted that there are at most n — 1 repetitions of
each distinct value of j — ¢ in the sum over 5 > i.

Defining ¥(q) = Y o, g™, we recall the following theta function identity® for
ab = 7 (see, for instance, equation (2.3) in Yi [Yi04]):

Ja (1 + 21b(e_“2)) Vb (1 + 20 _,,2))

5For the rest of this subsection, 7 denotes the universal constant.

< 4exp{—
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_dydy ()
(Vadutvd)? 12

L <ERM<1+QZCXP{ 2(\/—d+d\/_) ()\*)2})

< e VItV (HQZGXP{ (f+f>2m(»)2})

Using the identity by setting a? = ¢ yields

X4, P dud
TN [ 2 )

where in the last step, we have used the fact that \* < 1/2; and that f—%ﬁ > 4/n.
Bounding the geometric sum by a universal constant yields the required result.

5.4.4 Proof of Theorem 5.2.3

We prove the two parts of the theorem separately.

Proof of part (a)
The proof of part (a) is based on the following lemmas.

Lemma 5.4.4. Consider a matriz of the form M* = Mys(n*,1/4) where the permu-
tation 7* is chosen uniformly at random. For any graph G = K, U KU ... composed
of multiple disjoint cliques with the number of vertices bounded as C < |K;| < n/5 for
all i, and for any estimators (]\7 ,T) that are measurable functions of the observations
on G, we have

[—HM M*I]F] _CQZ\/_ and  E[KT(x",7)] > ey

vEV veV

\/_ (5.21)

Lemma 5.4.5. Given any graph G with degree sequence {d, },ev, there exists a graph
G’ consisting of multiple disjoint cliques with degree sequence {d. },cv such that

|E| < |E'| and Z\/'“VZ,\/GT/ (5.22)

veV

Part (a) follows by combining these two lemmas, so that it suffices to prove each of
the lemmas individually.

Proof of Lemma 5.4.4: Our result is structural, and proved for permutation re-
covery. The bound for matrix recovery follows as a corollary. Assume we are given a
graph on n vertices consisting of k disjoint cliques of sizes n,,...,n,. Let Nyp = 0 and
N; = S2J_, n,; for j € [k]. Without loss of generality, we let the j-th clique consist of
the set of vertices V; indexed by {N;_1 +1,..., N;}. By assumption, each n; is upper
bounded by n/5 and lower bounded by a universal constant.
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Note that any estimator can only use the observations to construct the correct
partial order within each clique, but not across cliques. We denote the induced partial
order of a permutation 7 on the clique V; by the permutation ; : [n;] — [n;]°.
We will demonstrate that there exists a coupling of two marginally uniform random
permutations (7*, 7#) such that

k
E[KT(x*,7n%)] > cnz VG = cnz %,

veV

and the partial order of 7* agrees with that of 7# on each clique, that is, ;o=

Wf for all j € [k]. Another way of stating this is that for every clique V; and every
two vertices 4,42 € V;, we need that n#(i;) < 7% (i) if and only if 7*(4;) < 7*(42).

Let E[- | 7*] denote the expectation over the observations conditional on 7*. Given
a pair of permutations (7*, 7#) satisfying the above assumption, we view them as two
hypotheses of the latent permutation. Then for any estimator 7, the Neyman-Pearson
lemma [NP66] guarantees that

EKT(F, 7*) | 7] + EKT(#, n%) | 7#] > KT (x#, 7*)

for each instance of (7*,7%), because the observations are identical for 7* and 7#.
Taking expectation over (7*,7%), we obtain that

1
vd,

2EKT(R,7")] > E[KT(x*,7%)] > en )

veV

since both 7* and 7# are marginally uniform.

To finish the proof, it remains to construct the required coupling (7*,7#). The
construction is done as follows. First, permutations 7* and 7 are generated uniformly
at random and independently. Second, we sort the permutation # on each clique
according to 7*, and denote the resulting permutation by 7#. Then the permutations
7* and 7% are marginally uniform and have common induced partial orders on the
cliques, which we denote by {7} : j € [k]}.

With some extra notation, we can define the sorting step more formally for the
interested reader. For a set of partial orders on the cliques {7; : j € [k]}, we define a
special permutation that effectively orders vertices within each clique V; according to
its corresponding partial order 7;, but does not permute any vertices across cliques.
We denote this special permutation by mp. ({7; : 7 € [k]}). For every clique V;, we
consider the permutation T, ; := 7} 0 (7t;)"!. Now, we can formally define the sorting
step to generate T# by

7 = Mpur ({Tsomtj = § € [K]}) 0 7.

