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Abstract

Learning From People
by
Nihar Bhadresh Shah
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Martin J. Wainwright, Chair

Learning from people represents a new and expanding frontier for data science. Crowd-
sourcing, where data is collected from non-experts online, is now extensively employed in
academic research, industry, and also for many societal causes. Two critical challenges in
crowdsourcing and learning form people are that of (i) developing algorithms for maximally
accurate learning and estimation that operate under minimal modeling assumptions, and
(ii) designing incentive mechanisms to elicit high-quality data from people. In this thesis, we
addresses these fundamental challenges in the context of several canonical problem settings
that arise in learning from people.

For the challenge of estimation, there are various algorithms proposed in past literature,
but their reliance on strong parameter-based assumptions is severely limiting. In this the-
sis, we introduce a class of “permutation-based” models that are considerably richer than
classical parameter-based models. We present algorithms for estimation which we show are
both statistically optimal and significantly more robust than prior state-of-the-art methods.
We also prove that our estimators automatically adapt and are simultaneously optimal over
the classical parameter-based models as well, thereby enjoying a surprising win-win in the
statistical bias-variance tradeoff.

As for the second challenge of incentivizing people, we design a class of payment mech-
anisms that take a “multiplicative” form. For several common interfaces in crowdsourcing,
we show that these multiplicative mechanisms are surprisingly the only mechanisms that
can guarantee honest responses and satisfy a mild and natural requirement which we call
no-free-lunch. We show that our mechanisms have several additional desirable qualities. The
simplicity of our mechanisms imparts them with an additional practical appeal.
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Chapter 1

Introduction

Data from people arises in a variety of different domains. For instance, “crowdsourcing” —
where (non-expert) people online are asked to perform tasks that are too hard for machines
and too expensive and time consuming for experts — has gained tremendous popularity.
Crowdsourcing is used to collect scientific data in various fields of science and engineering
such as bioinformatics [29, 72, 93, (96, 124, |(138| 142, {147, 162, |173| 262], astronomy [87,
128, 150, |165], psychology 97, 123, |152, [170], epidemiology [127], medicine [155, |242} 269],
radiology [179], ontology [214], environmental modeling [81], history [139], marketing and
business 55}, [266], fashion [268], and computer science [101} (134} 148, 211}, |273|. For instance,
the paper |142] employs crowdsourcing for cancer detection; the paper |[134] surveys the use
of crowdsourcing to collect annotations for training machine learning algorithms to perform
computer vision tasks.

Crowdsourcing is also vastly popular in the industry. For instance, a recent survey [210]
estimates that 85 of the 100 “best global brands” employ crowdsourcing. Crowdsourcing
and learning from people helps in many societal causes, such as healthcare |167], detecting
cyberbullying [208], helping the blind [16], search and rescue [183], crisis mapping [180],
improving nutrition [181], and others. It is also the crowd that has been the key driver for
many innovative and disruptive technologies in the sharing economy such as Uber, Lyft, and
Airbnb, and in sharing experiences such as Yelp, TripAdvisor, and IMDB. Even in our day
to day academic lives, we need to learn from people in the form of personalized teaching
as well as peer grading in both conventional classrooms and massive open online courses
(MOOCs) |187, 225].

The prevalence of data from people can be attributed to the proliferation of the Internet
across the world and to the many platforms that have recently emerged to harness this
opportunity. For instance, there are many online crowdsourcing platforms such as Amazon
Mechanical Turk (mturk.com) and others (crowdflower.com, microtask.com, upwork.com)
on which any entity (called a “requester”) may put up a task along with a promised payment,
and then any person online (called a “worker”) may complete the task in exchange for
the promised payment. These crowdsourcing platforms have gained tremendous popularity
because they are usually much cheaper and the tasks are completed much faster as compared
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to enlisting experts, thereby making it a highly scalable process [243]. Furthermore, with
the current platforms for crowdsourcing, the initial overhead of setting up a crowdsourcing
task is minimal.

Data obtained from people is usually quite noisy. For instance, when workers on crowd-
sourcing platforms are asked objective binary-choice questions, it is not uncommon to have
an error as large as 40%; when people are asked for their personal preferences over a set of
items, the data obtained typically has many inconsistencies. There are various reasons for
this noise, ranging from the lack of expertise in objective tasks, differences in preferences
across people, absence of proper incentives, and sometimes due to inadequacies of the inter-
faces. These issues give rise to two fundamental challenges in crowdsourcing and learning
from people: (i) accurate estimation from noisy data obtained from people, and (ii) incen-
tivizing people to provide better data. These two challenges form the two main parts of this
thesis.

Except for this introductory chapter and the concluding chapter, each of the two parts
and all seven chapters are written in an (almost) independent fashion, allowing the reader
to jump to any chapter of interest with negligible loss in context.

Estimation: Permutation-based models and algorithms

A central challenge in learning from people is to draw inferences from the highly noisy data
from people, for instance, to estimate the correct answers to objective questions from workers’
erroneous responses or to estimate the preferences of the population from disparate individual
responses. These estimation tasks must be performed in a statistically and computationally
efficient manner while making minimal assumptions about how people behave.

In this thesis, we address this estimation challenge for several different settings such as
ranking and preference prediction, labeling and classification, and recommender systems and
matrix completion. We approach these problems from the lens of statistical learning theory
where we assume that the noise is stochastic and is governed by some underlying unknown
probabilities. Unsurprisingly, there is a substantial body of past literature for each of these
problems |23, 34} 135, 44, |46, 56, (84} 85,88} 98, |112} 116, 117}, 121, 122, {125} 133|151} 177, |206],
220, [245| 248, |274]. These prior works operate largely under what we call parameter-based
modeling assumptions.

Definition 1. Parameter-based models (informal). Every entity is governed by one (or
few) unknown parameters. The probability of any event is a specific, known function of the
parameters associated to the entities involved in the event.

Let us illustrate the concept of parameter-based models with an example. Consider a
collection of items such as a set of movies, cars, or sports teams. In many applications, it is
required to perform a ranking or estimation task pertaining to these items based on noisy
comparisons between various pairs of items. The comparisons are stochastic, that is, for
each pair of items (i, j) there is some probability P(i beats j) that item i beats item j in any
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comparison between them. A “model” in this context is then a set of assumptions on these
probabilities. In this setting, a popular class of parameter-based models assumes that every
item ¢ is associated to some real-valued parameter, say w;. The model then assumes that
there exists an increasing function, say F', such that the probability of any item ¢ beating
any item j is exactly

P(i beats j) = F(w; — w;).

The function F' is also assumed to be known. For instance, two popular choices of this
function F are the Gaussian CDF which leads to the Thurstone model [253] and the sigmoid
function which leads to the Bradley-Terry-Luce model |20} [154].

In various applications, parameter-based models are a popular modeling choice, some-
times because they are more intuitive to write down, and sometimes because they are more
amenable for analysis and algorithm design. However, for the applications of our interest, we
find such parameter-based models to be quite restrictive. For instance, the parameter-based
models assume that the entire behavior of any person or any item is governed by a single (or
a few) number. Moreover, the assumption that the data is governed by some specific func-
tion of these parameters, and further that this function is known, forms a severely restrictive
assumption.

In this thesis, we instead consider what we call permutation-based models that are strictly
and significantly more general than parameter-based models.

Definition 2. Permutation-based models (informal). The set of entities in the system
has some unknown total ordering and the probabilities of events are monotonic with respect
to this ordering.

For instance, the permutation-based model that we consider for the pairwise-comparison
setting assumes that the items have some underlying total ordering, and for any triplet of
items (4, j,¢) such that 7 is higher than j in the ordering, it assumes that

P(i beats ¢) > P(j beats /).

Observe that the permutation-based model includes all parameter-based models as special
cases and is considerably more general. Under this permutation-based model, the items are
not governed by any parameters, and the probabilities do not have to obey any restrictive
functional form, thereby imparting this model significant generality.

Our permutation-based models are inspired from empirical evidence in psychology and
economics (see, for instance, the papers |11, 59, 163, [255]). Experimental results in this
line of literature reveal that parameter-based models form a poor fit to the data, whereas
assumptions of the permutation-based form are much more representative of the data in the
applications considered therein.

In this thesis, we consider several problems pertaining to estimation from data from
people. In each of these problems, we design estimation algorithms and perform an associ-
ated statistical analysis. Under standard metrics of measuring the performance of estima-
tion algorithms, we establish upper bounds on the error incurred by our estimators under
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the permutation-based models. We complement these results with matching information-
theoretic lower bounds showing that our results are sharp, that is, no other estimation
algorithm can perform better (up to logarithmic factors) under the permutation-based mod-
els.

With these results one may naturally have the following question: The aforementioned
estimation algorithms and bounds address the quite general permutation-based model. Now
suppose that the data is guaranteed to be drawn from some parameter-based model. Then
if one were to design an estimator tailored specifically to this parameter-based model, then
can this estimator exploit the restrictive assumptions of this model to yield a (much) better
performance than the estimators based on permutation-based models? We show that, some-
what surprisingly, the answer is no — even if an estimator was handcrafted to incorporate
the restrictive assumptions of parameter-based models and if the data was always drawn
from this model, this estimator cannot perform any better (up to logarithmic factors) than
the much more generally applicable permutation-based estimators. This phenomenon is a
recurring theme of Part [T of this thesis.

Permutation-based models enjoy a win-win in terms of the statistical
bias-variance tradeoff as compared to parameter-based models.

Please see Figure for a pictorial illustration.

We now describe the contributions of Part [l of this thesis in some more detail.

In Chapter [2] we consider data in the form of pairwise comparisons — there is a collection
of items and we have data of the form “item i is better than item j” for various pairs (4, j)
of these items. This form of data is motivated by the well known [13, 247] phenomenon
that for human beings, choosing one of two options requires far lesser time and effort as
compared to giving a cardinal score (numeric rating) for each item. Moreover empirical
evidence [220, Section 5] also suggests pairwise-comparison data is typically subject to a
lower noise than cardinal scores. In this chapter, we address the problem of estimating the
underlying probabilities of the pairwise comparisons — for any given pair of items (4, j), what
is the probability that item ¢ will beat item j if they are compared? In contrast to prior
works [23, 46, 98, 112 121}, |177], |220] that consider restrictive parameter-based models for
analyzing pairwise-comparison data, we consider a significantly more general permutation-
based model which is also called the strong stochastic transitivity model in the literature. We
provide various algorithms for estimation under this model, establish associated statistical
guarantees, and show that making parameter-based assumptions offer little help. We also
show that our assumed model is a remarkable sweet spot: On one hand, our aforementioned
results imply that moving to more restrictive models do not help, and on the other hand we
also show that more general models are not very useful as they result in an estimation error
that is almost as high as when making no assumptions at all. This chapter is based on joint
works with S. Balakrishnan, M. J. Wainwright, and A. Guntuboyina [221] [223].

In Chapter 3] we continue with the setting of pairwise comparisons, with the goal of
identifying the top £ items for some value of k, or alternatively, recovering a ranking of all
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Figure 1.1: A comparison of the performance of permutation-based estimators with parameter-
based estimators: (a) permutation-based estimators rely on strictly and significantly fewer assump-
tions; (b) when data follows a permutation-based model, the error incurred by permutation-based
estimators is an order of magnitude lower; and (c¢) when data follows a parameter-based model,
the error incurred by permutation-based estimators is no more (up to logarithmic factors) than the
error incurred by the respective parameter-based estimators.

the items. We consider requirements of both exact and approximate recovery. For the latter
requirement, we propose an abstract class of approximation metrics that is based on a simple
and natural motonicity condition and encapsulates many popular approximation metrics such
as the Hamming error. We analyze a simple counting algorithm that ranks the items in order
of the number of pairwise comparisons won, and show it has three attractive features: (i) its
computational efficiency leads to speed-ups of several orders of magnitude in computation
time as compared to prior work; (ii) it is robust in that theoretical guarantees impose very
mild (permutation-based) conditions on the underlying pairwise-comparison probabilities;
and (iii) it is an optimal method up to constant factors for all of the aforementioned metrics.
In contrast, prior works on this topic such as , address only a few specific metrics
of recovery, and furthermore, restrict attention to the parameter-based BTL model. This
chapter is based on joint work with M. J. Wainwright [234].

In Chapter , we move to the problem of labeling (or classification) from the crowd.
The aggregation and denoising of crowd labeled data is a task that has gained increased
significance with the advent of crowdsourcing platforms and massive datasets. Here one has
access to the (noisy) answers of multiple workers to several binary-choice questions and the
goal is to estimate the true answers to each of the questions. In this chapter, we propose a
permutation-based model for crowd labeled data that is a significant generalization of the
parameter-based models of the Dawid-Skene type, which are the focus of prior works ,
84},85], (88|, [116], 117, [125] [151], 274). We also introduce a new error metric by which to compare
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different estimators which is more suited for this problem as compared to the Hamming error

metric considered in all prior works. We design estimation algorithms for this problem and

show several associated strong statistical guarantees with respect to its performance on both
the permutation-based and the parameter-based models. This chapter is based on joint work

with S. Balakrishnan and M. J. Wainwright [222].

In Chapter [5| we consider the problem of noisy matrix completion, in which the goal is
to reconstruct a structured matrix whose entries are partially observed in noise. Standard
approaches to this problem are based on assuming that the underlying matrix has low rank, or
is well-approximated by a low-rank matrix. In this chapter, we advocate a rethinking of this
low-rank assumption, and propose a richer model based on what we term the “permutation-
rank” of a matrix. We describe how the classical non-negative rank model can be seen
to enforce restrictive and often undesirable parameter-based assumptions, and the richer
permutation-rank model avoids these strong assumptions. We again present estimation
algorithms and various associated statistical guarantees. These guarantees also include sharp
oracle inequalities — bounds on the error incurred by our estimator when data does not follow
the assumed models — that are also applicable to the problem settings of earlier chapters. We
also provide various structural results characterizing the uniqueness of the permutation-rank
decomposition, and characterizing convex approximations of the permutation-rank polytope.
This chapter is based on joint work with S. Balakrishnan and M. J. Wainwright [224].

We also mention in passing some other works on closely related topics that the author
contributed to during his PhD, but are excluded from this thesis for the purposes of brevity
and cohesiveness. We briefly outline these works here and provide relevant references for the
interested reader:

e Cardinal data is noisier in practice as compared to ordinal data [220, Section 5.

e Ranking from active pairwise comparisons: an efficient algorithm, sharp guarantees under
a general permutation-based model, and futility of parameter-based models [100].

e A case for ordinal (comparison-based) peer-grading in massive open online courses (MOOCs)
and an aggregation algorithm [225].

e Estimation from comparisons between arbitrary pairs of items, and error-bounds based on
on this comparison graph for parameter-based models [220].

e Adaptivity to local underlying smoothness when estimating pairwise comparison matrices:
sharp statistical and computational guarantees, and a surprising negative result about the
popular least squares estimator [223].

e Impossibility of reasonable models for crowdsourced-labeling that guarantee convex esti-
mation [2306].

e An algorithm based on a regularized entropy approach for aggregating crowdsourced labels
and associated empirical evaluations [275].

e An analysis of the review data from the Neural Information Processing Systems (NIPS)
2016 conference [21§].
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Incentives: Multiplicative payment mechanisms

The second fundamental challenge in learning from people is to collect higher-quality data
by incentivizing people to respond in a suitable manner. We consider incentives in the
form of performance-based monetary payments, which are applicable to the extensively
used crowdsoucing platforms such as Amazon Mechanical Turk (mturk.com) and others
(crowdflower.commicrotask.com, upwork.com). Alongside, we also consider the naturally
associated requirement of providing appropriate interfaces to people so that they can express
their knowledge in the best possible manner.

We consider a crowdsourcing setting where the requester possesses a collection of objective
questions and wishes to elicit the answers to these questions from the crowd. We further focus
on a standard setting in crowdsourcing where the requester has access to the correct answers
to a (small) subset of the questions; these questions are called gold standard questions and
are used to evaluate the workers’ performance and to make payments to them. The gold
standard questions are mixed uniformly at random among the actual questions, and the
worker does not know which of the questions are gold standard. On receiving any worker’s
responses to all the questions, for the purpose of determining the payment to the worker, we
retain only the responses to the gold standard questions.

Any payment mechanism employed must ensure that workers are incentivized to report
honestly, and that the system cannot be gamed. In order to formalize this requirement, we
employ the standard notion of incentive compatibility from game theory and decision theory.

Definition 3. Incentive compatibility (informal). The ezpected payment, from the worker’s
point of view, must be strictly mazximized when the worker responds honestly.

As a toy example to understand the concept of incentive compatibility, consider a binary-
choice question with options A and B to which the requester knows the answer. The requester
wishes to ask this question to a worker on a crowdsourcing platform and incentivize the
worker to provide the answer that the worker believes is most likely to be correct. Now
suppose that the payment scheme is set as follows: pay an amount x > 0 when the worker’s
answer is correct and pay an amount y (x > y > 0) when it is incorrect. The payment
scheme is made known to the worker. Now suppose that the worker believes that option
A is the correct answer with probability p4 and that option B is the correct answer with
probability pg = 1 — p4. Then from the worker’s perspective, choosing option A will yield
a payment of = if A turns out to be correct (which happens with probability p4 from the
worker’s perspective) and a payment of y if B is correct (with probability pg), thereby
yielding a payment of (xpa + ypp) in expectation. Similarly, choosing option B will yield
an expected payment of (ypa + xzpp). Under the assumption that the worker wishes to
maximize his/her expected payment, one can verify that the worker is incentivized to report
option A if p4 > pp and option B if pg > p4. The mechanism is thus incentive compatible.

The goal is to design payment mechanisms for crowdsourcing that are incentive compat-
ible. To this end, the framework of “strictly proper scoring rules” [24, 94, 216] provides a
general theory for eliciting information for settings where the responses can subsequently be
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Is this the Golden Gate Bridge?

@ Yes O Yes O Yes
i () No () No al, . @ No
| - ~ & i
i (U I'm not sure @ I'm not sure =+ ) I'm not sure |

3 points X % point X 3 points
Final pay = 4 7

Figure 1.2: An illustration of a multiplicative payment mechanism. The three questions shown in
the figure are the gold standard questions. The depicted payment is the multiplicative part which
depends on the worker’s answers, and the fixed part of the payment is set as zero in this example.

verified by the requester. (Consequently, our mechanisms can also be called strictly proper
scoring rules for crowdsourcing.) Importantly, the framework of strictly proper scoring rules,
however, provides a large collection of possible mechanisms and does not guide the choice of
a specific mechanism from this collection [94].

Our approach towards this problem is to design mechanisms that can be used in prac-
tical crowdsourcing applications, and hence we must somehow choose one mechanism for
deployment. As a first step in this direction, in order to narrow down the possible choices
for mechanisms in a principled manner, we begin by imposing a very simple and natural
requirement that we call no-free-lunch.

Definition 4. No-free-lunch (informal). The payment should be minimum if all attempted
(gold standard) questions are answered incorrectly.

Observe that no-free-lunch is a very weak requirement. For instance, consider a task
where each question is of a binary-choice format. If a worker chooses answers uniformly at
random for every question, at least one answer will be correct with high probability. On
the other hand, the no-free-lunch requirement is invoked only when all attempted questions
are answered incorrectly, and hence there is an exponentially small (in the number of gold
standard questions) probability that the no-free-lunch requirement will be invoked.

In this thesis, we design mechanisms for various settings that satisfy the two natural
requirements of incentive compatibility and no-free-lunch. Interestingly, a common theme
across all our mechanisms is that they have a multiplicative form.

Definition 5. Multiplicative payment mechanism (informal). The payment mechanism
gives a certain number of points separately for each (gold standard) question depending on
the worker’s answer, and the final payment is a product of all of these points. This answer-
dependent payment may be augmented by adding a fized (independent of worker’s answers)
payment to the computed product.

An example of such a multiplicative payment mechanism is illustrated in Figure [1.2]
We now return to our goal of choosing a mechanism using a principled approach, where
we had imposed the no-free-lunch requirement to reduce the number of possible mechanisms
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from a massively large class to a possibly somewhat smaller set. It turns out that our no-free-
lunch requirement provides remarkable assistance on that front — we show that, surprisingly,
there is no other incentive-compatible mechanism that satisfies no-free-lunch.

Multiplicative incentive mechanisms are the only mechanisms that
are incentive compatible and satisfy no-free-lunch.

We also show that multiplicative mechanisms have additional appealing properties in the
context of crowdsourcing. The simplicity of our mechanisms is an added benefit ithat imparts
a significant practical appeal.