Next, we need to evaluate the expected Kendall’s tau distance between these

6As an example, the identity permutation 7 = id would yield 7; = id on [n;] for all j € [k].
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coupled permutations. By the tower property, we have
EKT(z*,7%)] = E[E[KT(z*,7%) | {n} : j € [K]}]].

The inner expectation can be simplified as follows. Pre-composing permutations 7*
and 77 with any permutation does not change the Kendall’s tau distance between
them, so we have

]E[KT(’IT*,’/T#) | {71'; (J € [k]}] = E[KT(r, 7')]

where the permutations 7 and 7’ are drawn independently and uniformly at random
from the set of permutations that are increasing on every clique. That is, for every
clique V; and every two vertices i1, iy € V;, we have” m(4;) < m(i2) and 7/(i1) < 7' (iz).

We now turn to computing the quantity E[KT (7, 7’)]. It is well-known [DG77]
that 2KT(w, ") > ||m — #’||s. This fact together with Jensen’s inequality implies that

2E[KT(m,7")] > iE[]ﬂ'(z) — W'(z)]]
> i E HIE[r(i) —7'(i) | ] |]

- }j: IEHW(Z’) . ]E[w’(i)]l]
=E[||~ — E[x]||,]- (5.23)

It therefore suffices to lower bound the quantity E||x — E[x]||1].

Fix any 7 € [n]. Then 7 is ¢-th smallest index in the j-th clique for some j € [k]
and ¢ € [n;], or succinctly, i = N;_; +£. If we view 7! as random draws from the n
items, then 7 (i) is equal to the the number of draws needed to get the /-th smallest
element of V;. Denoting E[r(:)] by u, we have

14 _€n+1
nj-!-l_ nj—l—l’

p=4£+ E[ Z 1{r is drawn before z}] =4+ (n—n;)
r:io(r)¢V;

since the probability that an item not in V; is drawn before the ¢-th smallest element
of V; is £/(n; + 1). Furthermore, 7(i) = s if and only if £ — 1 elements of V; are
selected in the first s — 1 draws and the s-th draw is from V}, so

=0 = (") (00 (L) B e

"To understand why 7 and 7’ can be chosen independently, note that the only dependency
between the original permutations 7* and 7% is through the common induced partial orders {m5:
j € [k]}. By conditioning and pre-composing, we are able to remove that dependency.

135



We claim that for all [2n;/5] < £ < [3n;/5] and |s — u| < n/,/nj, it holds that

Pr{n(i) = s} < cy/mj/n (5.25)
where c is a universal positive constant.
If the claim holds, then for any 0 < m < n/,/n;, we have
E[lr(i) — ul] = mPr {|n(i) — ul = m} > m[1 — c(2m + 1) y7i;/n]

n

6cy/m;

by Markov’s inequality. Choosing m = yields

E[n(i) — ul] > e/

for some positive constant c;. Summing over £ in the given range, together with
inequality (5.23), completes the proof.

Proof of claim (5.25): For £ € [nj] and £ < s < n —n; + ¢, define a bivariate

function
-1
o n—n; n
o= () (DY) L0

Note that for any fixed s, the function £ — p(¢, s) is the probability mass function
of the hypergeometric distribution that describes the probability of ¢ — 1 successes
in s — 1 draws without replacement from a population of size n with n; successes.
Hence, its maximum is attained at ¢ = [S%J Now we consider the index set

n; 2n;7 n; n; +1 2n;
= D << |2 1 < s < |2
r={aa: [F[<e<[F) 3] < 3= ] <13}
[nj 2nj] [n 4n] ’
c |2, 2 x =, —|.
3 3 5 95
In particular, the range of interest [2n;/5] < £ < |3n;/5] and |s — p| < n/ /nj, is
contained within the set Z, since y = enlﬁli' Moreover, inequality (5.24) ensures that
Pr{r(i) = s} < p(¢,s)=2 for (¢,s) € Z. Thus, in order to complete the proof, it
suffices to prove that p(¢,s) < c¢/,/n; for (£,s) € Z, and it suffices to consider (¢, s)

such that £ = |_s7;’:21 | since each function £ — p(¢, s) attains its maximum at such a
pair (¢, s).

Toward this end, we use Stirling’s approximation [DM56] to obtain

Vni(n —n;)(s—1)(n—5+ 1)
VE=1)(nj—€+1)(s— O —n;—s+On
n;’ (n—n;)" (s —1)*(n—s+1)"*H

. . 27
(€ —1)1(n; — £+ 1)—H1(s — 04 n —n; — s+ L)nr—sHpn (5.27)

p(€7 S) S C2

(5.26)
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Since the factor in line (5.26) scales as 1/,/m; for (¢,s) € Z, it remains to bound the
factor in line (5.27) by a universal constant. This follows from lengthy yet standard
approximations which we briefly describe here. Assume that s2tL s an integer for

n+2
simplicity, so that £ is equal to this quantity and we have s = £2%: the extension to
the general case is easy. We first group together

n;+1’

Pj_(s_—_l) 1 _ n;(n€+2¢ —n; —1)/(n; +1)71¢-1

CE |

(€~1)n (£—1)n

1+ (2¢n; — n? —n; — fn)/(n;n + n)]g_l
-1 )

:[1+

which is bounded by a constant for (¢, s) € Z considering that lim,,_,o(1+ ﬁ)m = g%,

Then, we group together the terms

sl e T

respectively, and a similar argument yields that each term is bounded by a constant.
O

Proof of Lemma 5.4.5: Fix a graph G with degree sequence {d,},cv, and intro-
duce the shorthand S = 3", 1/V/d,. For some parameter k to be chosen, define the

graph G’ on the same vertex set to be the disjoint union of one clique of size ¢, L\/WJ,
cok cliques of size |n/k| and ¢3S cliques of size 2, where ¢;, ¢z and c; are constants to
be determined such that the sizes of each clique are integers. The number of vertices
remains the same, so that

n =c1|V|E|] + cok|n/k| + 2¢3S. (5.28)

The number of edges of G’ is
vIE n/k n?
|| <61L 2| U) czk(l é J) “ 1] k'’

where the last approximation holds because S < n < 2|E|. Moreover, let

' 1 2! L\/EJ c2k Ln/kJ
S = = + + ¢3S =< Vnk+ S,
; Vo e E) -1 VI =1

where the last approximation holds since |E|Y4 < \/n < S.
In order to guarantee that |E’| < |E| and S’ < S, we need to choose an integer k
so that n?/k < c|E| and vnk < ¢S, or equivalently
n? 052

—<k< " —.
clE| ~ =7
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Such an integer k exists if |E|S? > n®. Indeed, applying Lemma 5.4.2 twice (with
= dw) and b, = 1/,/d(,) the first time and a, = \/d(,) and b, = 1/,/d(,) the

second time, Where {d(u)} _, is the degree sequence in ascending order), we obtain
that T ’ o

518 = (L) (S 7z) 2n(Eva) () 2

With k selected, it is easy to choose ¢y, ¢z and c3 so that inequality (5.28) holds, since
each of \/|E|, k{n/k| and S is no larger than n. The issue of integrality can be taken
care of by constant-order adjustment of these numbers, so the proof is complete. O

Proof of part (b)

Given a parameter space ©, a set P = {61,0,,...,0p} is said to be a é-packing in
the metric p if p(6;,6;) > ¢ for all i # j. The lower bound of part (b) is based on the
following packing lemma for the set of permutations in Kendall’s tau distance. We
note that a similar lemma was proved by Barg and Mazumdar [BM10].

Lemma 5.4.6. For some positive constant c,, there exists an cyn®-packing P of the
set of permutations in the Kendall’s tau distance such that log|P| > n.

Consider the random observation model with graph G = (V, E), where E denotes
the random edge set of observations. We denote by Qjs the law of the random
observation noisy sorting model with underlying matrix M = Mys(7, A). We require
the following lemma.