With this background, we now discuss the individual chapters of Part [l of this thesis in
more detail.

In Chapter[6 we consider a crowdsourced data-collection setting with a goal of incentiviz-
ing workers to answer only the questions that they are sure about, and skip the questions
for which the worker is not confident enough. An interface of this form is illustrated in Fig-
ure (note that our work is not restricted to only multiple choice questions). We design
multiplicative incentive mechanisms for this setting and show that they are are the only in-
centive compatible mechanisms to satisfy the no-free-lunch requirement. We also show that
among all incentive compatible mechanisms that may or may not satisfy no-free-lunch, our
mechanisms make the strictly smallest expected payment when a worker answers randomly.
This chapter is based on joint work with D. Zhou [235].

In Chapter [7], we consider an interface that additionally elicits a quantized confidence of
the worker. For example, for each attempted question the worker may be asked to indicate
whether he/she has a “low”, “moderate”, or “high” confidence. We consider an even weaker
notion of no-free-lunch that applies only when all attempted questions (in the gold standard)
are answered incorrectly and are indicated as the highest confidence level by the worker. We
then design a multiplicative payment mechanism and prove its uniqueness. This chapter is
based on joint work with D. Zhou [235].

In Chapter |8 we consider an “approval voting” interface [21}, |51} [185] in which the worker
is allowed to select any number of options that he/she thinks could possibly be the correct
answer. We first show an impossibility result that no mechanism can be incentive compatible
in this setting. Then under an additional assumption on the granularity of peoples’ responses,
we design a multiplicative mechanism for which we prove strong guarantees of uniqueness
and optimality. This chapter is based on joint work with D. Zhou and Y. Peres [237].

Finally, we also mention in passing some other closely related works by the author during
his PhD that are omitted from this thesis. We also provide relevant references for the
interested reader.

e A new “self-correction” interface for crowdsourcing and associated incentive mechanisms [219].

e Mechanisms that operate without gold standard questions, and are simpler than all incentive-
compatible mechanisms in past literature [115].

e Mechanisms for parametric prediction from parametric agents |156].
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Notation

We now describe some notation that we employ throughout this thesis.

We use the notation ¢ along with any subscripts or superscripts, such as ¢;, ¢ etc., to
denote positive universal constants.

We use R to denote the set of all real numbers, and R, to denote all non-negative real
numbers. For any vector or matrix, we use the superscript 7 to denote its transpose. For
any positive integer k, we use the notation [k]| to represent the set {1,...,k}. The indicator
function is denoted by 1, that is, 1{z} = 1 if z is true, and 0 otherwise.

For any vector v € R"™ and any value p > 1, we use |v||, to denote the ¢,-norm of
vector v, that is, [[v]l, = (301, |v:i[P)Y/P. We also use ||v]|o = maxl, |v;|. For any square
matrix M € R™ ™ we use the notation trace(M) to denote the trace of matrix M, that is,
trace(M) = >_"" | My;. For any pair of matrices M; € R™% and My € R™ % we use the
notation ((M;, M,)) to denote the trace inner product between the two matrices, that is,
(M, My)) = trace(M] M,). For any matrix M € R™*? we use || M || to denote its Frobenius

norm and || M ||, to denote its ¢, operator norm, that is, || M||p = / (M, M) = \/Z?:l Z;.lzl M,

and | M |lop = sup,ega oy | Mvll2/[[v]|2. For any matrix M € R4, welet 01(M), ..., Omax(n,ay (M)
denote its singular values (ordered from largest to smallest); if the rank of M equals r, then

we must have 0,41 (M) = -+ = Omaxfn,a} (M) = 0. For any symmetric matrix M € R"*", we

let \y(M),..., \p(M) denote its ordered eigenvalues.

We use the standard Landau order notation for asymptotics: we write a, = O(b,) to
mean that there are universal constants C' > 0 and N > 1 such that a, < Cb, for every
n > N. Similarly, we write a, = Q(b,) to mean that a, > cb, for every n > N, where
c¢>0and N > 1 are some universal constants. We write a,, = O(b,) when a,, = O(b,,) and
a, = Q(b,). We write a,, = o(b,) to mean that for every ¢ > 0 there exists some N > 1
(which may depend on ¢) such that a,, < ¢b, for all n > N. We augment the Landau order
notation with a tilde to mean the corresponding notation up to logarithmic factors.
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Chapter 2

Estimating Pairwise Comparison
Probabilities

“Compare yourself with the best not to feel jealous but to
strive to become at least as good.”
— Albert Einstein

2.1 Introduction

Pairwise comparison data is ubiquitous and arises naturally in a variety of applications,
including tournament play, voting, online search rankings, and advertisement placement
problems. In rough terms, given a set of n objects along with a collection of possibly incon-
sistent comparisons between pairs of these objects, the goal is to aggregate these comparisons
in order to estimate underlying properties of the population. One property of interest is the
underlying matrix of pairwise comparison probabilities—that is, the matrix in which en-
try (4,7) corresponds to the probability that object i is preferred to object j in a pairwise
comparison. The Bradley-Terry-Luce 20} |154] and Thurstone [253] models are mainstays
in analyzing this type of pairwise comparison data. These models are parameter-based in
nature: more specifically, they assume the existence of an n-dimensional weight vector that
measures the quality or strength of each item. The pairwise comparison probabilities are
then determined via some fixed function of the qualities of the pair of objects. Estimation in
these models reduces to estimating the underlying weight vector, and a large body of prior
work has focused on these models (e.g., see the papers [98, 177, 220]). However, such models
enforce strong relationships on the pairwise comparison probabilities that often fail to hold
in real applications. Various papers [11], 59, [163, |255] have provided experimental results in
which these parameter-based modeling assumptions fail to hold.

Our focus in this chapter is on models that have their roots in social science and psychol-
ogy (e.g., see Fishburn [78] for an overview), in which the only coherence assumption imposed
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on the pairwise comparison probabilities is that of a permutation-based form and is known as
strong stochastic transitivity, or SST for short. These models include the parameter-based
models as special cases but are considerably more general. The permutation-based SST
model has been validated by several empirical analyses, including those in a long line of
work [11], 59, 163|, 255]. The conclusion of Ballinger et al. [11] is especially strongly worded:

All of these parametric c.d.f.s are soundly rejected by our data. However, SST
usually survives scrutiny.

We are thus provided with strong empirical motivation for studying the fundamental proper-
ties of pairwise comparison probabilities satisfying the permutation-based SST assumptions.
In this chapter, we focus on the problem of estimating the matrix of pairwise comparison
probabilities—that is, the probability that an item ¢ will beat a second item j in any given
comparison. Estimates of these comparison probabilities are useful in various applications.
For instance, when the items correspond to players or teams in a sport, the predicted odds
of one team beating the other are central to betting and bookmaking operations. In a
supermarket or an ad display, an accurate estimate of the probability of a customer preferring
one item over another, along with the respective profits for each item, can effectively guide
the choice of which product to display. Accurate estimates of the pairwise comparison
probabilities can also be used to infer partial or full rankings of the underlying items.

Our contributions: We begin by studying the performance of optimal methods for es-
timating matrices in the permutation-based SST class: our first main result (Theorem
characterizes the minimax rate in squared Frobenius norm up to logarithmic factors. This
result reveals that even though the permutation-based SST class of matrices is considerably
larger than the classical parameter-based class, surprisingly, it is possible to estimate any
permutation-based SST matrix at nearly the same rate as the classical parameter-based fam-
ily. On the other hand, our achievability result is based on an estimator involving prohibitive
computation, as a brute force approach entails an exhaustive search over permutations. Ac-
cordingly, we turn to studying computationally tractable estimation procedures. Our second
main result (Theorem [2)) applies to a polynomial-time estimator based on soft-thresholding
the singular values of the data matrix. An estimator based on hard-thresholding was studied
previously in this context by Chatterjee [44]. We sharpen and generalize this previous analy-
sis, and give a tight characterization of the rate achieved by both hard and soft-thresholding
estimators. Our third contribution is a polynomial-time computable estimator which we
term the CRL estimator that we show is consistent and is guaranteed to output a matrix in
the permutation-based SST class, and is also optimal over the parameter-based class (Theo-
rem . Our fourth contribution, formalized in Theorems [4] and , is to show how for certain
interesting subsets of the full permutation-based SST class, a combination of parameter-
based maximum likelihood [220] and noisy sorting algorithms [23] leads to a tractable two-
stage method that achieves the minimax rate. Our fifth contribution is to supplement our
minimax lower bound with lower bounds for various known estimators, including those based
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on thresholding singular values [44], noisy sorting 23], as well as parameter-based estima-
tors [98, 177, 220]. These lower bounds show that none of these tractable estimators achieve
the minimax rate uniformly over the entire class. The lower bounds also show that the min-
imax rates for any of these subclasses is no better than the full permutation-based SST class
(up to logarithmic factors). Finally we show (Proposition [2)) that the permutation-based
SST class is a sweet spot: in addition to our aforementioned results showing that restricting
to smaller parameter-based classes does not help, we show that richer classes that are studied
in psychology and economics are so general that they prohibit any meaningful estimation.

Related work: The literature on ranking and estimation from pairwise comparisons is
vast and we refer the reader to various surveys |41} (79} [L58] for a more detailed overview.
Here we focus our literature review on those papers that are most closely related to our
contributions. Some recent work [98], 177, [220] studies procedures and minimax rates for
estimating the latent quality vector that underlie parameter-based models. Theorem [5| in
this chapter provides an extension of these results, in particular by showing that an optimal
estimate of the latent quality vector can be used to construct an optimal estimate of the
pairwise comparison probabilities. Chatterjee [44] analyzed matrix estimation based on
singular value thresholding, and obtained results for the class of permutation-based SST
matrices. In Theorem [2| we provide a sharper analysis of this estimator, and show that our
upper bound is—in fact—unimprovable.

In past work, various authors [23| [121] have considered the noisy sorting problem, in
which the goal is to infer the underlying order under a so-called high signal-to-noise ratio
(SNR) condition. The high SNR condition means that each pairwise comparison has a
probability of agreeing with the underlying order that is bounded away from % by a fixed
constant. Under this high SNR condition, these authors provide polynomial-time algorithms
that, with high probability, return an estimate of true underlying order with a prescribed
accuracy. Part of our analysis leverages an algorithm from the paper [23]; in particular,
we extend their analysis in order to provide guarantees for estimating pairwise comparison
probabilities as opposed to estimating the underlying order.

As will be clarified in the sequel, the assumption of strong stochastic transitivity has
close connections to the statistical literature on shape constrained inference (e.g., [241]),
particularly to the problem of bivariate isotonic regression. In our analysis of the least-
squares estimator, we leverage metric entropy bounds from past work in this area (e.g., [42}
80]).

In Section we study estimation under two popular models that are closely related
to the permutation-based SST class, and make even weaker assumptions. We show that
under these moderate stochastic transitivity (MST) and weak stochastic transitivity (WST)
models, the Frobenius norm error of any estimator, measured in a uniform sense over the
class, must be almost as bad as that incurred by making no assumptions whatsoever. Con-
sequently, from a statistical point of view, these assumptions are not strong enough to yield
reductions in estimation error.
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Organization: The remainder of the chapter is organized as follows. We begin by provid-
ing a background and a formal description of the problem in Section 2.2} In Section we
present the main theoretical results of the chapter. We then present results from numerical
simulations in Section 2.4, We present a concluding discussion in Section [2.5 Finally, we
present proofs of our main results in Section [2.6]

2.2 Problem setting

Given a collection of n > 2 items, suppose that we have access to noisy comparisons between
any pair ¢ # j of distinct items. The full set of all possible pairwise comparisons can be
described by a probability matrix M* € [0, 1]™*"™, in which M; is the probability that item 4
is preferred to item j. The upper and lower halves of the probability matrix M* are related
by the shifted-skew-symmetry conditiowﬂ M3 =1— M} for all i,j € [n]. For concreteness,
we set M =1/2 for all i € [n].

2.2.1 Estimation of pairwise comparison probabilities

For any matrix M* € [0, 1]™" with M}, =1 — Mj; for every (i, j), suppose that we observe
a random matrix Y € {0,1}"*" with (upper-triangular) independent Bernoulli entries, in
particular, with P[Y;; = 1] = M for every 1 < i < j < nand Yy = 1-Yj;. Based
on observing Y, our goal in this chapter is to recover an accurate estimate, in the squared
Frobenius norm, of the full matrix M*.

Our primary focus in this chapter will be on the setting where for n items we observe the
outcome of a single pairwise comparison for each pair. We will subsequently (in Section
also address the more general case when we have partial observations, that is, when each
pairwise comparison is observed with a fixed probability.

For future reference, note that we can always write the Bernoulli observation model in
the linear form

Y = M+ W, (2.1)

where W € [—1, 1] is a random matrix with independent zero-mean entries for every i > j
given by

Wiy ~ 1— M W%th probab?l?ty M, 22)
— M with probability 1 — M},
and W;; = —W,; for every ¢ < j. This linearized form of the observation model is convenient

for subsequent analysis.

'In other words, the shifted matrix M* — % is skew-symmetric.
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2.2.2 Strong stochastic transitivity

Beyond the previously mentioned constraints on the matrix M*—namely that M € [0, 1]
and M, =1 — M;;—more structured and interesting models are obtained by imposing fur-
ther restrictions on the entries of M*. We now turn to one such condition, known as strong
stochastic transitivity (SST), which is a permutation-based model that reflects the natural
transitivity of any complete ordering. Formally, suppose that the full collection of items [n]
is endowed with a complete ordering 7*. We use the notation 7*(i) < 7*(j) to convey that
item i is preferred to item j in the total ordering 7*. Consider some triple (i, j, k) such that
(i) < (7). A matrix M* satisfies the permutation-based SST condition if the inequality
M, = M3, holds for every such triple. The intuition underlying this constraint is the fol-
lowing: since ¢ dominates j in the true underlying order, when we make noisy comparisons,
the probability that 7 is preferred to k should be at least as large as the probability that j is
preferred to k. The SST condition was first describedﬂ in the psychology literature (e.g., [59,
78]).

The permutation-based SST condition is characterized by the existence of a permutation
such that the permuted matrix has entries that increase across rows and decrease down
columns. More precisely, for a given permutation 7*, let us say that a matrix M is 7*-
faithful if for every pair (¢, j) such that 7*(z) < 7*(j), we have M;, > Mj; for all k € [n].
With this notion, the set of permutation-based SST matrices is given by

Cssr = {M € [0,1]"" | Mpo =1— My V (a,b), and 3 perm. 7* s.t. M is W*—faithful}.
(2.3)

Note that the stated inequalities also guarantee that for any pair with 7*(i) < 7*(j), we
have My, < Mjy; for all k, which corresponds to a form of column ordering. The class Cg; is
our primary focus in this chapter.

2.2.3 Classical parameter-based models

Let us now describe a family of classical parameter-based models, one which includes Bradley-
Terry-Luce and Thurstone (Case V) models [20} (154, 253]. In the sequel, we show that these
parameter-based models induce a relatively small subclass of the permutation-based SST
matrices Cqgy.

In more detail, parameter-based models are described by a weight vector w* € R™ that
corresponds to the notional qualities of the n items. Moreover, consider any non-decreasing
function F' : R ~ [0,1] such that F(t) =1— F(—t) for all t € R; we refer to any such
function F' as being valid. Any such pair (F,w*) induces a particular pairwise comparison
model in which

M = F(w] — w)) for all pairs (i, 7). (2.4)

2We note that the psychology literature has also considered what are known as weak and moderate
stochastic transitivity conditions. From a statistical standpoint, pairwise comparison probabilities cannot be
consistently estimated in a minimax sense under these conditions. We establish this formally in Section m
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For each valid choice of F', we define
Con(F) = {M € [0,1]™™ | M induced by Equation (2.4]) for some w* € ]R”}. (2.5a)

For any choice of F', it is straightforward to verify that C,,,(F) is a subset of Cyyy, meaning
that any matrix M induced by the relation satisfies all the constraints defining the set
Cgr. As particular important examples, we recover the Thurstone parameter-based model
by setting F'(t) = ®(t) where ® is the Gaussian CDF, and the Bradley-Terry-Luce model by
setting F'(t) = %, corresponding to the sigmoid function.

Remark: Since the pairwise probabilities depend only on the differences w; — w7, we can
assume without loss of generality that (w*, 1) = 0. Moreover, since the choice of F' can
include rescaling its argument, we can also assume that ||w*||« < 1. Accordingly, we assume
in our subsequent analysis that w* belongs to the set

M* € {w € R" | such that (w, 1) =0 and |Jw|. < 1}. (2.5b)

2.2.4 Inadequacies of parameter-based models

As noted in the introduction, a large body of past work (e.g., [11}, 59, (163} 255]) has shown
that parameter-based models, of the form for some choice of F', often provide poor
fits to real-world data. What might be a reason for this phenomenon? Roughly, parameter-
based models impose the very restrictive assumption that the choice of an item depends
on the value of a single latent factor (as indexed by w*)—e.g., that our preference for cars
depends only on their fuel economy, or that the probability that one hockey team beats
another depends only on the skills of the goalkeepers.

This intuition can be formalized to construct matrices M* € Cgy; that are far away from
every valid parameter-based approximation as summarized in the following result:

Proposition 1. There exists a universal constant ¢ > 0 such that for every n > 4, there
exist matrices M* € Cgp for which

1
— inf inf  ||M — M2 > c. 2.
L R L Il (e (2.6)

Given that every entry of matrices in Cgy lies in the interval [0,1], the Frobenius norm
diameter of the class Cqy is at most n2, so that the scaling of the lower bound cannot
be sharpened.

What sort of matrices M* are “bad” in the sense of satisfying a lower bound of the
form (2.6)? Panel (a) of Figure describes the construction of one “bad” matrix M*. In
order to provide some intuition, let us return to the analogy of rating cars. A key property
of any parameter-based model is that if we prefer car 1 to car 2 more than we prefer car 3
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Figure 2.1: (a) Construction of a “bad” matrix: for n divisible by 4, form the matrix M* € R™*"
shown, where each block has dimensions n/4 x n/4. (b) Estimation for a class of permutation-
based SST matrices that are far from the parameter-based models. The parameter-based model
(Thurstone MLE) yields a poor fit, whereas fitting using the singular value thresholding (SVT)
estimator, which allows for estimates over the full permutation-based SST class, leads to consistent
estimation.

to car 4, then we must also prefer car 1 to car 3 more than we prefer car 2 to car 4.E| This
condition is potentially satisfied if there is a single determining factor across all cars—for
instance, their fuel economy.

This ordering condition is, however, violated by the pairwise comparison matrix M* from
Figure (a). In this example, we have Mj, = 8 > 2 = M3, and Mjy = < & = M;,. Such
an occurrence can be explained by a simple two-factor model: suppose the fuel economies
of cars 1,2,3 and 4 are 20, 18, 12 and 6 kilometers per liter respectively, and the comfort
levels of the four cars are also ordered 1 = 2 > 3 > 4, with ¢ > j meaning that ¢ is more
comfortable than j. Suppose that in a pairwise comparison of two cars, if one car is more
fuel efficient by at least 10 kilometers per liter, it is always chosen. Otherwise the choice
is governed by a parameter-based choice model acting on the respective comfort levels of
the two cars. Observe that while the comparisons between the pairs (1,2), (3,4) and (1, 3)
of cars can be explained by this parameter-based model acting on their respective comfort
levels, the preference between cars 1 and 4, as well as between cars 2 and 4, is governed by
their fuel economies. This two-factor model accounts for the said values of My, Mj,, M,
and M5, which violate parameter-based requirements.

While this was a simple hypothetical example, there is a more ubiquitous phenomenon
underlying our example. It is often the case that our preferences are decided by comparing
items on a multitude of dimensions. In any situation where a single (latent) parameter per

3This condition follows from the proof of Proposition



CHAPTER 2. ESTIMATING PAIRWISE COMPARISON PROBABILITIES 19

item does not adequately explain our preferences, one can expect that the class of parameter-
based models to provide a poor fit to the pairwise preference probabilities.

The lower bound on approximation quality guaranteed by Proposition [I| means that any
parameter-based estimator of the matrix M* should perform poorly. This expectation is
confirmed by the simulation results in panel (b) of Figure After generating observations
from a “bad matrix” over a range of n, we fit the data set using either the maximum likelihood
estimate in the Thurstone parameter-based model, or the singular value thresholding (SVT)

estimator, to be discussed in Section . For each estimator M. , we plot the rescaled
) M—M*||2 . . .
Frobenius norm error mn—QmF versus the sample size. Consistent with the lower bound (2.6)),

the error in the Thurstone-based estimator stays bounded above a universal constant. In
contrast, the SVT error goes to zero with n, and as our theory in the sequel shows, the rate
at which the error decays is at least as fast as 1//n.