Lemma 5.4.7. Let Py denote the law of the noisy sorting model with underlying
matriz M € Cns(A) for A € [0,1/4] and comparison graph G. Suppose that the entries
of two matrices M,M' € Cns(\) differ in s edges of the graph G. Then the KL
divergence is bounded as

KL(IPMg,PM/,(;) S 9/\28. (529)

Note that conditional on any instance of E, Lemma 5.4.7 guarantees that

KL(Pr e, Prrc) < 9)\2\{(@]') € E:i<j M;# M},

where Pjr ¢ denotes the model for fixed graph G. Hence taking expectation over the
random edge set yields the upper bound

KL(Qar, Qarr) < 92 Z Pr{(i,§) € E} < 9)2 Z . ilf;”

1<, Mi,ﬁﬁNI{J 1<J ( )

valid for any M, M’ € Cns(A).
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Note that |M — M'||% = 8\2KT(mr,7’) for M = Mys(m, A) and M’ = Mys(7', X).
Hence Fano’s inequality applied to the packing given by Lemma 5.4.6 yields that

IN?|E| + log 2)

inf sup E [HJ/V.?— M*“%] > 8\%c;n? (1 - -

M M*eCys

The proof is completed by choosing A2 = cyn/|E| for a sufficiently small constant
Co. O

It remains to prove Lemmas 5.4.6 and 5.4.7.

Proof of Lemma 5.4.6: The inversion table b = (by,...,b,) of a permutation 7
has entries defined by

n

b; = Z 1{n(z) > w(j)} for each i € [n].

J=i+1

We refer the reader to Mahmoud [Mah00] and references therein for background on
inversion tables. By definition, we have b; € {0,1,...,n — i} and KT(m,id) = >, b;
where id denotes the identity permutation. In fact, the set of tables b satisfying
b; € {0,1,...,n — i} is bijective to the set of permutations via this relation [Mah00].

This bijection aids in counting permutations with constraints.

Denote by B(id, r) the set of permutations that are within Kendall’s tau distance
r of the identity id. We seek an upper bound on |B(id,r)|. Every = € B(id,r)
corresponds to an inversion table b such that Y, b; < r. If b; is only required to
be a nonnegative integer, then the number of b satisfying » ;. ; b; < r is bounded by
(”:’") After taking logarithms, this yields a bound

log |B(id, r)| < nlog(1l + r/n) + n.

Let P be a maximal ¢;n?-packing of the set of permutations, which is necessarily
also a ¢;n?-covering of that set. Then the family {B(r, cin?)}.ep covers all permuta-
tions. By the right-invariance of the Kendall’s tau distance under composition, the
above bound yields log |B(m, cin?)| < nlog(l + ¢1n) + n for each 7. Since there are
n! permutations in total, we conclude that log |P] > log(n!) — nlog(1+cin) —n>n
for a sufficiently small constant c;. O
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Proof of Lemma 5.4.7

The KL divergence between Bernoulli observations has the form

KL(Ber(1/2 + A), Ber(1/2 — A)) = KL(Ber(1/2 — X), Ber(1/2 + X))

1/2 + X 1/2 = A
= 1/2 - X1
(1/2+)\)log1/2_/\+(/ )og1/2+/\
- 1/2+ A
_2/\log1/2_/\

<9)\?  forall A €[0,1/4],

where the last inequality follows by some simple algebra,

Note that the KL divergence between a pair of product distributions is equal to
the sum of the KL divergences between individual pairs. Since M and M’ differ in s
entries on the graph G and the Bernoulli observations are independent for different
edges, we see that KL(Par g, Py g) < 9N%s. O

5.4.5 Proof of Theorem 5.2.4

For the purpose of the proof, it is helpful to think of the observation model in its
linearized form. In particular, we have two random edge sets F; and E, and the
observation matrices

}QI:M*-FWZ'

for each ¢ € {1,2}. We also use the shorthand B(X,C) := B(X,C, [n] x [n]), and
recall the notation ||M||% := 2 G5)eB Mij.

By the triangle inequality, we have
| Menp — M5 < 2| Menp — Fase (M)} + 2|M" = Fase (M")]7
(I) AT — * * — *
< 20| M — Tasp (M) |5 + 2| M* — Tase(M*)||%
< AM — M7+ 6| M* — Tase(M™)|I7, (5.30)

where step (i) follows from the non-expansiveness of the projection operator. We
know from Lemma 5.4.1 that the second term in inequality (5.30) is bounded in
expectation by the quantity nS=n} ., 1/ V/d, as desired, so it remains to bound
the first term. Toward that end, again apply triangle inequality to write

IM — M*||% < 2||M — B(M*,b)||% + 2| M* — B(M*,B)|%. (5.31)

We now bound each of these terms separately. Starting with the first, let us define
some notation. For a set S C [n] x [n] and a matrix M € R™™ let |M|% =

140



> jyes M. We have

1M —B(M*, D)% = Y M —B(M",b)3
BeB(b)

__ Note that it is sufficient to consider off diagonal blocks in the sum, since both
M and B(M™*,b) are identically 1/2 in the diagonal blocks. Considering each block
separately, we now split the analysis into two cases.