2.3 Main results

Thus far, we have introduced two classes of models for matrices of pairwise comparison
probabilities. Our main results characterize the rates of estimation associated with different
subsets of these classes, using either optimal estimators (that we suspect are not polynomial-
time computable in certain cases), or more computationally efficient estimators that can be
computed in polynomial-time.

2.3.1 Characterization of the minimax risk

We begin by providing a result that characterizes the minimax risk in squared Frobenius
norm over the class Cyy of permutation-based SST matrices. The minimax risk is defined
by taking an infimum over the set of all possible estimators, which are measurable functions
Y — M € [0,1]™". Here the data matrix ¥ € {0,1}"*" is drawn from the observation

model ({2.1]).

Theorem 1. There are universal constants 0 < ¢, < ¢, such that

| 1~ log?
<l sup SENIT - < o 2.7

n M M+*eCggp T n

where the infimum ranges over all measurable functions M of the observed matrix Y .

We prove this theorem in Section [2.6.2l The proof of the lower bound is based on
extracting a particular subset of the class Cy; such that any matrix in this subset has at
least n positions that are unconstrained, apart from having to belong to the interval [%, 1].
We can thus conclude that estimation of the full matrix is at least as hard as estimating
n Bernoulli parameters belonging to the interval [%, 1] based on a single observation per
number. This reduction leads to an Q(n~!) lower bound, as stated.
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Proving an upper bound requires substantially more effort. In particular, we establish it
via careful analysis of the constrained least-squares estimator

M € arg min ||Y — M]3 (2.8)

MeCgsr

In particular, we prove that there are universal constants (¢, ¢, ¢2) such that, for any matrix
M* € Cgy, this estimator satisfies the high probability bound

log”(n)
n

P[50 — M1 > co < e, (2.8b)
Since the entries of M and M* all lie in the interval 0, 1], integrating this tail bound leads
to the stated upper bound on the expected mean-squared error. Proving the high
probability bound requires sharp control on a quantity known as the localized Gaussian
complexity of the class Cgr. We use Dudley’s entropy integral (e.g., [256 Corollary 2.2.8])
in order to derive an upper bound that is sharp up to a logarithmic factor; doing so in turn
requires deriving upper bounds on the metric entropy of the class Cy; for which we leverage
the prior work of Gao and Wellner [86].

We do not know whether the constrained least-squares estimator is computable
in time polynomial in n, but we suspect not. This complexity is a consequence of the fact
that the set Cy is not convex, but is a union of n! convex sets. Given this issue, it becomes
interesting to consider the performance of alternative estimators that can be computed in
polynomial-time.

2.3.2 Sharp analysis of singular value thresholding (SVT)

The first polynomial-time estimator that we consider is a simple estimator based on thresh-
olding singular values of the observed matrix Y, and reconstructing its truncated singular
value decomposition. For the full class Cgy, Chatterjee [44] analyzed the performance of
such an estimator and proved that the squared Frobenius error decays as (’)(n_i) uniformly
over Cgr. In this section, we prove that its error decays as O(n’%), again uniformly over
Cgsr, and moreover, that this upper bound is unimprovable.

Let us begin by describing the estimator. Given the observation matrix ¥ € R™ " we
can write its singular value decomposition as Y = UDV7T, where the (n x n) matrix D is
diagonal, whereas the (n x n) matrices U and V are orthonormal. Given a threshold level
An > 0, the soft-thresholded version of a diagonal matrix D is the diagonal matrix T}, (D)
with values

[T, (D)];; = max{0, D;; — \,,} for every integer j € [n]. (2.9)

With this notation, the soft singular-value-thresholded (soft-SVT) version of Y is given by
Ty, (Y) = UT\,(D)VT. The following theorem provides a bound on its squared Frobenius
error:
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Theorem 2. There are universal positive constants (c,,co,c1) such that the soft-SVT esti-
mator My, = Ty, (Y) with A\, = 2.1\/n satisfies the bound

¢
Vn

for any M* € Cgy. Moreover, there is a universal constant ¢, > 0 such that for any choice
of \,, we have

1 AT * —cin
P| UM, — M5 > =] < coe® (2.100)

1 —_ Cg
sup  —||My, — M*||3 > —=. 2.10b
sl > (2.100)

A few comments on this result are in order. Since the matrices ]\//T,\n and M* have
entries in the unit interval [0,1], the normalized squared error = || M, — M*||% is at most 1.
Consequently, by integrating the the tail bound (2.10al), we find that

G —cin 1
— +coe M < —.
n

v Vi

On the other hand, the matching lower bound holds with probability one, mean-
ing that the soft-SVT estimator has squared error of the order 1/4/n, irrespective of the
realization of the noise.

To be clear, Chatterjee [44] actually analyzed the hard-SVT estimator, which is based
on the hard-thresholding operator

1, —~ .
sup B[ [IMy, — M*[JF] <
M*eCssr T

[Hx.(D)]j; = Dj; {Dj; = A}

Here 1{-} denotes the 0-1-valued indicator function. In this setting, the hard-SVT estimator
is simply, Hy,(Y) = UH,,(D)VT. With essentially the same choice of ), as above, Chat-
terjee showed that the estimate H,, (Y) has a mean-squared error of O(n~'/4). One can
verify that the proof of Theorem [2|in this chapter goes through for the hard-SVT estimator
as well. Consequently the performance of the hard-SVT estimator is of the order ©(n=1/2),
and is identical to that of the soft-thresholded version up to universal constants.

Together the upper and lower bounds of Theorem [2[ provide a sharp characterization
of the behavior of the soft/hard SVT estimators. On the positive side, these are easily
implementable estimators that achieve a mean-squared error bounded by O(1/4/n) uniformly
over the entire class Cy;. On the negative side, this rate is slower than the O(log®n /n) rate
achieved by the least-squares estimator, as in Theorem [I]

Note that the hard and soft-SVT estimators return matrices that may not lie in the
permutation-based SST class Cy. In Section [2.3.3] we provide an alternate polynomial-
time computable estimator with similar statistical guarantees that is guaranteed to return a
matrix in the permutation-based SST class.
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2.3.3 A polynomial-time computable proper learning estimator

In this section, we propose an estimator that is computable in polynomial time, which we
term the Count-Randomize-Least-Squares (CRL) estimator, and show that it incurs an error
of at most O(1//n). This upper bound on the error of the CRL estimator matches (up to
logarithmic factors) the error of the SVT estimator discussed earlier, thereby imparting CRL
with the best known error guarantees for polynomial-time estimation of permutation-based
SST matrices. Moreover, unlike the SVT estimator, the CRL estimator is guaranteed to out-
put a matrix that lies in the permutation-based SST class. This property is known as ‘proper
learning’. It follows from our results that the CRL estimator is the first known polynomial-
time, proper learning estimator that is consistent over the permutation-based SST class.
Moreover, we also show that the CRL estimator yields a minimax-optimal estimate for every
parameter-based classes.

In order to define the CRL estimator, we require some additional notation. For any
permutation 7 on n items, let Cyy(7) C Cgy denote the set of all permutation-based SST
matrices that are faithful to the permutation 7—that is

Cose(m) 1= {M €[0, 1" | Mpy =1— Mu V (a,b), Mgy > My Vi, 5,k € [n] s.t. 7(i) < 7w(j)}.
(2.11)

One can verify that the sets {Cy(m)} for all permutations 7 on n items together comprise
the permutation-based SST class Cggy. .

The CRL estimator acts on the observed matrix Y and outputs an estimate Mcgry, € Cygr
via a three-step procedure:
Step 1 (Count): For each i € [n], compute the total number N; = 3 7 | Y;; of pairwise
comparisons that it wins. Order the n items in terms of { N;}! ,, with ties broken arbitrarily.
Step 2 (Randomize): Find the largest subset of items S such that |N; — N;| < y/nlogn for
all 4,7 € S. Taking the ordering computed in Step 1, permute this (contiguous) subset of
items uniformly at random within the subset. Denote the resulting permutation as mcgr,.
Step 3 (Least squares): Compute the least squares estimate assuming that the permutation
Tory 1S the true permutation of the items:

Mgy, € arg min  ||Y — M||3. (2.12)
MeCssr(meRy,)

It is not hard to see that computing the first two steps of the algorithm requires at most
an order n? computational complexity. The optimization problem in the third step
corresponds to a projection onto the polytope of bi-isotone matrices contained within the
hypercube [0, 1]"*" along with skew symmetry constraints. Problems of the form have
been studied in past work [25, 44, |135] 209], and the estimator ]\/I\CRL is indeed computable
in polynomial time.

The second step involving randomization serves to discard “non-robust” information
from the ordering computed in Step 1. To clarify our choice of threshold T' = /nlogn,
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the factor \/n corresponds to the standard deviation of a typical win count N; (as a sum
of Bernoulli variables), whereas the logn serves to control fluctuations in a union bound.
An ordering of the items whose counts are within this threshold is likely to arise from the
noise due to the Bernoulli sampling process, as opposed to structural information about the
matrix. If we do not perform this second step—effectively retaining considerable bias from
Step 1—then isotonic regression procedure in Step 3 may amplify it, leading to a poorly
performing estimator. In particular, the randomization step helps the estimator adapt to
the situation when there is a large indifference set of size at least 7. Such situations arise in
various practical applications, for instance, in depth recognition via crowdsourcing. In this
application, the n items are pixels of an image, and workers in crowdsourcing compare pairs
of points (pixels) and choose the one that seems closer.

The following theorem provides upper bounds on the risk of the CRL estimator for the
permutation-based SST model as well as for parameter-based models.

Theorem 3. (a) For every M* in the permutation-based SST model Cy,, the CRL estimator
has mean-squared Frobenius error at most

(logn)?®
N

1 r *

Bl o — M < (213)
where ¢, 18 a universal constant.

(b) For every matrix M* in any parameter-based model (2.5)), the risk of the CRL estimator
Mgy, is upper bounded as

1

— * ]_
ﬁEH"MCRL — M7 < cr log® n,

where the cr 1s a constant that depends only on F'.

A few remarks are in order. In comparison to any estimator tailored to any parameter-
based model, there are two key benefits offered by the CRL estimator. First, unlike the
parameter-based estimators, the CRL estimator does not need to know the function F'.
Second, the CRL estimator is more robust to model misspecification, with an error at most
O(\/Lﬁ) over the richer permutation-based SST model. This guarantee is significantly superior
to the (1) error incurred by the estimators that fit some parameter-based model (shown in
Theorem [5[ to follow).

We show in a companion paper [223| that the CRL estimator has an additional appealing
property that it can automatically adapt to smoothness in the true matrix M* and provides
better rates of estimation. The primary purpose of the randomization step in the CRL
estimator is to facilitate is adaptivity and improved rates. If one is concerned only about
attaining the upper bound on the worst case error, then the randomization step in
the CRL estimator is unnecessary and the count and the 1 east-squares steps alone suffice to
achieve this bound.
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An implication of part (b) of this theorem is that for parameter-based models, up to log-
arithmic factors in n, the CRL estimator is minimax optimal and matches the lower bounds
for parameter-based models derived subsequently in Section [2.3.5] of this chapter. In an in-
dependent piece of work concurrent with our paper [223] on the CRL estimator, Chatterjee
and Mukherjee [43] also investigate adaptivity of a similar estimator to parameter-based
models, and show that it attains an error of order 5(%) The proof techniques employed in
the paper [43] are however markedly different from our proof techniques.

In conjunction, Theorem [I}, Theorem [2] and Theorem [3| raise a natural open question: is
there a polynomial-time estimator that achieves the minimax rate uniformly over the family
Cgr? We do not know the answer to this question, but the following subsections provide
some partial answers by analyzing some polynomial-time estimators that (up to logarithmic
factors) achieve the optimal O(1/n)-rate over some interesting sub-classes of Cg,. In the
next two sections, we turn to results of this type.

2.3.4 Optimal rates for high SNR subclass

In this section, we describe a multi-step polynomial-time estimator that (up to logarithmic
factors) can achieve the optimal O(1/n) rate over an interesting subclass of Cgs;. This subset
corresponds to matrices M that have a relatively high signal-to-noise ratio (SNR), meaning
that no entries of M fall within a certain window of 1/2. More formally, for some v € (0, %),
we define the class

Cuicn(7) = {M € Cyr | maX(Miijji) >1/2+y V i# ]} (2.14)

By construction, for any matrix Cyqy(7y), the amount of information contained in each ob-
servation is bounded away from zero uniformly in n, as opposed to matrices in which some
large subset of entries have values equal (or arbitrarily close) to % In terms of estimation
difficulty, this SNR restriction does not make the problem substantially easier: as the follow-
ing theorem shows, the minimax mean-squared error remains lower bounded by a constant
multiple of 1/n. Moreover, we can demonstrate a polynomial-time algorithm that achieves
this optimal mean squared error up to logarithmic factors.

The following theorem applies to any fixed v € (0, %] independent of n, and involves
constants (¢, ¢;, ¢) that may depend on vy but are independent of n.

Theorem 4. There is a constant ¢, > 0 such that

1 _ 9
inf sup  —E[|M - M3 > 2, (2.15a)
M M*eCpgeu(v) n

where the infimum ranges over all estimators. Moreover, there is a two-stage estimator ]\/4\,
computable in polynomial-time, for which

c,log*(n)

]‘/\ *12 &
P| I — M} > | <= (2.15h)

n
valid for any M* € Cyau(y).
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As before, since the ratio #”U\/Z_ M*||% is at most 1, so the tail bound (2.15b)) implies that

1 — . ¢ log?(n c d log*(n
sp LRI - < 2208y o ale(n)

2.16
M*eCign(vy) ™ n n® = n ( )

As with our proof of the lower bound in Theorem 1], we prove the lower bound by considering
the sub-class of matrices that are free only on the two diagonals just above and below the
main diagonal. We now provide a brief sketch for the proof of the upper bound . It
is based on analyzing the following two-step procedure:

1. In the first step of algorithm, we find a permutation Tpag of the n items that minimizes
the total number of disagreements with the observations. (For a given ordering, we
say that any pair of items (7,7) are in disagreement with the observation if either i
is rated higher than j in the ordering and Y;; = 0, or if ¢ is rated lower than j in
the ordering and Y;; = 1.) The problem of finding such a disagreement-minimizing
permutation Tgag is commonly known as the minimum feedback arc set (FAS) problem. It
is known to be NP-hard in the worst-case [1}, [2], but our set-up has additional probabilistic
structure that allows for polynomial-time solutions with high probability. In particular,
we call upon a polynomial-time algorithm due to Braverman and Mossel [23| that, under
the model , is guaranteed to find the exact solution to the FAS problem with
high probability. Viewing the FAS permutation Tpag as an approximation to the true
permutation 7*, the novel technical work in this first step is show that Tpag is “good
enough” for Frobenius norm estimation, in the sense that for any matrix M* € Cyeu(7y),
it satisfies the bound

clogn

1 * * - *

Sl (M7) = Fpas (M) < (2.17a)
with high probability. In this statement, for any given permutation m, we have used
7w (M*) to denote the matrix obtained by permuting the rows and columns of M* by 7.
The term =5 ||7*(M*) — Tpas(M*)||7 can be viewed in some sense as the bias in estimation
incurred from using 7rag in place of 7*.

2. Next we define Cyy, as the class of “bivariate isotonic” matrices, that is, matrices M &
[0, 1]™*™ that satisfy the linear constraints M;; = 1—M;; for all (i, j) € [n]?, and My, > M;;
whenever k£ < i and ¢ > j. This class corresponds to the subset of matrices Cy; that are
faithful with respect to the identity permutation. Letting Tpas(Cyso) = {Tras(M), M € Cyso}
denote the image of this set under Tpg, the second step involves computing the con-
strained least-squares estimate

Me argmin |Y — M|2 (2.17b)
Mempag(Criso)

Since the set Tpas(Cpso) is a convex polytope, with a number of facets that grows polyno-
mially in n, the constrained quadratic program ([2.17b]) can be solved in polynomial-time.
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The final step in the proof of Theorem (4] is to show that the estimator M also has mean-

squared error that is upper bounded by a constant multiple of W%.

Our analysis in Theorem 4| shows that for any fixed v € (0, 3], the proposed two-step

estimator works well for any matrix M* € Cyu(7y). Since this two-step estimator is based on
finding a minimum feedback arc set (FAS) in the first step, it is natural to wonder whether an
FAS-based estimator works well over the full class Cy;. Somewhat surprisingly the answer
to this question turns out to be negative.

Minimizing feedback arc set over entire permutation-based SST class The two-
step estimator analyzed in Theorem 4] for the High-SNR subclass, Cyeu(7) € Cger for a fixed
7, is based on finding a minimum feedback arc set (FAS) in the first step. We now show
that minimizing the FAS, however, does not work well over the full class Cy;. The intuition
is that although minimizing the feedback arc set appears to minimize disagreements at a
global scale, it makes only local decisions: if it is known that items ¢ and j are in adjacent
positions, the order among these two items is decided based solely on the outcome of the
comparison between items ¢ and j, and is independent of the outcome of the comparisons of
1 and j with all other items.

Here is a concrete example to illustrate this property. Suppose n is divisible by 3, and
consider the following (n x n) block matrix M € Cgg;:

O NI N
= N N[ =
N[ W =

where each block is of size (% x %). Let 7' be the identity permutation, and let 7> be the

permutation [3 +1,..., %", 1?: . %" +1,...,n], that is, 7* swaps the second block of %
items with the first block. For any permutation 7 of the n items and any M € Cgg, let w(M)
denote the (n x n) matrix resulting from permuting both the rows and the columns by .
One can verify that ||7'(M) — 72(M)||> > cn?, for some universal constant ¢ > 0.
Now suppose an observation Y is generated from 7*(M) as per the model . Then the
probability distribution of the size of the feedback arc set of 7! is identical to the probability
distribution of the size of the feedback arc set of 2. Minimizing FAS cannot distinguish
between 7! (M) and 72(M) at least 50% of the time, and consequently, any estimator based
on the minimum FAS output cannot perform well over the permutation-based SST class.

2.3.5 Optimal rates for parameter-based subclasses

Let us now return to the class of parameter-based models Cp,,(F') introduced earlier in
Section [2.2.3] As shown previously in Proposition[l], this class is much smaller than the class
Cgr, in the sense that there are models in Cg; that cannot be well-approximated by any
parameter-based model. Nonetheless, in terms of minimax rates of estimation, these classes



CHAPTER 2. ESTIMATING PAIRWISE COMPARISON PROBABILITIES 27

differ only by logarithmic factors. An advantage of the parameter-based class is that it is
possible to achieve the 1/n minimax rate by using a simple, polynomial-time estimator. In
particular, for any log concave function F', the maximum likelihood estimate Wy, can be
obtained by solving a convex program. This MLE induces a matrix estimate M (wyy,) via
Equation , and the following result shows that this estimator is minimax-optimal up to
constant factors.

Theorem 5. Suppose that F' is strictly increasing, strongly log-concave and twice differen-
tiable. Then there is a constant c, > 0, depending only on F', such that the minimax risk
over C,,,(F) is lower bounded as

9]

. 1 ~ .
inf sup SE[M - M|F >
M M*E(CPAR(F)

(2.18a)

S |

Conversely, there is a constant ¢, > ¢,, depending only on F', such that the matrix estimate
M (Wy) induced by the MLE satisfies the bound

o

1 -~ *
sup B[ M (@) — M*||7] <
M*G(CPAR(F)

- (2.18b)

S |

To be clear, the constants (¢, ¢,) in this theorem are independent of n, but they do depend
on the specific properties of the given function F. We note that the stated conditions on F
are true for many popular parameter-based models, including (for instance) the Thurstone
and BTL models.

The lower bound is, in fact, stronger than the the lower bound in Theorem ,
since the supremum is taken over a smaller class. The proof of the lower bound in Theorem
relies on matrices that cannot be realized by any parameter-based model, so that we pursue
a different route to establish the bound . On the other hand, in order to prove the
upper bound , we make use of bounds on the accuracy of the MLE wyy, from our
own past work [220].

2.3.6 Extension to partial observations

We now consider the extension of our results to the setting in which not all entries of Y are
observed. Suppose instead that every entry of Y is observed independently with probability
Pobs- In other words, the set of pairs compared is the set of edges of an Erdos-Rényi graph
G(n, pops) that has the n items as its vertices.