Case 1, BN FEy; = ¢: Because the entries of the error matrix are bounded within
[—1,1], we have

IM = B(M*,b)|I5 < |B.

Case 2, BN E;, # ¢: Since both M and B(M*,b) are constant on each block, we
have

~_ * T\112 _ IBl ~_ * T\112

B * n * 7
_ l—E%l—E;—’HB(M + Wa, b, Ez) — BOM™, B)llsn,
. R . R
: 2|‘B—|m”lizj| (IBOM" + W2, B, Bx) — BB(M*,B) + Wa,b, Ba)l[3n,
+ IB(B(M",B) + W, b, Ez) — BM",B)lI3ns, )

(5.32)

Let us handle each term on the RHS of the last inequality separately. First, by
non-expansiveness of the projection operation defined by equation (5.7), we have

”B(M* + W2rb’ E2) - B(B(M*7b) + W27b7 E2)||?30E2 < "M* - B(M*>b)”%?ﬂEi2 )
_ 5.33

We also require the following technical lemma:

Lemma 5.4.8. For any block B and tuple (i,j) € B, we have

k
Pr{(z‘,j)eEz | |BﬂE2[=k}:|§|.

See Section 5.4.5 for the proof of this claim.

Returning to equation (5.33) and taking expectation over the randomness in Ej
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(which, crucially, is independent of the randomness in 3), we have
Ex, [|M* = BM" )3, | 1B Bl = k|

= Z Pr{(i,j)EEQ | |BmE2|=k}-[M*—B(M*,Z)]fj

(¢.)eB
(") Z M* b)]
(U)EB
= ]-—él—“M* - B(M*7b)“2B7 (534)

where step (ii) follows from Lemma 5.4.8.

Additionally, notice that [Ws];; for (i,j) € E» is independent and bounded within
the interval [—1,1]. Consequently, we have

~

Ew, [IIBB(M",B) + W5,5, Fz) — BOM", B[z <1, (5.35)

where we have used the fact that the entries of the matrix B(M *,3) are constant on
the set of indices B N Ej.

It follows from equations (5.32), (5.33), (5.34) and (5.35) that

. . B .
. * 2 < I L * 2 .
17 - 0" B3] < 28 |y 2| + 2 (1 - (o~ B

Combining the two cases and summing over the blocks, we obtain that

|B|

BeB(b)

(5.36)

Note that the second term above is the same as the second term on the RHS of
inequality (5.31).

We now require the following definition, and two lemmas to complete the proof.
Given a matrix M* and a partition C € x,, define its row average as

> M.

RO O =
jeC(@)

Lemma 5.4.9. With S =3 _,1/V/d, and for the partition b = bly(r(Y7)), we have

Eg | Y 1Bl | o6

BNE, V1|~
BeB(b)
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Lemma 5.4.10. Given any matrizc X € [0,1]"*" with monotone columns, a score
vectort € [0,n]", and a value t € [0, n], we have

I¢ = R(X, bL,(M)IF < nt + 2{[F — r(X)]l1.

Applying Lemma 5.4.9 with the expectation taken over the edge set F, yields the
desired bound on the first term of inequality (5.36).

In order to bound the second term of inequality (5.36), note that by definition,
we have

B(M*,C) =R(R(M*,C)")".
Consequently, it holds that
1M = B(M*, )7 < 2[M* = R(M™, C)|7 + 2|R(M*, C) — B(M*, O)||%
=2||M* — R(M*, O)|I% + 2IIR(M*,C)" = R(R(M*,C)", O)|I3.
Setting C' = blg(r) and applying Lemma 5.4.10 to both the terms, we obtain
I — B(M™, bls(?)) |7 < 218 + 4[F — r(M*)] 1.

Applying Lemma 5.4.1 yields a bound on the second term in expectation. This
together with equations (5.31) and (5.36) completes the proof of Theorem 5.2.4 with

the choice t = ), .\, 1/V/d,.
It remains to prove Lemmas 5.4.8, 5.4.9 and 5.4.10.