In this setting, we obtain an upper bound on the minimax risk of estimation by first
setting Y;; = % whenever the pair (4, j) is not compared, then forming a new (n x n) matrix
Y’ as
1 - Pobs

= Y —
Pobs 2pobs

Y': 17, (2.19a)
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and finally computing the least squares solution

M € arg min ||’ — M|J%. (2.19Db)
MeCggr
The intuition behind the transformation is provided following the statement of The-
orem [0l
Likewise, the computationally-efficient singular value thresholding estimator is also ob-
tained by thresholding the singular values of Y’ with a threshold A, = 3\/%%. See our

discussion following Theorem [6] for the motivation underlying the transformed matrix Y.
The parameter-based estimators continue to operate on the original (partial) obser-

vations, first computing a maximum likelihood estimate wyy, of M* using the observed

data, and then computing the associated pairwise-comparison-probability matrix M (@)

via .

Theorem 6. In the setting where each pair is observed with a probability pons, there are
positive universal constants c,, ¢, and c; such that:

(a) The minimazx risk is sandwiched as

1 — | 2
<inf sup SEI - A < 208 (2.200)
PobsTt M M*eCggr T PobsT

Cy

=2
when DPobs > n

(b) The soft-SVT estimator, ]\/4\,\n with An = 3, /55—, satisfies the bound

¢,

1 —
sup —E[||M,, — M*|3] < ,
e 1 IF) < —=

(2.20Db)

c/log’n

when Pobs 2 n

(c) For a parameter-based sub-class based on a strongly log-concave and smooth F, the
estimator M (wyy,) induced by the maximum likelihood estimate Wy, of the parameter
vector w* has mean-squared error upper bounded as

C;

1 ~ *
sup S E[|M (@) — M*[J7] <

M*GCPAR(F) n o pObSn

, (2.20c)

c/log?n
n

The intuition behind the transformation (2.19a)) is that the matrix Y’ can equivalently
be written in a linearized form as

when DPobs Z

1

Pobs

Y =M+ —W, (2.21a)
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where W’ has entries that are independent on and above the diagonal, satisfy skew-symmetry,
and are distributed as

pobs(% _ [M*LJ) + % with probability pobs[M*]ij
W = pons(3 = [M7J) = with probability pons(1 = (M) (2:21b)
pobs(% — [M*];5) with probability 1 — pgps.

The proofs of the upper bounds exploit the specific relation between the observations
Y’ and the true matrix M*, and the specific form of the additive noise .

The result of Theorem @(b) yields an affirmative answer to the question, originally posed
by Chatterjee [44], of whether or not the singular value thresholding estimator can yield a
vanishing error when pops < —=

We note that we do not have an analogue of the high-SNR result in the partial observa-
tions case since having partial observations reduces the SNR. In general, we are interested
in scalings of po,s which allow pops — 0 as n — oo. The noisy-sorting algorithm of Braver-
man and Mossel [23] for the high-SNR case has computational complexity scaling as e,
and hence is not computable in time polynomial in n when vy < (log n)’i. This restriction
disallows most interesting scalings of po,s with n.

2.3.7 Relation to other models

In this section, we put the permutation-based SST model and the parameter-based models
that we studied earlier in perspective to other models considered in the literature. We begin
with two weaker versions of stochastic transitivity that are also investigated in the literature
on psychology and social science.

Moderate and weak stochastic transitivity

The model Cgy, that we consider is called strong stochastic transitivity in the literature on
psychology and social science |59, [78]. The two other popular (and weaker) models are those
of moderate stochastic transitivity C,; defined as

Cusr 1= {M € [0,1]™" | My, > min{M,;, M;;,} for every (i, 7, k) satisfying
M;; > 5 and My, > 11,
and weak stochastic transitivity Cysr defined as
Cysr : = {M e 0, 1" | My, > % for every (i, 7, k) satisfying M;; > % and M, > %}

Clearly, we have the inclusions Cyr C Cygr € Cyper.
In Theorem [I}, we prove that the minimax rates of estimation under the strong stochastic
transitivity assumption are ©(n~1). It turns out, however, that the two weaker transitivity

conditions do not permit meaningful estimation.
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Proposition 2. There exists a universal constant ¢ > 0 such that under the moderate C,;;
stochastic transitivity model,

1 —~
inf sup —SE[M — M[F] > c.

M M*eCysr

where the infimum is taken over all measurable mappings from the observations Y to [0, 1]™*".

Consequently, for the weak stochastic transitivity model C,,, we also have

) 1 ~ .
inf sup —SE[|M - M*7] > ¢,
M M*eCysr

The minimax risk over these two classes is clearly the worst possible (up to a universal
constant) since for any two arbitrary matrices M and M’ in [0, 1]™", we have -5 [|M —M'||} <
1. For this reason, in the chapter we restrict our analysis to the strong stochastic transitivity
condition.

Comparison with statistical models

Let us now investigate relationship of the strong stochastic transitivity model considered
in this chapter with two other popular models in the literature on statistical learning from
comparative data. Perhaps the most popular model in this regard is the class of parameter-
based models C,,: recall that this class is defined as
Conn :={M | My; = F(w; — w}) for some non-decreasing function I : R — [0, 1],
and vector w* € R"}.

The parameter-based class of models assumes that the function F'is fixed and known. Statis-
tical estimation under the parameter-based class is studied in several recent papers |98}, |177,
220]. The setting where the function F'is fixed, but unknown leads to a semi-parameter-based
variant. The results presented in this section also readily apply to the semi-parameter-based
class.

The second class is that generated from distributions over complete rankings [63} |65} 76].
Specifically, every element in this class is generated as the pairwise marginal of an arbitrary
probability distribution over all possible permutations of the n items. We denote this class
as Cyyr.-

The following result characterizes the relation between the classes.

Proposition 3. Consider any value of n > 10. The parameter-based class C,,, is a strict
subset of the strong stochastic transitivity class Cgr.  The class Cpyy of marginals of a
distribution on total rankings is neither a subset nor a superset of either of the classes Cggy,

Chrir, and (CSST\CPAR'
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Figure 2.2: Relations between various models of pairwise comparisons. The constructions proving
these relations are presented as a part of the proof of Proposition

The various relationships in Proposition [3] are depicted pictorially in Figure 2.2, These
relations are derived by first establishing certain conditions that matrices in the classes
considered must satisfy, and then constructing matrices that satisfy or violate one or more
of these conditions. The conditions on C,y,; arise from the observation that the class is the
convex hull of all permutation-based SST matrices that have their non-diagonal elements in
{0,1}; we derive conditions on this convex hull that leads to properties of the Cy, class.
To handle the parameter-based class Cy,, we employ a necessary condition discussed earlier
in Section and defined formally in Lemma [I} The permutation-based SST class Cgyy is
characterized using the insights derived throughout this chapter.

2.4 Simulations

In this section, we present results from simulations to gain a further understanding of the
problem at hand, in particular to understand the rates of estimation under specific generative
models. We investigate the performance of the soft-SVT estimator (Section and the
maximum likelihood estimator under the Thurstone parameter-based model (Section
which is optimal for the Thurstone parameter-based modelﬁ The output of the SVT estima-
tor need not lie in the set [0,1]"*" of matrices; in our implementation, we take a projection
of the output of the SVT estimator on this set, which gives a constant factor reduction in
the error.

4We could not compare the algorithm that underlies Theorem |4} since it is not easily implementable.
In particular, it relies on the algorithm due to Braverman and Mossel [23] to compute the feedback arc set
minimizer. The computational complexity of this algorithm, though polynomial in n, has a large polynomial
degree which precludes it from being implemented for matrices of any reasonable size.
The simulations in this section add to the simulation results of Section m (Figure demonstrating a
large class of matrices in the permutation-based SST class that cannot be represented by any parameter-based
class.
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In our simulations, we generate the ground truth M* in the following five ways:

e Uniform: The matrix M* is generated by drawing (g) values independently and uniformly
at random in [1, 1] and sorting them in descending order. The values are then inserted
above the diagonal of an (n X n) matrix such that the entries decrease down a column or
left along a row. We then make the matrix skew-symmetric and permute the rows and
columns.

e Thurstone parameter-based model: The matrix M* € [—1,1]™ is generated by first choos-
ing w* uniformly at random from the set satisfying (w*, 1) = 0. The matrix M* is then
generated from w* via Equation (2.4) with F' chosen as the CDF of the standard normal
distribution.

e Bradley-Terry-Luce (BTL) parameter-based model: Identical to the Thurstone case, ex-
cept that F' is given by the sigmoid function.

e High SNR: A setting studied previously by Braverman and Mossel [23], in which the noise
is independent of the items being compared. Some global order is fixed over the n items,
and the comparison matrix M* takes the values M}, = 0.9 = 1 — My; for every pair (i, j)
where ¢ is ranked above j in the underlying ordering. The entries on the diagonal are 0.5.

e Independent bands: The matrix M* is chosen with diagonal entries all equal to % Entries
on diagonal band immediately above the diagonal itself are chosen i.i.d. and uniformly
at random from [3,1]. The band above is then chosen uniformly at random from the
allowable set, and so on. The choice of any entry in this process is only constrained to be
upper bounded by 1 and lower bounded by the entries to its left and below. The entries

below the diagonal are chosen to make the matrix skew-symmetric.

Figure depicts the results of the simulations based on observations of the entire
matrix Y. Each point is an average across 20 trials. The error bars in most cases are too
small and hence not visible. We see that the uniform case (Figure is favorable for
both estimators, with the error scaling as O(\/iﬁ) With data generated from the Thurstone
parameter-based model, both estimators continue to perform well, and the Thurstone MLE
yields an error of the order % (Figure . Interestingly, the Thurstone parameter-based
model also fits relatively well when data is generated via the BTL parameter-based model
(Figure . This behavior is likely a result of operating in the near-linear regime of the
logistic and the Gaussian CDF where the two curves are similar. In these two parameter-
based settings, the SVT estimator has squared error strictly worse than order % but better
than \/Lﬁ The Thurstone parameter-based model, however, yields a poor fit for the model
in the high-SNR (Figure and the independent bands (Figure cases, incurring
a constant error as compared to an error scaling as (’)(\/Lﬁ) for the SVT estimator. We
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Figure 2.3: Errors of singular value thresholding (SVT) estimator and the optimal (maximum
likelihood) estimator for the Thurstone parameter-based model under different methods to generate
M*. The error incurred by the CRL estimator is of the same order as that of the SVT.

recall that the poor performance of the Thurstone estimator was also described previously
in Proposition [I] and Figure [2.1]

In summary, we see that while the Thurstone maximum likelihood estimator gives min-
imax optimal rates of estimation when the underlying model is parameter-based, it can be
inconsistent when the parameter-based assumptions are violated. On the other hand, the
SVT estimator is robust to violations of parameter-based assumptions, and while it does not
necessarily give minimax-optimal rates, it remains consistent across the entire permutation-
based SST class. Finally, we remark that our theory predicts that the least squares estimator,
if implementable, would outperform both these estimators in terms of statistical error.
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2.5 Discussion

In this chapter, we analyzed a flexible model for pairwise comparison data that includes
various parameter-based models, including the BTL and Thurstone models, as special cases.
We analyzed various estimators for this broader matrix family, ranging from optimal estima-
tors to various polynomial-time estimators, including forms of singular value thresholding,
the CRL estimator, as well as a multi-stage method based on a noisy sorting routine. We
show that this permutation-based SST model permits far more robust estimation as com-
pared to popular parameter-based models, while surprisingly, incurring little penalty for this
significant generality. We also show that under weaker notions of stochastic transitivity,
the pairwise-comparison probabilities are unestimable. Our results thus present a strong
motivation towards the use of such general permutation-based models.

In some applications, choices can be systematically intransitive, for instance when objects
have multiple features and different features dominate different pairwise comparisons. In
these situations, the permutation-based SST assumption may be weakened to one where the
underlying pairwise comparison matrix is a mixture of a small number of permutation-based
SST matrices. Later in Chapter [5] of this thesis, we analyze a seting that is equivalent to
such a general setting.

All of the results in this chapter focused on estimation of the matrix of pairwise compar-
ison probabilities in the Frobenius norm. Estimation of probabilities in other metrics, such
as the KL divergence or estimation of the ranking in the Spearman’s footrule or Kemeny
distance, follow as corollaries of our results; see Appendix [2.A] Establishing the best possible
rates for polynomial-time algorithms over the full class Cg; is a challenging open problem.

2.6 Proofs

This section is devoted to the proofs of our theoretical results. Throughout these and other
proofs, we use the notation {c, ¢, o, C,C'} and so on to denote positive constants whose
values may change from line to line. In addition, we assume throughout that n is lower
bounded by a universal constant so as to avoid degeneracies. For any square matrix A €
R™ " we let {o1(A),...,0,(A)} denote its singular values (ordered from largest to smallest),
and similarly, for any symmetric matrix M € R™" we let {\(M),..., \,(M)} denote its
ordered eigenvalues. The identity permutation is one where item i is the #*" most preferred
item, for every i € [n].

Our lower bounds are based on a standard form of Fano’s inequality [54} [254] for lower
bounding the probability of error in an L-ary hypothesis testing problem. We state a ver-
sion here for future reference. For some integer L > 2. fix some collection of distributions
{P' ... PX}. Suppose that we observe a random variable Y that is obtained by first sam-
pling an index A uniformly at random from [L] = {1,..., L}, and then drawing Y ~ P4.
(As a result, the variable Y is marginally distributed according to the mixture distribution
P= %25:1 P?.) Given the observation Y, our goal is to “decode” the value of A, corre-
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sponding to the index of the underlying mixture component. Using ) to denote the sample
space associated with the observation Y, Fano’s inequality asserts that any test function
¢ : Y — [L] for this problem has error probability lower bounded as
I(Y;A) +log2
log L ’

where I(Y; A) denotes the mutual information between Y and A. A standard convexity
argument for the mutual information yields the weaker bound

Hbla[}jj Dy, (P4||P%) + log 2

a,be

Plp(Y) # Al =1 -

Bl6(Y) # A] > 1 -

2.22
g L : (2.22)

We make use of this weakened form of Fano’s inequality in several proofs.

2.6.1 Proof of Proposition : Parameter-based models are very
restrictive

We show that the matrix M* specified in Figure satisfies the conditions required by
the proposition. It is easy to verify that M* € Cg;, so that it remains to prove the
approximation-theoretic lower bound . In order to do so, we require the following
auxiliary result:

Lemma 1. Consider any matriz M that belongs to Cp,,(F') for a valid function F. Suppose
for some collection of four distinct items {iy, ... i1}, the matriz M satisfies the inequality
M; i, > Miyi,. Then it must also satisfy the inequality M, ;, > M;

= 214 *

We return to prove this lemma at the end of this section. Taking it as given, let us now
proceed to prove the lower bound . For any valid F', fix an arbitrary member M of a
class Cpp(F'), and let w € R™ be the underlying weight vector (see the definition ([2.4))).

Pick any item in the set of first 7 items (corresponding to the first § rows of M*) and call
this item as “17; pick an item from the next set of % items (rows) and call it item “2”; item
“3” from the next set and item “4” from the final set. Our analysis proceeds by developing
some relations between the pairwise comparison probabilities for these four items that must
hold for every parametric model, that are strongly violated by M*. We divide our analysis
into two possible relations between the entries of M.

Case I: First suppose that My < Mjsy. Since M7, = 6/8 and M3, = 5/8 in our construction,
it follows that

(Mg — Myy)* + (May — Mz)* > %
Case II: Otherwise, we may assume that Mo > Ms,. Then Lemmall]implies that Mz > Moy.
Moreover, since M;; = 7/8 and M3, = 1 in our construction, it follows that

1

(Mg — Mi5)* + (Mg — M3,)* > 756"
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Aggregating across these two exhaustive cases, we find that

1
Z (Muv - sz)Q 2 Sea
256

(u,w)e{1,2,3,4}

Since this bound holds for any arbitrary selection of items from the four sets, we conclude
that || M — M*||% is lower bounded by a universal constant ¢ > 0 as claimed.

Finally, it is easy to see that upon perturbation of any of the entries of M* by at most
%—While still ensuring that the resulting matrix lies in Cy,—the aforementioned results
continue to hold, albeit with a worse constant. Every matrix in this class satisfies the claim

of this proposition.

Proof of Lemma [I} It remains to prove Lemma [I] Since M belongs to the parametric
family, there must exist some valid function F' and some vector w that induce M (see
Equation (2.4)). Since F' is non-decreasing, the condition M;,;, > M,,;, implies that

Wiy — Wiy > Wiz — Wiy

Adding w;, —w;, to both sides of this inequality yields w;, —w;, > w;, —w;,. Finally, applying
the non-decreasing function F' to both sides of this inequality gives yields M;,;, > M,,;, as
claimed, thereby completing the proof.

2.6.2 Proof of Theorem [1; Minimax risk
This section is devoted to the proof of Theorem 1], including both the upper and lower bounds

on the minimax risk in squared Frobenius norm.

Proof of upper bound

Define the difference matrix A:=M- M* between M* and the optimal solution M to the
constrained least-squares problem. Since M is optimal and M* is feasible, we must have
Y — M2 < ||Y — M*||%, and hence following some algebra, we arrive at the basic inequality

SIAIE < (B, W), (223)

where W € R™" is the noise matrix in the observation model (2.1), and (A, B)) :=
trace(AT B) denotes the trace inner product.

We introduce some additional objects that are useful in our analysis. Recall from the
main text that the class of bivariate isotonic matrices Cyyg, is defined as

Cpio : = {M € [0, 1]™*"™ | My, > M;; whenever k < ¢ and ¢ > j}. (2.24)
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For a given permutation m and matrix M, we let 7(M) denote the matrix obtained by
applying 7 to its rows and columns. We then define the set

Copr 1 = {m(Ml) — mo(Ms) | for some My, My € Cpy,, and perm. m and 7r2}. (2.25)

corresponding to the set of difference matrices. Note that Cpe C [—1, 1]*™ by construction.
One can verify that for any M* € Cy,, we are guaranteed the inclusion

{M —M" | M € Cysr, [M —Mlg <t} CCore N{[|Dfle <1}

Consequently, the error matrix A must belong to C,r, and so must satisfy the properties
defining this set. Moreover, as we discuss below, the set C,;; is star-shaped, and this property
plays an important role in our analysis.

For each choice of radius ¢ > 0, define the random variable

Z(t):= sup (D, W). (2.26)

DeCprpr, | Dllp <t

Using our earlier basic inequality (2.23), the Frobenius norm error [|Al|p then satisfies the
bound

SIAI < (B, W) < Z(1Al). (227)

Thus, in order to obtain a high probability bound, we need to understand the behavior of
the random quantity Z(9).

One can verify that the set C, is star-shaped, meaning that aD € C,; for every
a € [0,1] and every D € C,yp. Using this star-shaped property, we are guaranteed Z(t)
grows at most linearly in ¢, and hence there is a non-empty set of scalars §; > 0 satisfying
the critical inequality

52
E[Z ()] < 50 (2.28)

Our interest is in the smallest strictly positive solution dy to the critical inequality , and
moreover, our goal is to show that for every ¢ > dy, we have H|£H|F < cv/tdy with probability
at least 1 — ¢je—2to,

For each t > 0, define the “bad” event A; as

A = {EIA € Cowr | |Allr > Vtdo and (A, W) > 2|||A||]F\/t50}. (2.29)
Now suppose the event A; is true for some ¢t > 0y, and let Ag € Cpe be a matrix that
satisfies the two conditions required for A; to occur. Then using the fact that Z(t) grows at
most linearly in ¢, and that ||Ag||r > do, we have that whenever event A, is true,

0 1)

~ Aol
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where the final inequality uses the second condition in the definition of event A;. As a
consequence, we obtain the following bound on the probabilities of the associated events

P[At] < P[Z((SQ) > 2(50\/ t(s()] for all ¢ > 50.

The entries of W lie in [—1,1], are i.i.d. on and above the diagonal, are zero-mean,
and satisfy skew-symmetry. Moreover, the function W — Z(t) is convex and Lipschitz
with parameter t. Consequently, from known concentration bounds (e.g., [144, Theorem
5.9], [213]) for convex Lipschitz functions, we have

]P)[Z((S(]> Z E[Z(50)] + v/ t5050} S 26_61t60 for all ¢ Z 60. (230)
By the definition of §y, we have E[Z(d)] < 62 < do/tdp for any t > &y, and consequently
PlA,] < P[Z(89) > 260\/tdy] < 2e~  for all ¢ > 6.

Consequently, either [|Afp < /28, or we have [|A[lg > /#0y. In the latter case, conditioning
on the complement A, our basic inequality implies that $[|A[lE < 2[|A]lpv/d, and hence
IAllr < 44/t8y with probability at least 1 — 2e~“1*. Putting together the pieces yields that

IA[lr < cov/tdo (2.31)

with probability at least 1 — 2e=¢*% for every t > &.

In order to determine a feasible §y satisfying the critical inequality , we need to
bound the expectation E[Z(dy)]. We do using Dudley’s entropy integral and bounding the
metric entropies of certain sub-classes of matrices. In particular, the remainder of this section
is devoted to proving the following claim:

Lemma 2. There is a universal constant C' such that
E[Z(t)] <C {nlog2(n) +t+/nlog n}, (2.32)
for all t € ]0,2n].

See the end of this section for a proof of this lemma.
Given this lemma, we see that the critical inequality (2.28) is satisfied with §g = C’/nlogn.
Consequently, from our bound (2.31]), there are universal positive constants C” and ¢; such
that

n n

Y

A log®(n)
e =

with probability at least 1 — 26_01”(10“)2, which completes the proof.

Proof of Lemma It remains to prove Lemma [2 and we do so by using Dudley’s
entropy integral, as well as some auxiliary results on metric entropy. We use the notation
log N (¢, C, p) to denote the € metric entropy of the class C in the metric p. Our proof requires
the following auxiliary lemma:
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Lemma 3. For every e > 0, we have the metric entropy bound

n?
log N (€, Cp, ||| 7) < 9—2(10g ) + 9nlogn.

See the end of this section for the proof of this claim. Letting Bg(t) denote the Frobenius
norm ball of radius ¢, the truncated form of Dudley’s entropy integral inequality (e.g., [256],
Corollary 2.2.8]) yields that the mean E[Z(¢)] is upper bounded as

6€[0,n]

E[Z(t)]] <c¢ inf {né—l—[s V1og N (e, Cope N Bp(t), ”H”F)dé}

t
8 + [ . \/log N(Ey CDIFF, ||||||F)d€}, (233)

where the second step follows by setting 6 = n~?, and making use of the set inclusion
(Cor NBE(t)) C Chypy. For any € > %n‘g, applying Lemma |3| yields the upper bound

V108 N(&, Corr, 1) < ¢ 2 log = + /nlogn .
Over the range ¢ > n~Y/2, we have log # < clogn, and hence
VI0g N (€, Conrs 16) < c{% logn + W}
Substituting this bound into our earlier inequality yields
E[Z(t)] < o{n™* + (nlogn) log(nt) + t/nlogn |
c{ (nlogn) log(n —i—tm}
< c{nlogQ(n) + ty/nlog n},

where step (i) uses the upper bound ¢t < 2n.

—
INS
=

The only remaining detail is to prove Lemma,

Proof of Lemma We first derive an upper bound on the metric entropy of the class
Chpiso defined previously in equation . In particular, we do so by relating it to the set
of all bivariate monotonic functions on the square [0, 1] x [0, 1]. Denoting this function class
by F, for any matrix M € Cgy,, we define a function g); € F via

g (2, y) = M@ a1,y -
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In order to handle corner conditions, we set My; = M ; and M, o = M;, for all i. With this
definition, we have

ol = [ [ ooy = =5 3030 0E = M-
xr= y=

i=1 j=1

As a consequence, the metric entropy can be upper bounded as

€
log N(€, Canos I Ir) < log N (=, F, |12

—~

i) n? n\2
< —(log— 2.34
where inequality (i) follows from Theorem 1.1 of Gao and Wellner [86].

We now bound the metric entropy of Cp in terms of the metric entropy of Cygo. For any
e >0, let C, denote an e-covering set in Cyy, that satisfies the inequality (2.34). Consider
the set

€/2

Cs e 1= {m (M) — mo(My) | for some permutations 7y, me and some My, My € Cyiso }-

DIFF

For any D € Cpyp, we can write D = (M) — mo(M}) for some permutations m; and

mo and some matrices M| and M) € Cggy,. We know there exist matrices My, M, € (CEBI/S%
such that |[M] — Mi|lr < €/2 and | M} — Ms|lr < €/2. With these choices, we have

(M) — mo(Ms) € Cf ., and moreover
ID — (m1 (M) — ma (M) < 2llma (My) — ma (M) + 2l|ma (M) — w1 (M) [

< 2.

Thus the set C,, forms an e-covering set for the class C, ;. One can now count the number
of elements in this set to find that

2
N(e, Corr, ||||HF) < (”!N(€/27 Chisos HHHF)) .

Some straightforward algebraic manipulations yield the claimed result.

Proof of lower bound

We now turn to the proof of the lower bound in Theorem [I We may assume that the correct
row/column ordering is fixed and known to be the identity permutation. Here we are using
the fact that revealing the knowledge of this ordering cannot make the estimation problem
any harder. Recalling the definition (2.24]) of the bivariate isotonic class C,, consider the
subclass

(C;ST L= {M S (CBIS() | Mi,j =1 Whenj >141 and Mi,j =1- Mj,i Whenj S Z}
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Any matrix M is this subclass can be identified with the vector ¢ = ¢(M) € R*! with
elements ¢; : = M, ;1. The only constraint imposed on ¢(M) by the inclusion M € Cg is
that ¢; € [5,1] foralli=1,...,n—1.

In this way, we have shown that the difficulty of estimating M* € Cl, is at least as

hard as that of estimating a vector ¢ € [%, 1]"~! based on observing the random vector

Y = {Yi2,...,Y,_1,} with independent coordinates, and such that each Y; ;11 ~ Ber(g;).
For this problem, it is easy to show that there is a universal constant ¢, > 0 such that

inf sup E[[7-ql3] > Sn,
g qe[%vl]n_l 2

where the infimum is taken over all measurable functions Y — ¢. Putting together the
pieces, we have shown that

. 1 - . 2 . - c
inf sup —E[IN — M2 > St swp E[7— gl > 2
M M*eCssy T n= 4 gelo.5,17-1 n

as claimed.

2.6.3 Proof of Theorem : Singular Value Thresholding
Recall from equation (2.1 that we can write our observation model as Y = M* + W, where

W € R™™ is a zero-mean matrix with entries that are drawn independently (except for the
skew-symmetry condition) from the interval [—1, 1].

Proof of upper bound

Our proof of the upper bound hinges upon the following two lemmas.

Lemma 4. If A\, > 1.01|W||,, then

17, (V) — M*|% < chin (X2, 02(M")},

ni» >y
Jj=1

where ¢ is a positive universal constant.
Our second lemma is an approximation-theoretic result:

Lemma 5. For any matriz M* € Cgy and any s € {1,2,...,n — 1}, we have

1 & .
— D oM <

Jj=s+1

» | =
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See the end of this section for the proofs of these two auxiliary results.

Based on these two lemmas, it is easy to complete the proof of the theorem. The entries
of W are zero-mean with entries in the interval [—1, 1], are i.i.d. on and above the diagonal,
and satisfy skew-symmetry. Consequently, we may apply Theorem 3.4 of Chatterjee [44],
which guarantees that

IP’[HIWHIop > (2+ t)vn| < ce O,

where ¢ is a universal constant, and the quantity f(t) is strictly positive for each ¢ > 0. Thus,
the choice A, = 2.1y/n guarantees that A, > 1.01||W ||, with probability at least 1 — ce ",
as is required for applying Lemma[4 Applying this lemma guarantees that the upper bound

I3, (V) = M|l < ¢ min {n,oj(M")}
j=1

hold with probability at least 1—c;e~*". From Lemma , with probability at least 1—cje™ ",
we have

1 * (|12 S 1
Limm) - arp <o 41
for all s € {1,...,n}. Setting s = [y/n] and performing some algebra shows that

1 * G —can
PlalTn () = MCIE > ] < e,

as claimed. Since =5 [|Th, (Y) — M*||3 < 1, we are also guaranteed that
¢ c
vn vn'

Proof of Lemma Fix 6 = 0.01. Let b be the number of singular values of M* above

1%éx\n, and let M be the version of M* truncated to its top b singular values. We then have

+ Cle—cgn S

1 *
SE(IT, (V) - MJ] <

I3, (V) = M| < 20175, (Y) — My llg + 2] My — M|

< 2rank(T3, (V) = M) |5, (Y) = M5, +2 ) o5 (M").

Jj=b+1
We claim that T}, (Y) has rank at most b. Indeed, for any j > b+ 1, we have

(V) < oi(M7) + [[Wllop < An,
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where we have used the facts that o;(M*) < 1%)\” for every j > b+1 and A, > (1+0) | W |op-
As a consequence we have o;(7),(Y)) = 0, and hence rank(7y, (Y') — M) < 2b. Moreover,
we have

T3, (Y) = M5 lop < 1T, () = Yllop + 1Y = Mllop + 13" = 145 oy
)
<A F ([Wlop + ——=Mn
<+ W lop + T
< 2M,.

Putting together the pieces, we conclude that

IT5, (Y) = M7|lf <160A7 +2 ) oF(M7) < C ) min{oj(M"), A%},
j=b+1 j=1

for some constan C. Here inequality (i) follows since o;(M*) < 1%% whenever j > b+ 1
and o;(M*) > 1%5)\” whenever j < b.

Proof of Lemma In this proof, we make use of a construction due to Chatterjee [44].
For a given matrix M*, we can define the vector t € R" of row sums—mnamely, with entries
t; = Z?Zl M, for i € [n]. Using this vector, we can define a rank s approximation M to the
original matrix M* by grouping the rows according to the vector ¢t according to the following
procedure:

e Observing that each ¢; € [0, n], let us divide the full interval [0, n] into s groups—say of
the form [0,n/s),[n/s,2n/s),...[(s — 1)n/s,n]. If t; falls into the interval « for some
« € [s], we then map row ¢ to the group G, of indices.

e For each group G, we choose a particular row index k = k(a) € G, in an arbitrary
fashion. For every other row index i € G, we set M;; = My, for all j € [n].

By construction, the matrix M has at most s distinct rows, and hence rank at most
s. Let us now bound the Frobenius norm error in this rank s approximation. Fixing an
arbitrary group index a € [s] and an arbitrary row in i € G,, we then have
n n
2
D (Mg = My)* <> | M — M.
j=1 J=1
By construction, we either have M} > M;; for every j € [n], or M}; < M;; for every j € [n].
Thus, letting & € GG, denote the chosen row, we are guaranteed that
n
Z | M5 — M| < |t =t <

j=1

n
)
S

where we have used the fact the pair (¢;,t;) must lie in an interval of length at most n/s.
Putting together the pieces yields the claim.

5To be clear, the precise value of the constant C' is determined by &, which has been fixed as § = 0.01.
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Proof of lower bound

We now turn to the proof of the lower bound in Theorem [2, We split our analysis into two
cases, depending on the magnitude of \,,.

v n this case, we consider the matrix M* : = 1117 in

Case 1: First suppose that A, < 3= =3
which all items are equally good, so any comparison is simply a fair coin flip. Let the obser-
vation matrix Y € {0,1}"*" be arbitrary. By definition of the singular value thresholding
operation, we have ||Y — T, (Y)[lop < An, and hence the SVT estimator M, A, = Ty, (Y) has
Frobenius norm at most

Iy — ¥, I <m0 < &

Since M* € {1} and Y € {0,1}™*", we are guaranteed that [|[M* — Y|lp = 2. Applying
the triangle inequality yields the lower bound

n

1My, = Mg 2 |M* = Ye — |My, = Y]r 2 3

on
3

SE

Case 2: Otherwise, we may assume that A, > \/Tﬁ Consider the matrix M* € R™"™ with
entries

ifi>j

ifi=j (2.35)
if 1 < j.

[(M*]i; =

O = =

By construction, the matrix M* corresponds to the degenerate case of noiseless comparisons.

Consider the matrix Y € R™™ generated according to the observation model . (To
be clear, all of its off-diagonal entries are deterministic, whereas the diagonal is population
with i.i.d. Bernoulli variates.) Our proof requires the following auxiliary result regarding
the singular values of Y:

Lemma 6. The singular values of the observation matrix' Y € R™™ generated by the noise-
less comparison matriz M* satisfy the bounds
n 1 n 1
— <00 (V< —+ = or all integers 1 € |1, % — 1].
iy 2o sEmts S J Sk
We prove this lemma at the end of this section.
Taking it as given, we get that o,,_;_1(Y) < ‘/Tﬁ for every integer i > 24/n, and o,,_;(Y) >

=5; for every integer i € [1, 5z]. It follows that

n 2 25 1
S < Y 2 IS st
i=1 i=2\/n
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for some universal constant ¢ > 0. Recalling that A, > */Tﬁ, we have the lower bound

Iy — M, W2 > en3. Furthermore, since the observations (apart from the diagonal entries)
are noiseless, we have ||Y — M*|| < %. Putting the pieces together yields the lower bound

, 3
cnt,

v

1Mo, = M7 Nle 2 1My, =Yg = [|M7 = Ylp 2 ent — =~
where the final step holds when n is large enough (i.e., larger than a universal constant).

Proof of Lemma [6 Instead of working with the original observation matrix Y, it is
convenient to work with a transformed version. Define the matrix Y : =Y — diag(Y) + I,,,
so that the matrix Y is identical to Y except that all its diagonal entries are set to 1. Using
this intermediate object, define the (n x n) matrix

Y = YY) —e,el (2.36)

n

where e,, denotes the n'" standard basis vector. One can verify that this matrix has entries

~ 2 ifl<i=j<n
-1 ifi=j54+1lori=7—-1

0 otherwise.

Consequently, it is equal to the graph Laplacianﬁ of an undirected chain graph on n nodes.
Consequently, from standard results in spectral graph theory [26], the eigenvalues of Y are
given by {4sin®(Z)}). Recall the elementary sandwich relationship £ < sinz < z, valid
for every = € [0, §]. Using this fact, we are guaranteed that

2,2

2:9 _
T < (V) < 474y

n? n

for all integers 7 € [1, §]. (2.37)

We now use this intermediate result to establish the claimed bounds on the singular values
of Y. Observe that the matrices Y and (Y (Y)T)~! differ only by the rank one matrix e e’

.-
Standard results in matrix perturbation theory [252] guarantee that a rank-one perturbation
can shift the position (in the large-to-small or@ering) of any eigenvalue by at most one.

Consequently, the eigenvalues of the matrix (Y(Y)T)—l must be sandwiched as
w12 ooty o A 1) | i
(nQ ) < >\i+1((Y(Y)T) 1) < % for all integers i € [1, & - 1].

6Tn particular, the Laplacian of a graph is given by L = D — A, where A is the graph adjacency matrix,
and D is the diagonal degree matrix.
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It follows that the singular values of Y are sandwiched as

ey =S

Observe that Y —Y is a {0, 1 }-valued diagonal matrix, and hence ||V — Yo, < 3. Con-

n ],

for all integers i € [1, ¢

.....

n 1 n 1
I S pL—
ity 2SS Tt

as claimed.

2.6.4 Proof of Theorem : CRL estimator

We now prove the upper bound for the CRL estimator, as stated in Theorem [3] In order to
simplify the presentation, we assume without loss of generality that the true permutation of
the n items is the identity permutation 4. Let mory, = (71, . .., m,) denote the permutation
obtained at the end of the second step of the CRL estimator. The following lemma proves
a useful property of the outcomes of the first two steps.

Lemma 7. With probability at least 1 — n=2°, the permutation mcry, obtained at the end of
the second step of the estimator satisfies:

* 2
gréaX; M = M ol < 2v/n(logn)®,

See the end of this section for a proof of this lemma.

Given Lemma , let us complete the proof of the theorem. Let II denote the set of all
permutations on n items which satisfy the condition in the statement of Lemma [7 Given
that every entry of M* lies in the interval [0, 1], any permutation 7 € II satisfies

i€[n] EE[n] n] £€[n]
< D0 I M- MineHZZ’M* Mo |
i€[n] £€[n] i€[n] L€[n]

where the final expression is a result of the triangle inequality. Since M* satisfies shifted
skew-symmetry, we obtain

M7= F(MOE < 203 | M — M, | (2.38)

1€[n] £€[n]
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From Lemma each item contributes at most 2v/n(logn)? to the error. As a consequence,
we have the upper bound

|77 = 7(M)|I < 8nv/n(logn)®. (2.39)

Let us now analyze the third step of the CRL estimator. The problem of bivariate
isotonic regression refers to estimation of the matrix M* € Cg,; when the true underlying
permutation of the items is known a priori. In our case, the permutation is known only
approximately, so that we need also to track the associated approximation error.

Consider any (fixed) permutation 7 € II. For clarity, we use M, (Y, ) to represent the
least squares estimator under the permutation 7 for the observation matrix Y, that is,

M,(Y,#) := arg min |M — Y|2. (2.40)
MeCggr(7)

With this definition, we have the relation ]\/4\CRL = ]\Z(Y, TcrL)- We cannot bound the
error of this estimate directly since the permutation mcry, is not fixed, but dependent on
the observed data Y. In order to derive the desired result, we first bound the error of the
estimator M, (Y, 7) when the permutation 7 is fixed.
Consider any matrix M* € Cy(mq) under the identity permutation. We can then write
I ML (M + W, ) — M|
= |ML (M + W, 7t) = M(7R(M) + W, 7) + M (F(M") + W, &) — M|
< 2 M (M + W, 7) = My(7(M") + W, )|l + 2 M (7 (M) + W, ) — Mg (2.41)
We separately bound the two terms on the right hand side of expression (2.41]). First observe

that the least squares step of the estimator ]\/ZL (for a given permutation 7 in its second

argument) is a projection onto the convex set Cg(7), and hence we have the deterministic
bound

ML (M + W, i) — M (7(M*) + W) |lp < []M° — 7 (M3 (2.42a)
In addition, we have

ML (7 (M*) + W, 7) = M*[[§ < 2| My (7(M7) + W, &) — & (M) + 217 (M) — MZIH%- |
2.42b

At this point, recall the proof of Theorem [} It follows as a corollary of Theorem [I] that
IML(M* + W, ma) — M[Jf < en(logn)?,

with probability at least 1 — e~37(°2™)  There are three properties of the noise matrix W
that are required for the proof of this bound in Theorem [1} (a) E[W] =0, (b) | W;; |< 1 for
every pair i, j € [n], and (c) the entries above the diagonal of W are independent (and those
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below are governed by skew-symmetry). For any fixed permutation 7, the matrix #— (W)
also satisfies each of these properties. As a result, the same bound applies when the noise
matrix is 77 1(W) instead of W:

P(|| M, (M* + 7~ (W), ma) — M2 < en(logn)?) > 1 — e3nlosm),

Applying permutation 7 to each of the matrices in the above inequality then yields the bound

IP’(|H]\/4\L(7?(M*) + W, 7)) — #(M)|} < en(logn)?) > 1 — e ?lan, (2.43)
In conjunction, the bounds (2.41)), (2.42)), and (2.43) imply that for any fized 7 € ﬁ,
P(uu\Z(M* +W,#) — M| < 9nv/n(log n)2> > 1 — g 3nlogn, (2.44)

Although we are guaranteed that wcry, € ﬁ, we cannot apply the bound directly to
it, since mcgy, is a data-dependent quantity. In order to circumvent this issue, we need to
obtain a uniform version of the bound . We do so by applying the union bound over
all possible permutations in the set II. Since the total number of permutations is at most
n!, we obtain the bound

P[[¥cne, — M2 < 9n/logn)? | mo, € ] 2 1 — e ben.
Recalling that Lemma 7 ensures that I [WCRL € ﬁ} > 1—n"2Y we have established the claim.

It remains to prove the auxiliary lemma stated above.

Proof of Lemma

We first prove that for any fixed item ¢ € [n], the inequality holds with probability at least
1 —n=?2. The claimed result then follows via a union bound over all items.
Consider any item j > ¢ such that

> M, =Y M, > 2y/n(logn)”. (2.45)
/=1 (=1

An application of Bernstein’s inequality then gives (see the proof of Theorem [7|in Chapter
for a detailed derivation) that

n n 1
P(Y Yje>) Yi—+/nlogn) < —5 (2.46)
(=1 (=1

Likewise, for any item j < i such that 7, My, — >/ M, > 2v/n(logn)?, we have
P( >y Yie > >0, Yy — /nlogn) < 5.
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Now consider any j > 4. In order for item i to be located in position j in the total
order given by the count and randomize steps of the CRL estimator, there must be at least
(j — 1) items in the set {i +1,...,n} whose row sums are at least (}_,_, Yie — /nlogn). In
particular, there must be at least one item in the set {j,...,n} such that its row sum is at
least (3 ,_, Yie—+/nlogn). It follows from our results above that under the condition (2.45)),
this event occurs with probability no more than ﬁ Likewise when j < i, thereby proving

the claim.