Proof of Lemma 5.4.8

Our proof relies crucially on the fact that one of the two sets is a block.
For a fixed integer k, we condition on the event {|B N E3| = k}. Note that E is
the random edge set defined by

Ey=n(E) ={(i,7) : (v(2),7(j)) € E},
where 7 is a uniform random permutation, and F is a fixed instance of E5. For any
pair of tuples (¢, 7), (k,£) € B, consider the permutation 7 defined by
o 7(i) =k, w(k) =1, #(j) = £ and 7({) = 7;
e 7(m)=m form # 1,5,k or £.

Note that right-composition by 7 is clearly a bijection between the sets {7 : (¢,7) €
7n(E)} and {7 : (k,€) € n(E)}. Therefore, we have |{7 : (i,7) € Ex}| = {7 : (k,£) €
Es}|. A counting argument then completes the proof. Indeed, conditioned on the
event {|B N Es| = k}, we have

3 Pr{(i,j) € Ea} = E[ 3 1{G4) € EQ}] — k,

(i.5)€B (i.5)eB
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which implies that Pr{(z,j) € E2} = %.

Proof of Lemma 5.4.9

Fix an individual block B of dimensions A X w, and let E = E, for notational
convenience. Define the random variable Y = |BNE|+1 so that (|BNE|V1)~! < 2/Y.
Hence we require a bound on the quantity E[Y ~!]. Toward this end, we write

Y=1+ Z 1{(s,5) € E}, and

(i,7)€B
v?2=1+2 Y @) eEY+ Y, 1(5),6,5) € E}
(i.j)€B (2,9),(i.5")€B

Note that for (¢, 7), (¢/,j') € B where 7 # ¢' and j # j', we have

2|E|

Pe{(6.5) € B} = —AL
Pr{(6.), (0,7 € B} = Z2LH = g

4|EF = 23,0y du(dy — 1) = 2] E]

Pr{(i,5),(7,J") € E} = n(n— 1)(n— 2)(n — 3)

Hence, we can compute the first two moments of ¥ as

2hw|E)|

E — ) 9 El =
Y]=1+ Z Pr{({,j) e E} =1+ nn—1) and
(¢,7)€B
ElyY=1+2 Y Pr{(i,5)eE}Y+ Y Pr{(i,5),(,5) € E}
(4,5)€B (3,9),(¢,5")eB

4hw|E|  2hw|E|
e R R [hw(w = 1)+ wh(h - 1)]

4IE|2 - 2EvEV dv(dv - 1) - 2|E|
n(n —1)(n —2)(n —3)

ZvGV dv(dv _ 1)

=1+ n(n—1)(n —2)

+ h(h - 1)w(w — 1)

where for the last step we split into cases according to whether ¢ = ' or j = j.
Therefore, the variance var(Y') is equal to

2 2 2hw|E| 2vev do(dv — 1)
Bly? - B = S5+ [hw(w — 1) +wh(h - 1)] n(n_V_ T
e - B =2y duld, = 1) = 2B 4h%u?|BP
+ Ak = D 1 n(n —1)(n —2)(n — 3) n?(n —1)%
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We note that

Mh—Dww-1)  hw®  hwlhw(dn —6) = (h+w-1n(n —1)]
nn—-1)(n—-2)(n—-3) n:(n-1)2 n(n —1)(n — 2)(n — 3)
2h2w?

n?(n —1)%(n — 2)(n — 3)°

where in the last step, we have used the fact that the quantity above is maximized
when h = w, and that 2 < h + w < n by the construction of the blocks.

Combining the pieces, we conclude that var(Y’) is bounded by

hlel EUGV d%

d2 h?w?|E|? hw|E
Z’UEV ’U+c wl | <2C w|2l

2
3 s < ~ (h + wh?)

+ c(hw® + wh?)
where the inequality holds because h < n, w < n and |E| < n%. Using the fact that
Y > 1 and applying Chebyshev’s inequality, we obtain
E[Y] 2
Ely ) < Pr{y < =+ —
YolsPri¥ == E[Y]
4 2
BV var(Y) + —[Y]

nt [hw|E|

h2w21E|2 2
n? h+wd ey d2

=2
“WlE] T The B

<

+ (hw® + wh?)

Z’UEV dg Tl2
|+ Tl B]

Now the above bound yields

|B] n’ > v d;
E— < 2c— h =e 2

v S cIE| + en(h + w) T
Note that there are at most m? = (n/.S)? blocks in total and the sum of h over m — 1
off-diagonal blocks vertically is bounded by n (similarly for w). Thus we conclude
that

BnEvI =B T T Ep
BEBb)

E Z |B| m*n’ ZZUEV LweV v

In order to complete the proof, it suffices to show that

n? -2 _IZver
E(Ze;\/ia‘) +"(§\/Z—> REEeS

vEV

\/_.
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Note that Lemma 5.4.2 implies that

2B1( 3 \/18;)2 = (Xa) (X \/1d_v)2 > .

veV veV veV

It follows that

and that

since d, < n.

Proof of Lemma 5.4.10

This lemma is a generalization of an approximation theorem due to Chatterjee [Chal5]
and Shah et al. [SBGW17] to the noisy and two-dimensional setting.

We use the shorthand @ = bl(r) for the rest of the proof. Also define the set of
placeholder elements in the partition C; as

s(Cy) = {i : 4 is smallest index in some set I € C,}.
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We are now ready to prove the lemma. Begin by writing

~ n 1
1X =R = 3| - o 30 X
k=1 |Ct(k)| ]'Gét(k)
1

(i

-
San’“'@(kn > X

1

F€Ci(k)
(i) & 1
<> —= > 11Xk = Xlh
k=1 lCt(k)l je@(k)
i)y 1
< kan > (X — r(X),]
k=1 MR 5e8 k) ,
1
=y Bk > X — (X))
kes(Cr) ' t( )I icCy (k) 5eC (k)
1

> ST (= r(X)il + 1 = (), + 7 =)

lce.e.(@)l (k)] i,jeCu(k)

(v) . ~

< F=rGOh+1IF=r(Xl+ D tICi(k)|
kes(Cy)

=2|[r — r(X)[}s + nt.

Step (i) follows from the fact that each entry of the difference matrix X — R(X, (Z) is
bounded in the interval [—1, 1]; step (ii) follows from Jensen’s inequality and convexity
of the £, norm; step (iii) uses the fact that for fixed k£ and j, the quantity Xy, — X;
has the same sign for all £ € [n] due to the monotonicity of columns of the matrix X;
step (iv) uses the property of the blocking partition C,, which ensures that =Tl <t
when the inclusion i, j € @(k) is satisfied for some k. This completes the proof.

5.5 Discussion

In this chapter, we studied the problem of estimating the comparison probabilities
from noisy pairwise comparisons under worst-case and average-case design assump-
tions. We exhibited a dichotomy between worst-case and average-case models for
permutation-based models, which suggests that a similar distinction may exist even
for their parametric counterparts. Our bounds leave a few interesting questions un-
resolved: Is there a sharp characterization of the diameter A(G) quantifying the
approximation error of a comparison topology G?7 The Borda count estimator, a
variant of which we analyzed, is known to achieve a sub-optimal rate in the case of
full observations; the estimator of Braverman and Mossel [BMO08| achieves the op-
timal rate over the noisy sorting class. What is the analog of such an estimator
in the average-case setting with partial pairwise comparisons? Is there a computa-
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tional lower bound to show that our estimators are the best possible polynomial-time
algorithms for SST matrix estimation in the average-case setting?

5.6 Appendix: Bounds on the minimax denoising er-
ror

As we saw in Theorem 5.2.1, the minimax risk of Frobenius norm estimation is pro-
hibitively large for many comparison topologies. In some applications, however, it
may be of interest to control the denoising error, which is the error we make on the
observations seen on the edges of the graph. Accordingly, we define the quantity

1 ——
£(G,C)= _inf sup E[—HM - M*ng],
M=f(y@)Mmrec L|E|

where we have used a normalization of |E| to provide an average entry-wise bound on
the denoising error. The following theorem provides bounds on the minimax denoising
error for fixed topologies.

Theorem 5.6.1. For any connected graph G, we have

a V(S

max canlog®n
|E| sece |E(S)]’

>
E(G,Cys) > 15|

and S(G,CSST) < (537)

Again, the lower bound on the error of the noisy sorting class provides a lower
bound for the SST class. Conversely, the upper bound on the error for the SST class
upper bounds the error for the noisy sorting class.

For many graphs used in practice, the lower bound can be evaluated to show
that Theorem 5.6.1 provides a sharp characterization of the denoising error up to
logarithmic factors.

The upper bound is obtained by the least squares estimator

Ms = arg _min Y — M*|%.

MeCsst

While we do not know yet whether such an estimator is computable in polynomial
time, analyzing it provides a notion of the fundamental limits of the problem. In
particular, it is clear that the denoising problem is easier than Frobenius norm es-
timation, and we obtain consistent rates provided that the number of edges in the
graph satisfies |E| = w(nlog®n).