2.6.5 Proof of Theorem : High SNR Subclass

We now prove our results on the high SNR subclass of Cyy, in particular establishing a lower
bound and then analyzing the two-stage estimator described in Section [2.3.4] so as to obtain
the upper bound.

Proof of lower bound

In order to prove the lower bound, we follow the proof of the lower bound of Theorem [T
with the only difference being that the vector ¢ € R® ! is restricted to lie in the interval
5+ 1"

Proof of upper bound

Without loss of generality, assume that the true matrix M* is associated to the identity
permutation. Recall that the second step of our procedure involves performing constrained
regression over the set Cyso(7Tras). The error in such an estimate is necessarily of two types:
the usual estimation error induced by the noise in our samples, and in addition, some form of
approximation error that is induced by the difference between Tpag and the correct identity
permutation.

In order to formalize this notion, for any fixed permutation 7, consider the constrained
least-squares estimator

M, € arg min ||Y — M|J2. (2.47)
MeCgiso(m)

Our first result provides an upper bound on the error matrix ]\/4\7r — M* that involves both
approximation and estimation error terms.

Lemma 8. There is a universal constant ¢ > 0 such that error in the constrained LS
estimate (2.47)) satisfies the upper bound
| M7 — M~

2
Iz —rmy i+ nlogn) (2.48)
Co ~ s N——

~—
Approzx. error  FEstimation error

con

with probability at least 1 — cie”
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There are two remaining challenges in the proof. Since the second step of our estima-
tor involves the FAS-minimizing permutation 7ras, we cannot simply apply Lemma [§] to it
directly. (The permutation Tpag is random, whereas this lemma applies to any fixed permu-
tation). Consequently, we first need to extend the bound to one that is uniform over
a set that includes Tpag with high probability. Our second challenge is to upper bound the
approximation error term || M* — Tpas(M*)||% that is induced by using the permutation Tpag
instead of the correct identity permutation.

In order to address these challenges, for any constant ¢ > 0, define the set

(c):={r | mzﬁqi — 7(i)] < clogn}.
1€n

This set corresponds to permutations that are relatively close to the identity permutation in
the sup-norm sense. Our second lemma shows that any permutation in II(c) is “good enough”
in the sense that the approximation error term in the upper bound ([2.48)) is well-controlled:

Lemma 9. For any M* € Cy, and any permutation m € ﬁ(c), we have
| M* — 7 (M*)]|% < 2¢"nlogn, (2.49)
where ¢’ is a positive constant that may depend only on c.

Taking these two lemmas as given, let us now complete the proof of Theorem . (We
return to prove these lemmas at the end of this section.) Braverman and Mossel [23] showed
that for the class Cyu(7y), there exists a positive constant c—depending on «y but independent
of n—such that

~ = C3

P[T('FAS c H(c)} >1-5. (2.50)

From the definition of class ﬁ(c), there is a positive constant ¢ (whose value may depend
only on ¢) such that its cardinality is upper bounded as

~ , (i)

C&I‘d(H(C)) S n20 logn S 6.502117

where the inequality (i) is valid once the number of items n is larger than some universal
constant. Consequently, by combining the union bound with Lemma [3| we conclude that,
with probability at least 1 — 0’16’6'2” — +%, the error matrix Apag 1= Mz, AS M* satisfies the
upper bound (2.48). Combined with the approximation-theoretic guarantee from Lemma @,
we find that

Bessll? o
IBersle < g — B )2 + nlog?(n)
0
< 'nlogn + +nlog*(n),

from which the claim follows.

It remains to prove the two auxiliary lemmas, and we do so in the following subsections.
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Proof of Lemma The proof of this lemma involves a slight generalization of the proof of
the upper bound in Theorem (see Section 2| for this proof). From the optimality of M

and fea81b1hty of w(M*) for the constrained least squares program , We are guaranteed
that ||Y — M, I3 < IV — m(M*)||2. Introducing the error matrix A = M, — M*, some

algebraic manipulations yield the modified basic inequality
AR < 1M — 7 (M)]E + 2(W, My —m(M*)).

Let us define A : = M, M, —7n(M*). Further, for each choice of radius ¢ > 0, recall the definitions
of the random variable Z(t) and event A; from equations ([2.26) and (2.29)), respectively. With
these definitions, we have the upper bound

IA=NE < M7 — 7 (Mg +2Z (1A llr).- (2.51)

Lemma proved earlier shows that the inequality E[Z(dg)] < % is satisfied by dg = cy/nlogn.
In a manner identical to the proof in Section [2.6.2, one can show that

]P)[At] S P[Z(éo) Z 250\/ t(so} S 2€_clt60 for all ¢ Z (50.

Given these results, we break the next step into two cases depending on the magnitude of
A. Case I: Suppose \HANF < V/tdp. In this case, we have

IAAG < 2007 = 7 (M7)F + 20 Al
< 2||M — w (M) + tdo.

Case 1I: Otherwise, we must have |A[lp > v/#d. Conditioning on the complement A¢, our
basic inequality (2.51]) implies that

IANE < 1M — 7 (Mg + 4 Alle v/t

ooz o JALE
< IMF = m (M) + T + 320,

20| Axlli + 201M* — 7 (M)]§

< M7 — (M) + 2

+ 325,

with probability at least 1 — 2e—¢1%%,
Finally, setting t = 0y = c¢y/nlog(n) in either case and re-arranging yields the bound (2.48)).

Proof of Lemma @: For any matrix M and any value i, let M; denote its i'" row. Also
define the clipping function b : Z — [n] via b(x) = min{max{1, z},n}. Using this notation,
we have

a0 — = (M7 = Z 1M = Mg 5

< Z max {[|M; — Ml;k(i—j)||%’||Mi*_Mb*(i—i-j)Hg}’

0<j<clogn
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where we have used the definition of the set ﬁ(c) to obtain the final inequality. Since
M* corresponds to the identity permutation, we have M > My > .-- > M, where the
inequalities are in the pointwise sense. Consequently, we have

I = w (M) <7 ma LM = My croqy I3 117 = M crog 3}
=1

n—clogn

<2 Z ||‘]\4z))< - Mzﬁ-clogn”%'
=1

One can verify that the inequality ¢ (a; — ai41)? < (a1 — ax)? holds for all ordered se-
quences of real numbers a; > ay > --- > a;. As stated earlier, the rows of M* dominate
each other pointwise, and hence we conclude that

217 — 7 (M) < 2clogn|[ M — My|l; < 2enlogn,
which establishes the claim (2.49)).

2.6.6 Proof of Theorem : Parameter-based models

We now turn to our theorem giving upper and lower bounds on estimating pairwise proba-
bility matrices for parameter-based models. Let us begin with a proof of the claimed lower

bound.

Lower bound

We prove our lower bound by constructing a set of matrices that are well-separated in
Frobenius norm. Using this set, we then use an argument based on Fano’s inequality
to lower bound the minimax risk. Underlying our construction of the matrix collection is
a collection of Boolean vectors. For any two Boolean vectors b,0’ € {0,1}", let Dy(b,b') =
> i1 1[bj # b}] denote the Hamming distance between them.

Lemma 10. For any fived ¢ € (0,1/4), there is a collection of Boolean vectors {b',... b"}
such that

min { D (v, b%), Dy (v, 0)} > [(n] for all distinct j # k € {1,...,n}, and  (2.52a)
1=0(0) > exp{(n—1) Dia2all)} ~ 1 (2.52b)

See the end of this section for a proof of this lemma.
Given the collection {¢/, j € [(¢)]} guaranteed by this lemma, we then define the collec-
tion of real vectors {w’,j € [n(¢)]} via

w = 5(1 - 111T)bf for each j € [n(¢)],
n
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where ¢ € (0,1) is a parameter to be specified later in the proof. By construction, for each
index j € [(¢)], we have (1, w’) = 0 and ||w’ || < d. Based on these vectors, we then define
the collection of matrices { M7, j € [n(¢)]} via

[M*)ij : = F([w*]; — [w"];).

By construction, this collection of matrices is contained within our parameter-based family.
We also claim that they are well-separated in Frobenius norm:

Lemma 11. For any distinct pair j, k € [n(¢)], we have

J_
2 - M
n? 4

See the end of this section for a proof of this lemma.

In order to apply Fano’s inequality, our second requirement is an upper bound on the
mutual information /(Y’; J), where J is a random index uniformly distributed over the index

set [n] = {1,...,n}. By Jensen’s inequality, we have I(Y; J) < ( ] > itk Dxr,(P7||P*), where

P/ denotes the distribution of Y when the true underlying matrix is M7. Let us upper bound
these KL divergences.

For any pair of distinct indices u,v € [n]?, let x,, be a differencing vector—that is, a
vector whose components u and v are set as 1 and —1, respectively, with all remaining
components equal to 0. We are then guaranteed that

> (F(0) — F(0))2. (2.53)

(Tuw, W) = (T, V'), and  F((zy, w')) € {F(=6), F(0),F(5)},
where F'(§) > F(0) > F(—0) by construction. Using these facts, we have

e (F (s w7)) = F (@, wh)))”
PalPIPYS2 D i o w01 F (G, 0]

(F(6) — F(=9))*

< 2n?

(2.54)

where the bound (i) follows from the elementary inequality alog ¢ < (a — b)§ for any two
numbers a,b € (0,1).

This upper bound on the KL divergence and lower bound on the Frobenius
norm (2.53), when combined with Fano’s inequality , imply that any estimator M
has its worst-case risk over our family lower bounded as

sup LE[IIT - M) > L¢P - FO)(1- T2

n2(F(8) — F(0))% + log 2>
J€M(Q)] n? .

n
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Choosing a value of § > 0 such that (F(8) — F(0))? = £=2 gives the claimed result. (Such

80n
a value of § is guaranteed to exist with F(—4) € [1, 1] given our assumption that F is con-
tinuous and strictly increasing.)

The only remaining details are to prove Lemmas [10] and

Proof of Lemma The Gilbert-Varshamov bound [90, |258] guarantees the existence
of a collection of vectors {0°,...,b7~'} contained with the Boolean hypercube {0,1}" such
that

) st
T22"71( Z ( ’ ))_1, and
=0

Dy (b, %) > [¢n] for all j # k, j,k € [T —1].

Moreover, their construction allows loss of generality that the all-zeros vector is a member of
the set—say b° = 0. We are thus guaranteed that Dy (b’,0) > [¢n] forall j € {1,...,T—1}.

Since n > 2 and « € (0, %1), we have % <2a < % Applying standard bounds on the
tail of the binomial distribution yields

2nl_1 Kg;l (n 2 1) < exp < —(n— ].)DKL(%H%)) < exp ( —(n— 1)DKL(2CY||%)>-

Consequently, the number of non-zero code words 7 : = T — 1 is at least

n(¢) = exp ((n— 1)DKL(2a||%)) Y

Thus, the collection {b',..., "} has the desired properties.

Proof of Lemma By definition of the matrix ensemble, we have

M (w?) = Mg = D (F((Zuw, 07) = F({@u, w)))*. (2.55)

u,vE[n]

By construction, the Hamming distances between the triplet of vectors {w’, w*, 0} are lower
bounded Dy (w?,0) > ¢n, Dg(w*,0) > ¢(n and Dy(w’,w*) > ¢(n. We claim that this implies
that

card {u # v € [n]? | (Tuw, W) # (Tuo, wk>} > %277?. (2.56)

Taking this auxiliary claim as given for the moment, applying it to Equation ([2.55)) yields
the lower bound [[M(w') — M(w?)||z > 1¢*n?(F(6) — F(0))?, as claimed.
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It remains to prove the auxiliary claim (2.56). We relabel j = 1 and k = 2 for simplicity
in notation. For (y,z) € {0,1} x {0,1}, let set Z,, C [n]| denote the set of indices on which
w! takes value y and w? takes value z. We then split the proof into two cases:

Case 1: Suppose | Zoo UZy; [> 4. The minimum distance condition Dy(w!,w?) > (n im-
plies that | To1 U2y ‘Z C’I’L For any 1 € Loo Uy and any j € Iy U 1107 it must be that
(T, WY # (Typ, w?). Thus there are at least §n2 such pairs of indices.

Case 2: Otherwise, we may assume that | Zgo U Zy; |< %" This condition, along with the
minimum Hamming weight conditions Dy (w!,0) > ¢n and Dy(w?,0) > (n, gives Zyg > %”
and Zg; > %" For any i € Zy; and any j € Zyo, it must be that (zy,, w') # (Zy,, w?). Thus
there are at least %nQ such pairs of indices.

Upper bound

In our earlier work [220, Theorem 2b] we prove that when F' is strongly log-concave and
twice differentiable, then there is a universal constant ¢, such that the maximum likelihood
estimator wyy, has mean squared error at most

sup E[| @y, — w*||3] < e (2.57)
w*e[—1,1]" (w*,1)=0

Moreover, given the log-concavity assumption, the MLE is computable in polynomial-time.
Let M (@) and M (w*) denote the pairwise comparison matrices induced, via Equation (2.4)),
by Wy, and w*. It suffices to bound the Frobenius norm || M (wyy,) — M (w*) |-

Consider any pair of vectors w' and w? that lie in the hypercube [—1,1]". For any pair
of indices (i, 7) € [n]?, we have
(M (wh))y — (M(w?))y)* = (F(w; —wj) = F(wi —wj))* < C((w; —wj) — (w] —wj))?,

i % J J

where we have defined ¢ : = H[laxl] F'(z). Putting together the pieces yields
ze|—-1,

12 (w') = M) < ¢(w! —w?) (] = 117)(w' —w?) = n¢*lw! —w?|5.  (2.58)

Applying this bound with w! = @y, and w? = w* and combining with the bound ([2.57)
yields the claim.

2.6.7 Proof of Theorem @: Partial observations

We now turn to the proof of Theorem [ which characterizes the behavior of different esti-
mators for the partially observed case.

Proof of part (a)

In this section, we prove the lower and upper bounds stated in part (a).
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Proof of lower bound: We begin by proving the lower bound in equation (2.20al). The
Gilbert-Varshamov bound [90, [258] guarantees the existence of a set of vectors {b', ..., 0"}
in the Boolean cube {0,1}2 with cardinality at least 1 : = 2°" such that

Dy (b7, %) > [0.1n] for all distinct pairs j,k € [n] := {1,...,n}.
Fixing some 6 € (0, ) whose value is to be specified later, for each k € [n], we define a

matrix M* € Cy, with entries

[Mm:{%“ a5 =1 and 0> 5

% otherwise,

for every pair of indices u < v. We complete the matrix by setting [M*],, = 1 — [M*],, for
all indices u > v.
By construction, for each distinct pair j, k € [n], we have the lower bound

1247 — M = no*|[t) — 0[5 = con®0”.

Let P/ and P/ denote (respectively) the distributions of the matrix Y and entry Y,, when
the underlying matrix is M7. Since the entries of Y are generated independently, we have

Dy (P7||P*) = >°  Dykp(P9,[|PE)). The matrix entry Y, is generated according to the
_— 1<u<v<n
1 W.D. PobsM.:,
Yiw =40 W.p. Pobs(1 — My,)
not observed W.p. 1 — Dobs-

Consequently, the KL divergence can be upper bounded as

Dy, (P2, || PE,)

M (=M
— Pons ( M7 Tog =2 1 (1 — MJ V1 —uv)
j M'iv - M'fv j M'fv - M'iv
Spobs{Mgv(W) . Mgv)(l_—m)} (2.590)
(M, — M},)?

— Pobs o i 2.59b

Pobs N7 (1= M) (2.59)
§16pobs (Mfw - Mllfv)Qy (2590)

where inequality (2.59a]) follows from the fact that log(t) < ¢ — 1 for all ¢ > 0; and in-
equality (2.59¢]) follows since the numbers {M},, M} both lie in the interval [1, 2]. Putting
together the pieces, we conclude that

DKL(PJH]P)k) S ClpobsmMj - Mkm% S Cllpobsn262~
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Thus, applying Fano’s inequality (2.22) to the packing set {M?!, ... M"} yields that any
estimator M has mean squared error lower bounded by

1~ c Porsn®6? + log 2
sup —E[IM — MM} = oo (1 - 2 ).

ke[n] cn
Finally, choosing 62 = 52—, vields the lower bound supje, H—IQEH"M — MF||Z] > c3 npibs'
Note that in order to satisfy the condition § < i, we must have pgps > ;Sffb

Proof of upper bound: For this proof, recall the linearized form of the observation model

given in equations ([2.19a)), (2.21a)), and (2.21b)). We begin by introducing some additional
notation. Letting II denote the set of all permutations of n items. For each 7 € II, we define

the set

T(Cuso) : = {M € [0,1]"*" | My > M,; whenever 7(k) < (i) and 7(¢) > 7(j)},

corresponding to the subset of permutation-based SST matrices that are faithful to the

permutation 7. We then define the estimator M, € arg min ||Y’ — M||%, in terms of which
Men(Cpiso)

the least squares estimator (2.19b)) can be rewritten as

M € arg min ||Y’ — M,||3.
well

Define a set of permutations IT" C II as
M= {r eI | Y = M|z < V' — M*|}.

Note that the set II" is guaranteed to be non-empty since the permutation corresponding to
M always lies in II'. We claim that for any 7 € II’, we have

n

P(| My — M*||} < c;—log®n) > 1— e 218", (2.60)
Pobs

ob:

for some positive universal constant c¢,. Given this bound, since there are at most e"°8”

permutations in the set II’, a union bound over all these permutations applied to ({2.60))
yields

n

P(max 1M, — M*[2 > e, log? n) < e2nlogn,
Tell’ P

obs

Since M is equal to M, for some 7 € II’, this tail bound yields the claimed result.
The remainder of our proof is devoted to proving the bound (2.60). By definition, any
permutation 7 € II' must satisfy the inequality

Y = Mg < Iy — M|z
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Letting A, := M, — M* denote the error matrix, and using the linearized form (2.21a) of
the observation model, some algebraic manipulations yield the basic inequality

L, &), (2.61)

1~
SIA <

obs

Now consider the set of matrices
Cone(m) : = {a(M = M*) | M € 7(Cyo), @ € [0,1]}, (2.62)

and note that Cpyp(m) C [—1,1]"*". (To be clear, the set Cpyp(7) also depends on the value
of M*, but considering M* as fixed, we omit this dependence from the notation for brevity.)
For each choice of radius ¢ > 0, define the random variable

1
Z.(t):= sup (D, W"). (2.63)
DE(CDU.‘F(W), pObS
IDllp<t

Using the basic inequality (2.61)), the Frobenius norm error [|A||r then satisfies the bound
1

1~ . ~
Al < — (W', Ac) < Ze(l1A]l)- (2.64)

obs

Thus, in order to obtain a high probability bound, we need to understand the behavior of
the random quantity Z.(t).

One can verify that the set Cpp(7) is star-shaped, meaning that aD € Cyyp(7) for every
a € [0,1] and every D € Cpyp(m). Using this star-shaped property, we are guaranteed that
there is a non-empty set of scalars o > 0 satisfying the critical inequality

E[Z,(6)] < 52_3 (2.65)

Our interest is in an upper bound to the smallest (strictly) positive solution dy to the critical
inequality (2.65), and moreover, our goal is to show that for every ¢ > &y, we have 1A]r <
cv/tdg with high probability.

For each t > 0, define the “bad” event

1

Ar = {32 € Cowe(m) | | Alle > V160 and (A, W) = 20 Allev/t00}.  (2.66)

obs

Using the star-shaped property of Cpyp(7), it follows by a rescaling argument that
]P)[At] S ]P)[ZW((S()) Z 260 vV t(S()] for all ¢ Z 50.

The following lemma helps control the behavior of the random variable Z,(do).
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Lemma 12. For any 6 > 0, the mean of Z.(0) is bounded as

E[Z:(6)] < ¢,—

< log® n,
Pobs

and for every u > 0, its tail probability is bounded as

P(Zﬂ(é) > E[Z,(5)] + u) < exp ( 5 !1@?[22()5;] - u)

where ¢, and c, are positive universal constants.

See the end of this section for a proof of this lemma.
From this lemma, we have the tail bound

—¢(80V/E00)? Pobs
05 + E[Z(50)] + (/g

By the definition of dy in equation (2.65)), we have E[Z(dy)] < 05 < dov/tdg for any ¢ > &y,
and consequently

P(z,,(ao) > E[Z,(5)] + 50%) < exp ( )), for all £ > d.