5.6.1 Proof of Theorem 5.6.1

In this section, we prove Theorem 5.6.1 on the denoising error rate of the problem,
splitting it into proofs of the lower and upper bounds.
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Proof of lower bound

In order to prove the lower bound, we construct a suitable local packing P of the
parameter space Cys, and then apply Fano’s inequality. For simpler presentation, we
describe the packing P by gradually putting constraints on its members. First, every
matrix in P is chosen to be Mys(w, A) for a fixed A and some permutation 7, so we
focus on selecting the permutations 7.

Consider any connected subgraph S € Cg with at least two vertices. Let the
vertices of S form the top |V(S)| items and choose the same ranking for the vertices
of S¢ for each instance in the packing. Then all the matrices in the packing P have
the same (2, j)-th entry if i € 8¢ or j € S¢. Hence the KL divergence between any
two models with underlying matrices in the packing P is bounded by 9A%|E(S)|, by
Lemma 5.4.7.

Next, fix a spanning tree T'(S) of S which has [V (S)| — 1 edges. Note that all the
2IV(9)I-1 assignments of values to these edges

{M;; : (4,5) € T(S),i < j} € {1/2+ ) 1/2 = A}V

are possible, since there are no cycle conflicts in the spanning tree. Using the Gilbert-
Varshamov bound, we are guaranteed that there are constants a and b such that at
least 241V() such assignments are separated pairwise by b|V(S)| in the Hamming
distance. We choose the packing P consisting of matrices corresponding to these
assignments, so that || M — M’||Z > 8bA2%|V(9)| for any distinct M, M’ € P.

Finally, Fano’s inequality implies that

2 2
|E| £(G, Cns) > 8bX°|V(S)] (1 _ IX|E(S)| +log )

alV(5)]

[V(S)]
1E(S)]?

The proof then follows by choosing A2 = ¢ for a sufficiently small constant c. O

Proof of upper bound

As mentioned before, we obtain the upper bound by considering the estimator ]/W\LS-
The proof follows from previous results on the full observation case [SBGW17], but
we provide it for completeness. Note that for each (i,j) € E, the observation model
takes the form

Y = Mj; + Wy,
where Wj; is a zero-mean noise variable lying in the interval [—1, 1].
The optimality of M\s and feasibility of M* imply that we must have the basic
inequality ||Y — Mis||% < ||Y — M*||%4, which after simplification, leads to
1
SIAIE < (A, W), (5.39)

where A = M s — M*, and (A, B)g = ¥ jyer Aij Bij denotes the trace inner product
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restricted to the indices in F.
In order to establish the upper bound, we first define the class of difference matrices
Cowe :={M — M’ | M, M’ € Css1}, as well as the associated random variable

Z(t) := sup (D,W)g.

DeCpyrril|Dllp<t

With this notation, inequality (5.38) implies 1||Al|% < Z(||Allg). 1t follows from the
star-shaped property® of the set Cprr that the following critical inequality is satisfied
for some § > 0:

52
E[Z(4)] < 5
We are interested in the smallest such value §. In order to find it, we use Dudley’s
entropy integral, for which we require a bound on the covering number of the class
Cpirr. Such a bound was calculated for the Frobenius norm by Shah et al. [SBGW17]
using the results of Gao and Wellner [GWO07]. Clearly, since ||M; — M;||% < ||M; —
M;||%, a é-covering in the Frobenius norm automatically serves as a d-covering in the
edge norm || - ||g. Thus, we have the following lemma.

Lemma 5.6.2. [SBGW17] For every € > 0, we have the metric entropy bound

n? ny2
log N(é, CDIFF, " . "E) S Iog N(G,CD”:F, ” . ”F) S 9;5 (log ;) +9n log n.

Dudley’s entropy integral then yields that for all £ > 0, we have

§€(0,n]

t
E(Z(t)] <c inf {ni+ | iogN(e,Corr NBg(t),] - N)de |
8/2

< c{n‘8 +

\/E)g N (€, Coirr, || - ”E)df}

n=9/2

After some algebra (for details, see Shah et al. [SBGW17]), we have

E[Z(t)] < ¢{nlog’n + ty/nlogn}.

Setting t = cy/nlogn completes the proof. a

8A set S is said to be star-shaped if ¢ € S implies that ot € S for all a € [0, 1]
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