—Cy (60 V t50>2pobs
300V oo

Consequently, either [|A|lr < v/, or we have [|As]lr > v/#. In the latter case, condi-
tioning on the complement A¢, our basic inequality implies that 1 [|A-|3 < 2[|A]lrv/#0 and
hence [|A;||r < 4v/0y. Putting together the pieces yields that

PlA;] < P[Z(d) > 2801/tdy] < exp < >, for all ¢ > 0.

IP’(H|37T|||F < 4y/tdo) > 1 —exp (= ¢)do\/tdopobs), for all t > &. (2.67)

Finally, from the bound on the expected value of Z,(t) in Lemma [I2| we see that the
critical inequality (2.65) is satisfied for dg = /= logn. Setting ¢ = dp = /" logn
in (2.67)) yields

o~ cin
P18 <4

log? n) > 1—exp ( — 3nlog n), (2.68)
DPob

S

for some universal constant ¢, > 0, thus proving the bound ([2.60)).

It remains to prove Lemma [I2]
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Proof of Lemma Bounding E[Z,(d)]: We establish an upper bound on E[Z. ()] by
using Dudley’s entropy integral, as well as some auxiliary results on metric entropy. We use
the notation log N(¢,C, p) to denote the € metric entropy of the class C in the metric p.

Introducing the random variable Z, := sup (D, W')), note that we have E[Z,(9)] <
DeCprrr(m)

E[Z:]. The truncated form of Dudley’s entropy integral inequality yields

1
Pobs

E[Z] <c{n®+ / n VIog N (e, Cone (), [T }. (2.69)

where we have used the fact that the diameter of the set Cpyp(7) is at most 2n in the
Frobenius norm.

From our earlier bound , we are guaranteed that for each € > 0, the metric entropy
is upper bounded as

TL2

n
log N (€, {aM | M € Cuo,a € [0, 111,11 ) < 8% (log 2)*
Consequently, we have

n? n\2
log N (€, Cowe(7), || lF) < 166—2(10g E) :

Substituting this bound on the metric entropy of Cp(7) and the inequality € > %n‘g into
the Dudley bound ([2.69) yields

E[Z,] < en(logn)?.

The inequality E[Z,(0)] < —2-E[Z,] then yields the claimed result.

obs

Bounding the tail probability of Z,(d): In order to establish the claimed tail bound,
we use a Bernstein-type bound on the supremum of empirical processes due to Klein and
Rio [129, Theorem 1.1c], which we state in a simplified form here.

Lemma 13. Let X := (X1,..., X)) be any sequence of zero-mean, independent random
variables, each taking values in [—1,1]. Let V C [—1,1]™ be any measurable set of m-length
vectors. Then for any u > 0, the supremum X' = sup,c,(X, v) satisfies the upper tail bound

2

PXT> BIXT +u) < exp (zsupvevxa[@, X TR )

We now invoke Lemma [13| with the choices V = Cpp(m) NB(9), m = (n x n), X = W',
and X1 = pgpsZ: (). The matrix W’ has zero-mean entries belonging to the interval [—1, +1],
and are independent on and above the diagonal (with the entries below determined by the
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skew-symmetry condition). Then we have E[XT] < posE[Z,(8)] and E[({(D, W')2] < 4peps | D||3 < 4popsd?
for every D € V. With these assignments, and some algebraic manipulations, we obtain that
for every u > 0,

P|2e(0) > BIZO) 4] < e (g )

as claimed.

Proof of part (b)

In order to prove the bound (2.20b)), we analyze the SVT estimator T}, (Y") with the threshold
A =3 ﬁ Naturally then, our analysis is similar to that of complete observations case

S

from Section [2.6.3] Recall our formulation of the problem in terms of the observation matrix

Y’ along with the noise matrix W’ from equations (2.19a)), (2.21a)) and (2.21b]). The result

of Lemma [4] continues to hold in this case of partial observations, translated to this setting.
In particular, if A, > 11)'—?)1H|W’ llop, then

n
175, (Y") = M7|3 < e > min {X2,07(M")},
j=1
where ¢; > 0 is a universal constant.
We now upper bound the operator norm of the noise matrix W’. Define a (2n x 2n)

matrix
e e
VPas (W) 0
From equation ([2.21b]) and the construction above, we have that the matrix W” is symmetric,

with mutually independent entries above the diagonal that have a mean of zero, a variance

upper bounded by 1, and entries bounded in absolute value by % Consequently,

known results in random matrix theory (e.g., see [44, Theorem 3.4] or [250, Theorem 2.3.21])
yield the bound |[W”|,, < 2.01v/2n with probability at least 1 — n™, for some universal

constant co > 1. One can also verify that ||W”||op, = \/p;Tm W|op, thereby yielding the bound

IP[|HW’|||OP > 2.01\/2np0bs} <n-e,

With our choice \, = 3,/-", the event {)\, > L%||IW'].,} holds with probability at
Pobs Pobs

least 1 —n~. Conditioned on this event, the approximation-theoretic result from Lemma
gives

1 o2 sA2 1
ST () = Mo < o 5+ <)

with probability at least 1 — n™®. Substituting A\, = 3, /p”b in this bound and setting
s = +/Pobsn yields the claimed result.
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Proof of part (c)

As in our of proof of the fully observed case from Section [2.6.6] we consider the two-stage
estimator based on first computing the MLE @y, of w* from the observed data, and then
constructing the matrix estimate M (@yr,) via Equation (2.4). Let us now upper bound the
mean-squared error associated with this estimator.

Our observation model can be (re)described in the following way. Consider an Erdds-
Rényi graph on n vertices with each edge drawn independently with a probability pons. For
each edge in this graph, we obtain one observation of the pair of vertices at the end-points
of that edge. Let L be the (random) Laplacian matrix of this graph, that is, L = D — A
where D is an (n x n) diagonal matrix with [D];; being the degree of item ¢ in the graph
(equivalently, the number of pairwise comparison observations that involve item i) and A is
the (n x n) adjacency matrix of the graph. Let A\y(L) denote the second largest eigenvalue of
L. From Theorem 2(b) of our paper [220] on estimating parameter-based models[] for this
graph, there is a universal constant ¢; such that the maximum likelihood estimator wy, has
mean squared error upper bounded as

n
E[||@nr, — w5 | L] < ¢ :
e — w3 2] < exs
The estimator wyy, is computable in a time polynomial in n.

2
Since pops > 00@, known results on the eigenvalues of random graphs [48, (131} [184]
imply that

1
P\ (L) > anpobs] >1-— - (2.70)

for a universal constant ¢, (that may depend on ¢q). As shown earlier in Equation ([2.58)),
for any valid score vectors w!, w?, we have |[M(w!') — M(w?)||?% < nC?||lw' — w?||? where
¢ :=maxX.¢[—11] F'(2) is a constant independent of n and pehs. Putting these results together

and performing some simple algebraic manipulations leads to the upper bound

C3C2

)
NPobs

1 A *
SE[IM (@) - M) <

which establishes the claim.

2.6.8 Proof of Proposition : MST and WST models

We will derive an order one lower bound under the moderate stochastic transitivity condition.
This result automatically implies the order one lower bound for weak stochastic transitivity.

"Note that the Laplacian matrix used in the statement of [220, Theorem 2(b)] is a scaled version of the
matrix L introduced here, with each entry of L divided by the total number of observations.
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The proof imposes a certain structure on a subset of the entries of M* in a manner that
©(n?) remaining entries are free to take arbitrary values within the interval [3,1]. This
flexibility then establishes a minimax error of ©(1) as claimed.

Let us suppose M* corresponds to the identity permutation of the n items, and that this
information is public knowledge. Set the entries of M* above the diagonal in the following
manner. For every i € [n] and every odd j € [n], set M}, = 5. For every i € [n] and every
even j € [n], set M}, = % This information is also assumed to be public knowledge. Let
S C [n]?* denote the set of all entries of M* above the diagonal whose values were not assigned
in the previous step. Let |S| denote the size of set S. The entries below the diagonal are
governed by the skew-symmetry constraints.

We first argue that every entry in S can take arbitrary values in the interval [1, 1], and
are not constrained by each other under the moderate stochastic transitivity condition. To
this end, consider any entry (i,k) € S. Recall that the moderate stochastic transitivity
condition imposes the following set of restrictions in Mj: for every j, M > min{ M}, M }.
From our earlier construction we have that for every odd value of j, M;; = % and hence the
restriction simply reduces to M} > % On the other hand, for every even value of j, our
construction gives M7 = %, and hence the restriction again reduces to M}, > % Given the
absence of any additional restrictions, the error E[|||]\/4\ — M*||24] > ¢|S|. Finally, observe that
every entry (i, k) where i < k, i is odd and k is even belongs to the set S. It follows that

|S| > %2, thus proving our claim.

2.6.9 Proof of Proposition : Other statistical models

The constructions governing the claimed relations are enumerated in Figure and the
details are provided below.

It is easy to see that since F' is non-decreasing, the parameter-based class C,,; is contained
in the strong stochastic transitivity class Cg;. We provide a formal proof of this statement
for the sake of completeness. Suppose without loss of generality that w; > --+ > w,. Then
we claim that the distribution of pairwise comparisons generated through this model result
in a matrix, say M, that lies in the permutation-based SST model with the ordering following
the identity permutation. This is because for any ¢ > j > k,

w; — Wg 2> W; — W;j
F(w; —wyg) > F(w; —w;)
M, > M;;.

We now show the remaining relations with the four constructions indicated in Figure [2.2]
While these constructions target some specific value of n, the results hold for any value n
greater than that specific value. To see this, suppose we construct a matrix M for some
n = ng, and show that it lies inside (or outside) one of these classes. Consider any n > ny,
and define a (nxn) matrix M’ as having M as the top-left (ng xng) block, 3 on the remaining
diagonal entries, 1 on the remaining entries above the diagonal and 0 on the remaining entries
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below the diagonal. This matrix M’ will retain the properties of M in terms of lying inside
(or outside, respectively) the claimed class.

In this proof, we use the notation ¢ > j to represent a greater preference for ¢ as compared
to j.

Construction 1

We construct a matrix M such that M € Cyy,, but M ¢ Cy. Let n = 3. Consider the
following distribution over permutations of 3 items (1,2, 3):

P(1 > 2> 3)
P(3 > 1> 2)
P(2>3>1)

ST RS LR N

This distribution induces the pairwise marginals

P(1 > 2)
P(2 > 3)
P(3 > 1)

oo Gk otw

Set M;; = P(i > j) for every pair. By definition of the class Cyy,, we have M € Cgyy.

A necessary condition for a matrix M to belong to the class Cgyy; is that there must exist
at least one item, say item ¢, such that M;; > % for every item j. One can verify that the
pairwise marginals enumerated above do not satisfy this condition, and hence M ¢ Cgg;.

Construction 2

We construct a matrix M such that M € Cgy N Cyyy, but M ¢ Cpy. Let n = 4 and consider
the following distribution over permutations of 4 items (1,2, 3,4):

1 1
P(3>1>2>4):§, P(1>2>4>3):§

2 4
P(2>1>4>3):§ and P(1>2>3>4):§.

One can verify that this distribution leads to the following pairwise comparison matrix M
(with the ordering of the rows and columns respecting the permutation 1 > 2 > 3 > 4):

4 6 7 8
12 4 7 8
M'_§1145
00 3 4

It is easy to see that this matrix M € Cgy, and by construction M € Cyyp,. Finally, the
proof of Proposition [2| shows that M ¢ C,,y, thereby completing the proof.
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Construction 3

We construct a matrix M such that M € C,,; (and hence M € Cg;) but M ¢ Cyyyy. First
observe that any total ordering on n items can be represented as an (n X n) matrix in the
permutation-based SST class such that all its off-diagonal entries take values in {0,1}. The
class Cyyy,, is precisely the convex hull of all such binary permutation-based SST matrices.

Let B! ..., B™ denote all (n x n) matrices in Cy, whose off-diagonal elements are re-
stricted to take values in the set {0,1}. The following lemma derives a property that any
matrix in the convex hull of B!, ..., B™ must satisfy.

Lemma 14. Consider any M € Cg,, and consider three items i,j,k € [n] such that M
respects the ordering i = j = k. Suppose M;; = M, = % and M;, = 1. Further suppose that
M can be written as

M=) dB, (2.71)

Le[nl]

where o > 0V £ and ZZL!:1 af = 1. Then for any ( € [n!] such that o > 0, it must be that

The proof of the lemma is provided at the end of this section.
Now consider the following (7 x 7) matrix M € Cg:

5 111
8l s 5 ]
B
M:=]0 3 ;B3 (2.72)
00 %4
000 3
| 0000

We will now show via proof by contradiction that M cannot be represented as a convex
combination of the matrices B!, ..., B™. We will then show that M € Cpys.

Suppose one can represent M as a convex combination M = teln] a'Bf, where o', ... o™
are non-negative scalars that sum to one. Consider any ¢ such that af # 0. Let B, = b €
{0,1}. Let us derive some more constraints on B*. Successively applying Lemma |14 for the
following values of 7, j, k implies that B‘ must necessarily have the form shown below.

Here b : =1 — b and ‘*’ denotes some arbitrary value that is irrelevant to the discussion at
hand.

jwpll

o i=1,j=2k=3gives Bf; =

e i=1,j=2k=4gives B5, =b
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e i=2j=3k=05gives B{; =b
e i=2j=4k=6gives B{z =b
e i=3,j=>5k=6gives Bf; =b
e i=4,j=06k="7gives Bf, =b.

Thus B must be of the form

(2.73)

S O O O O v

Finally, applying Lemma with i = 5, j = 6 and k = 7 implies that Bf§, = b, which
contradicts the necessary condition in equation . We have thus shown that M ¢ Cyyy,.

We now show that the matrix M constructed in equation is contained in the class
Crar. Consider the following function F' : [—1,1] — [0, 1] in the definition of a parameter-
based class:

0 if v < —0.25
F(r)=¢1 if —0.25 <2 <0.25
1 if x > 0.25.

Let n = 7 with w; = .9, wy = .7, w3 = .6, wy = .5, w5 = .4, wg = .3 and w; = .1. One can
verify that under this construction, the matrix of pairwise comparisons is identical to that

in equation ([2.72)).

Proof of Lemma In what follows, we show that Ze:ijzl,B]likzl af = ZZ:ij:I,BJ‘fk:I ot =
0. The result then follows immediately.

Consider some ¢ € [n!] such that o > 0 and Bf]/- = 0. Since M;; = 1, we must
have Bf,; = 1. Given that BY represents a total ordering of the n items, that is, BY is a
permutation-based SST matrix with boolean-valued its off-diagonal elements, Bf]' =0 and
BY, = 1 imply that Bf}g = 1. We have thus shown that Bf;lC = 1 whenever ij' = 0. This
result has two consequences. The first consequence is that ), BY,=0,B4,=0 o’ = 0. The second

consequence employs the additional fact that M;; = % and hence >, 50 _, o = %, and then
ij
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. ¢ 1 11:
ives nt _n e ot = =, Building on, we have
g ZZ.Bijfo,Bjkfl 2 g om,

1
_ — ¢ ¢
5 = Mik E o+ E o,
Bt — - Bl — o
¢:Bf,=0,Bt, =1 :Bf,=1,B, =1

and hence we have ) , 5 _; BY, —1 o’ = 0, thus completing the proof.
i T T

Construction 4

We construct a matrix M such that M € Cg but M ¢ Cpyyy, and M ¢ C,y,. Consider
n = 11. Let M, denote the (4 x 4) matrix of Construction 2 and let M3 denote the (7 x 7)
matrix of construction 3. Consider the (11 x 11) matrix M of the form

My 1
)
Since My € Cyr and M3 € Cyy, it is easy to see that M € Cgy. Since My ¢ C,,, and
M ¢ Cyyy, it follows that M ¢ Cpy, and M ¢ Cyyyp. This construction completes the proof

of Proposition [3]

2.A Appendix: Relation to other error metrics

In this section, we show how estimation of the pairwise-comparison-probability matrix M*
under the squared Frobenius norm implies estimates and bounds under other error metrics.
In particular, we investigate relations between estimation of the true underlying ordering
under the Spearman’s footrule and the Kemeny metrics, and estimation of the matrix M*
under the Kullback-Leibler divergence metric.

2.A.1 Recovering the true ordering

Recall that the permutation-based SST class assumes the existence of some true ordering of
the n items. The pairwise-comparison probabilities are then assumed to be faithful to this
ordering. In this section, we investigate the problem of estimating this underlying ordering.

In order to simplify notation, we assume without loss of generality that this true underly-
ing ordering is the identity permutation of the n items, and denote the identity permutation
as mq. Recall the set Cyy, of bivariate isotonic matrices, that is, permutation-based SST
matrices that are faithful to the identity permutation:

Cyiso = {M € [0,1]™"™ | M;; =1 — M, for all (i,7) € [n]?, and M;, > M;, whenever i < j.}

Then we have that M* € Cg,. Let m be any permutation of the n items. For any matrix
M € R™" and any integer i € [n] we let M; denote the i*" row of M.
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Two of the most popular metrics of measuring the error between two such orderings
are the Spearman’s footrule and the Kemeny (or Kendall tau) distance, defined as follows.
Spearman’s footrule measures the total displacement of all items in 7 as compared to myq,
namely

Spearman’s footrule(r, miq) 5 | (i) —i| .

On the other hand, the Kemeny distance equals the total number of pairs whose relative
positions are different in the two orderings, namely,

Kemeny(r, ma) := Y Usign(n(i) —n(j)) # sign(i — j)},

1<i<j<n

where “sign” denotes the sign function, that is, sign(z) = 1 if z > 0, sign(z) = —1if x <0
and sign(x) = 0 if x = 0. The Kemeny distance is also known as the Kendall tau metric.

Before investigating the two aforementioned metrics, we remark on one important as-
pect of the problem of estimating the order of the items. Observe that if the rows of M*
corresponding to some pair of items (7, j) are very close to each other (say, in a pointwise
sense), then it is hard to estimate the relative position of item i with respect to item j.
On the other hand, if the two rows are far apart then differentiating between the two items
is easier. Consequently, it is reasonable to consider a metric that penalizes errors in the
inferred permutation based on the relative values of the rows of M*. To this end, we define
a reweighted version of Spearman’s footrule as

n
Matrix-reweighted Spearman’s footrule,,. (7, mq) : = |7 (M*) — M*||3 = Z | M) — M3
Given these definitions, the following proposition now relates the squared Frobenius norm

metric to the other aforementioned metrics.

Proposition 2.A. Any two matrices M* € Cy, and M € Cgy with © as its underlying
permutation, must satisfy the following bound on the matriz-reweighted Spearman’s footrule:

M7 — (M) < A|M" — M.

Proposition 2.B. Consider any matrizc M* € C,y, that satisfies |M; — M7, ||3 > ~* for
some constant vy > 0 and for every i € [n— 1]. Then for any permutation , the Spearman’s
footrule distance from the identity permutation is upper bounded as

Z [t —7() [< —IIIM* (M)
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Conversely, there exists a matriz M* € Cpyy, that satisfies ||M; — M7 ||53 = +* for every
i € [n — 1] such that for every permutation m, the Spearman’s footrule distance from the
tdentity permutation is lower bounded as

d li—n(i) > 4—72|||M — (M) %
=1

Proposition 2.C ([|64]). The Kemeny distance of any permutation m from the identity
permutation ;g is sandwiched as

%le‘—w(z‘) < > Usign(r() = m(5) # sign(i = j)} < 3 =) |

As a consequence of this proposition, an upper bound on the error in estimation of M*
under the squared Frobenius norm yields identical upper bounds (with some constant factors)
under the other three metrics.

A few remarks are in order:

(a) Treating M* as the true pairwise comparison probability matrix and M as its estimate,
Proposition [2.A] assumes that M also lies in the matrix class Cg. This set-up is known
as proper learning in some of the machine learning literature.

(b) The ~-separation condition of Proposition[2.B]is satisfied in the models assumed in several
carlier works [23, 263].

The remainder of this subsection is devoted to the proof of these claims.

Proof of Proposition

For any matrix M and any permutation 7 of n items, let (M) denote the matrix resulting
from permuting the rows of M by m. With this notation, we have

lw(M*) = M* |5 < 2llw(M*) — Mg + 2| M — M*||3 = 2| M* — 7~ (M)Ig + 2[|M — M*|]3.
We now show that
|M* — 7 (M) < |]M* = M]3, (2.74)

which would then imply the claimed result. As shown below, the inequality (2.74) is a

consequence of the fact that M* and ﬂ_l(]\//f ) both lie in the permutation-based SST class
and have the same underlying ordering of the rows. More generally, we claim that for any

two matrices M € Cys, and M’ € Cyygo,

Tiq € arg min [ M — (M3, (2.75)
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where the minimization is carried out over all permutations of n items. To see this, consider
any two matrices M and M’ in Cpg, and let 7’ be a minimizer of || M — x(M')||#. If 7’ # mq,
then there must exist some item i € [n — 1] such that item (7 4 1) is ranked higher than item
i in 7’. Consequently,

[ M; — M |15+ | Miga — M5 — | M; — M5 — | Mo — M 4[5
= 2(M; — Mgy, M — M, ) >0,
where the final inequality follows from the fact that M € Cgyg, and M’ € Cyo. It follows
that the new permutation obtained by swapping the positions of items ¢ and (i + 1) in 7’

(which now ranks item ¢ higher than item (i + 1)) is also a minimizer of |M — 7(M")||3. A
recursive application of this argument yields that mq is also a minimizer of |[M — 7(M')]|3.

Proof of Proposition

We first prove the upper bound on the Spearman’s footrule metric. Due to the monotonicity
of the rows and the columns of M*, we have the lower bound

M7 =7 (MR = Y IM7 = M5
(=1

Now consider any ¢ € [n] such that 7(¢) > ¢. Then we have

w(£)—1 L m(0)—1 iy
(@) (@) . .
Mg = Mzl =1 D (M7 =M= Y I1M7 = Ml 2 2Plw (i) —l,
1=/ =L

where the inequality (i) is a consequence of the fact that for every i € [n — 1], every entry
of the vector (M, — M}, ) is non-negative, and the inequality (ii) results from the assumed
v-separation condition on the rows of M*. An identical argument holds when 7(¢) < ¢. This
argument completes the proof of the upper bound.

We now move on to the lower bound on Spearman’s footrule. To this end, consider the
matrix M* € Cg, with its entries given as:

s+t ifi<y
i— 0 ifi>j

One can verify that this matrix M* satisfies the required condition ||M; — M 4|5 =
for every ¢ € [n — 1]. One can also compute that this matrix also satisfies the condition
|M* — 7(M*)||p = 42>, [€ — w(€)|, thereby yielding the claim.

Proof of Proposition

It is well known [64] that the Kemeny distance and Spearman’s footrule distance between
two permutation lie within a factor of 2 of each other.
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2.A.2 Estimating comparison probabilities under
Kullback-Leibler divergence

Let Py, denote the probability distribution of the observation matrix Y ~ {0, 1}"*" obtained
by independently sampling entry Y;; from a Bernoulli distribution with parameter M;;. The
Kullback-Leibler (KL) divergence between Py, and Py is given by

M, 1 — M;;
Dxi(Pas||Parr) = M;; logﬁj +(1 - Mij)log 1— Mz/]

/
j

Before we establish the connection with the squared Frobenius norm, we make one as-
sumption on the pairwise comparison probabilities that is standard in the literature on esti-
mation from pairwise comparisons [46, 98|, 177, 220]. We assume that every entry of M* is
bounded away from {0, 1}. In other words, we assume the existence of some known constant-
valued parameter € € (0, 3] whose value is independent of n, such that M € (e,1 — ¢) for
every pair (7,7). Given this assumption, for any estimator M of M*, we clip each of its
entries and force them to lie in the interval (e, 1 — e)ﬁ The following proposition then relates
the Kullback-Leibler divergence metric to estimation under the squared Frobenius norm.

Proposition 3. The probability distributions induced by any two probability matrices M*
and M must satisfy the sandwich inequalities:

.
e(1—e)

where for the upper bound we have assumed that every entry of the matrices lies in (€,1—¢€).

1A — M*||7 < Dxw(Par[[Par) < I — M,

The proof of the proposition follows from standard upper and lower bounds on the natural
logarithm ([2.59D]). As a consequence of this result, any upper or lower bound on ||M — M*||%
therefore automatically implies an identical upper or lower bound on Dky,(Py/||Pas+) up to
constant factors.

8This clipping step does not increase the estimation error.
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Chapter 3

Ranking and Top-k Recovery

“Find the five premier citizenry for the job. Make them
work together for an outcome par excellence.”

— Nikola Tesla

3.1 Introduction

Ranking problems involve a collection of n items, and some unknown underlying total or-
dering of these items. In many applications, one may observe (noisy) comparisons between
various pairs of items. Examples include matches between football teams in tournament
play; consumer’s preference ratings in marketing; and certain types of voting systems in
politics. Given a set of such noisy comparisons between items, it is often of interest to find
the true underlying ordering of all n items, or alternatively, given some given positive integer
k < n, to find the subset of k£ most highly rated items. These two problems are the focus of
this chapter.

There is a substantial body of literature on the problem of finding approximate rankings
based on noisy pairwise comparisons. A number of papers (e.g., [23, 71, [121]) consider
models in which the probability of a pairwise comparison agreeing with the underlying order
is identical across all pairs. These results break down when for one or more pairs, the
probability of agreeing with the underlying ranking is either comes close to or is exactly
equal to % Another set of papers [98, 105|177} [220, 244] work using parameter-based models
of pairwise comparisons, and address the problem of recovering the parameters associated
to every individual item. The works |3} 65, (107, [172] consider mixture models, in which
every pairwise comparison is associated to a certain individual making the comparison, and
it is assumed that the preferences across individuals can be described by a low-dimensional
model.

Most related to our work are the papers [46, (192, 193], 263], which we discuss in more detail
here. Wauthier et al. [263] analyze a weighted counting algorithm to recover approximate
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rankings; their analysis applies to a specific model in which the pairwise comparison between
any pair of items remains faithful to their relative positions in the true ranking with a
probability common across all pairs. They consider recovery of an approximate ranking
(under Kendall’s tau and maximum displacement metrics), but do not provide results on
exact recovery. As the analysis of this chapter shows, their bounds are quite loose: their
results are tight only when there are a total of at least ©(n?) comparisons. The pair of
papers [192, 193] by Rajkumar et al. consider ranking under several models and several
metrics. In the part that is common with our setting, they show that the counting algorithm
is consistent in terms of recovering the full ranking, which automatically implies consistency
in exactly recovering the top k items. They obtain upper bounds on the sample complexity
in terms of a separation threshold that is identical to a parameter A, defined subsequently
in this chapter (see Section . However, as our analysis shows, their bounds are loose
by at least an order of magnitude. They also assume a certain high-SNR condition on the
probabilities, an assumption that is not imposed in our analysis.

Finally, in very recent work on this problem, Chen and Suh [46] proposed an algorithm
called the Spectral MLE for exact recovery of the top k items. They showed that, if the
pairwise observations are assumed to drawn according to the parameter-based Bradley-Terry-
Luce (BTL) model [20, [154], the Spectral MLE algorithm recovers the k items correctly
with high probability under certain regularity conditions. In addition, they also show, via
matching lower bounds, that their regularity conditions are tight up to constant factors.
While these guarantees are attractive, it is natural to ask how such an algorithm behaves
when the data is not drawn from the BTL model. In real-world instances of pairwise ranking
data, it is often found that parameter-based models, such as the BTL model and its variants,
fail to provide accurate fits (for instance, see the papers [11, [59} |163 255 and references
therein).

With this context, the main contribution of this chapter is to analyze a classical counting-
based method for ranking, often called the Copeland method [53], and to show that it is
simple, optimal and robust. Our analysis does not require that the data-generating mech-
anism follow either the BTL or other parameter-based assumptions, nor other regularity
conditions such as stochastic transitivity. We show that the Copeland counting algorithm
has the following properties:

e Simplicity: The algorithm is simple, as it just orders the items by the number of pair-
wise comparisons won. As we will subsequently see, the execution time of this counting
algorithm is several orders of magnitude lower as compared to prior work.

e Optimality: We derive conditions under which the counting algorithm achieves the stated
goals, and by means of matching information-theoretic lower bounds, show that these
conditions are tight.

e Robustness: The guarantees that we prove do not require any assumptions on the pairwise-
comparison probabilities, and the counting algorithm performs well for various classes of



CHAPTER 3. RANKING AND TOP-K RECOVERY 74

data sets. In contrast, we find that the spectral MLE algorithm performs poorly when the
data is not drawn from the BTL model.

In doing so, we consider three different instantiations of the problem of set-based recovery:
(i) Recovering the top k items perfectly; (ii) Recovering the top k items allowing for a certain
Hamming error tolerance; and (iii) a more general recovery problem for set families that
satisfy a natural “set-monotonicity” condition. In order to tackle this third problem, we
introduce a general framework that allows us to treat a variety of problems in the literature
in an unified manner.

The remainder of this chapter is organized as follows. We begin in Section [3.2) with a more
precise formulation of the problem. Section presents our main theoretical results. Sec-
tion provides the results of experiments on both simulated and real-world data sets. We
present a concluding discussion in Section [3.5] Finally, we provide all proofs in Section [3.6]

3.2 Problem setting

In this section, we provide a more formal statement of the problem along with background
on various types of ranking models.

3.2.1 Problem statement

Given an integer n > 2, we consider a collection of n items, indexed by the set [n] : = {1,...,n}.
For each pair ¢ # j, we let M;; denote the probability that item ¢ wins the comparison with
item j. We assume that that each comparison necessarily results in one winner, meaning
that

1
Mij + Mji = 1, and M” = 5,
where we set the diagonal for concreteness.
For any item i € [n], we define an associated score 7; as
1 n
T = EZ;M“' (3.1)
j:

In words, the score 7; of any item i € [n] corresponds to the probability that item i beats an
item chosen uniformly at random from all n items.

Given a set of noisy pairwise comparisons, our goals are (a) to recover the k items with
the maximum values of their scores; and (b) to recover the full ordering of all the items as
defined by the score vector. The notion of ranking items via their scores generalizes the
explicit rankings under popular models in the literature. Indeed, as we discuss shortly, most
models of pairwise comparisons considered in the literature either implicitly or explicitly
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assume that the items are ranked according to their scores. Note that neither the scores
{7i}iep) nor the matrix M : = {M;;}; jef of probabilities is assumed to be known.

More concretely, we consider a random-design observation model defined as follows. Each
pair is associated with a random number of noisy comparisons, following a binomial distri-
bution with parameters (7, pops), where r > 1 is the number of trials and pops € (0, 1] is the
probability of making a comparison on any given trial. Thus, each pair (i, j) is associated
with a binomial random variable with parameters (7, pobs) that governs the number of com-
parisons between the pair of items. We assume that the observation sequences for different
pairs are independent. Note that in the special case po,s = 1, this random binomial model
reduces to the case in which we observe exactly r observations of each pair; in the special
case r = 1, the set of pairs compared form an (n, pons) Erdés-Rényi random graph.

In this chapter, we begin in Section by analyzing the problem of exact recovery.
More precisely, for a given matrix M of pairwise probabilities, suppose that we let S; denote
the (unknown) set of k items with the largest values of their respective scores, assumed to
be unique for concreteness.

Given noisy observations specified by the pairwise probabilities M, our goal is to establish
conditions under which there exists some algorithm S}, that identifies & items based on the
outcomes of various comparisons such that the probability Py (S, = S;) is very close to one.
In the case of recovering the full ranking, our goal is to identify conditions that ensure that
the probability PM(an]<S’“ = &;)) is close to one.

In Section we consider the problem of recovering a set of k items that approximates
S;¢ with a minimal Hamming error For any two subsets of [n], we define their Hamming
distance Dy, also referred to as their Hamming error, to be the number of items that belong
to exactly one of the two sets—that is

Du(A, B) = card({A UBN{AN B}). (3.2)

For a given user-defined tolerance parameter h > 0, we derive conditions that ensure that
Dy(Sk, S§) < 2h with high probability.

Finally, we generalize our results to the problem of satisfying any a general class of
requirements on set families. These requirement are specified in terms of which k-sized
subsets of the items are allowed, and is required to satisfy only one natural condition, that
of set-monotonicity, meaning that replacing an item in an allowed set with a higher rank
item should also be allowed. See Section for more details on this general framework.

3.2.2 A range of pairwise comparison models

To be clear, our work makes no assumptions on the form of the pairwise comparison prob-
abilities. However, so as to put our work in context of the literature, let us briefly review
some standard models uesd for pairwise comparison data.
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Parameter-based models: A broad class of parameter-based models, including the Bradley-
Terry-Luce (BTL) model as a special case [20, |154], are based on assuming the existence of
“quality” parameter w; € R for each item ¢, and requiring that the probability of an item
beating another is a specific function of the difference between their values. In the BTL
model, the probability M;; that 7 beats j is given by the logistic model

1

Mij - 14 e—(wi—wj) (338‘)

More generally, parameter-based models assume that the pairwise comparison probabilities
take the form

where F': R — [0, 1] is some strictly increasing cumulative distribution function.

By construction, any parameter-based model has the following property: if w; > w; for
some pair of items (4, j), then we are also guaranteed that M;, > Mj, for every item (. As
a consequence, we are guaranteed that 7, > 7;, which implies that ordering of the items in
terms of their quality vector w € R™ is identical to their ordering in terms of the score vector
7 € R". Consequently, if the data is actually drawn from a parameter-based model, then
recovering the top k items according to their scores is the same as recovering the top k items
according their respective quality parameters.

Strong Stochastic Transitivity (SST) class: The class of strong stochastic transitivity
(SST) models, studied in more detail in Chapter , is a superset of parameter-based models.
It does not assume the existence of a quality vector, nor does it assume any specific form of
the probabilities as in equation . Instead, the SST class is defined by assuming the ex-
istence of a total ordering of the n items, and imposing the inequality constraints M;, > M,
for every pair of items (i, ) where i is ranked above j in the ordering, and every item /.
One can verify that an ordering by the scores {7; };c[, of the items lead to an ordering of the
items that is consistent with that defined by the SST class.

A very general permutation-based model: From the discussion above, we see that in a
broad class of models for pairwise ranking, the total ordering defined by the scores coin-
cides with the underlying ordering used to define the models. In this chapter, we analyze the
performance of a counting algorithm with a focus on a very general permutation-based model
that imposes very little conditions on the family of pairwise probabilities. Our permutation-
based model assumes that there exists an unknown permutation of the items which is the
ranking to be recovered, and that the scores associated to the n items are ordered
according to this permutation. Formally, denoting the unknown underlying permutation
as 7", our permutation-based model is governed by the assumption that 7; > 7; whenever

(i) < 7 (j).
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The next three sections establish theoretical guarantees on the recovery of the top k items
under various requirements.

3.3 Main results

In this section, we present our main theoretical results on top-k recovery under the three
settings described earlier. Note that the three settings are ordered in terms of increasing
generality, with the advantage that the least general setting leads to the simplest form of
theoretical claim. We begin with a formal description of the counting algorithm that we
analyze in this chapter.

3.3.1 Copeland counting algorithm

The analysis of this chapter focuses on a simple counting-based algorithm, often called the
Copeland method [53]. It can be also be viewed as a special case of the Borda count
method [18], which applies more generally to observations that consist of rankings of two
or more items. Here we describe how this method applies to the random-design observation
model introduced earlier.

More precisely, for each distinct 4, j € [n] and every integer ¢ € [r], let V5 € {=1,0,+1}
represent the outcome of the /! comparison between the pair i and j, defined as

0  no comparison between (7.j) in trial ¢
Y;ﬁ = ¢ +1 if comparison is made and item ¢ beats j (3.4)

—1 if comparison is made and item j beats i.

Note that this definition ensures that Y} = —Y};. For i € [n], the quantity

Ni=Y > 1yhi=1} (3.5)

J€E[n] L€[r]

corresponds to the number of pairwise comparisons won by item i. Here we use 1{-} to
denote the indicator function that takes the value 1 if its argument is true, and the value
0 otherwise. For each integer k, the vector {N;}? , of number of pairwise wins defines a
k-sized subset

S, = {z € [n] | N; is among the k highest number of pairwise Wins}, (3.6)

corresponding to the set of k items with the largest values of N;. Otherwise stated, the set
Sk corresponds to the rank statistics of the top k-items in the pairwise win ordering. (If
there are any ties, we resolve them by choosing the indices with the smallest value of i.)
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3.3.2 Thresholds for exact recovery of the top £k items

We begin with the goal of exactly recovering the k top-ranked items. As one might expect,
the difficulty of this problem turns out to depend on the degree of separation between the
top k items and the remaining items. More precisely, let us use (k) and (k + 1) to denote
the indices of the items that are ranked k™ and (k + 1) respectively. With this notation,
the k-separation threshold Ay is given by

n

1 < 1
Akt =Ty = Tht) = > My — - > Mgy (3.7)
=1

=1

In words, the quantity Ay is the difference in the probability of item (k) beating another
item chosen uniformly at random, versus the same probability for item (k + 1).

As shown by the following theorem, success or failure in recovering the top k entries is
determined by the size of Ay relative to the number of items n, observation probability pgps
and number of repetitions r. In particular, consider the family of matrices

1
Fr(a;n, pops, ) = = {M c[0,1]”" | M+ M" =117, and A, > a e n } : (3.8)

NPobsT

To simplify notation, we often adopt Fi(«) as a convenient shorthand for this set, where its
dependence on (1, pons, 1) should be understood implicitly.

With this notation, the achievable result in part (a) of the following theorem is based on
the estimator that returns the set Sy of the the k items defined by the number of pairwise
comparisons won, as defined in equation . On the other hand, the information theo-
retic lower bound established in part (b) applies to any estimator, meaning any measurable
function of the observations.

Theorem 7. (a) For any a > 8, the mazimum pairwise win estimator gk from equa-

tion (3.6) satisfies

sup Py [gk # 8] < L (3.9a)

14"
MG]‘-}C(Q) n

(b) Conversely, suppose that n > T and peps > 250

— 2nr’

Then for any o < %, the error

probability of any estimator gk 1s lower bounded as

sup Py [gk #8i] >

Mefk(a)

. (3.9b)

30—

Remarks: First, it is important to note that the negative result in part (b) holds even if the
supremum is further restricted to a particular parameter-based sub-class of Fy(«), such as
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the pairwise comparison matrices generated by the BTL model, or by the SST model. Our
proof of the lower bound for exact recovery is based on a generalization of a construction
introduced by Chen and Suh [46], one adapted to the general definition of the separation
threshold Ay.

Second, we note that in the regime pgp,s < 135:7 standard results from random graph
theory [70] can be used to show that there are at least /n items (in expectation) that are
never compared to any other item. Of course, estimating the rank is impossible in this
pathological case, so we omit it from consideration.

Third, the two parts of the theorem in conjunction show that the counting algorithm is
essentially optimal. The only room for improvement is in the difference between the value 8

of a in the achievable result, and the value % in the lower bound.

Theorem [7] can also be used to derive guarantees for recovery of other functions of the
underlying ranking. Here we consider the problem of identifying the ranking of all n items,
say denoted by the permutation 7*. In this case, we require that each of the separations
{A,; ;L:_ll are suitably lower bounded: more precisely, we study models M that belong to the

. . -1
intersection M) F;(7).

Corollary 1. Let 7 be the permutation of the items specified by the number of pairwise
comparisons won. Then for any a > 8, we have

su? P [7? =+ ﬂ*} < e
MeniZ Fj(e)
Moreover, the separation condition on {Aj}?:_ll that defines the set ﬂ?:_ll]:j(oz) 1S unImprov-
able beyond constant factors.

This corollary follows from the equivalence between correct recovery of the ranking and
recovering the top k items for every value of k € [n].

Detailed comparison to related work: In the remainder of this subsection, we make a
detailed comparison to the related works [46, (192, [193] 263 that we briefly discussed earlier
in Section 3.1l

Wauthier et al. [263] analyze a weighted counting algorithm for approximate recovery of
rankings; they work under a model in which M;; = %+fy whenever item ¢ is ranked above item
j in an assumed underlying ordering. Here the parameter v € (0, %] is independent of (3, j),
and as a consequence, the best ranked item is assumed to be as likely to meet the worst item
as it is to beat the second ranked item, for instance. They analyze approximate ranking under
Kendall tau and maximum displacement metrics. In order to have a displacement upper
bounded by by some 6 > 0, their bounds require the order of % pairwise comparisons.
In comparison, our model is more general in that we do not impose the ~y-condition on

the pairwise probabiltiies. When specialized to the y-model, the quantities {Aj}?zl in our
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1 3] :
D8R = 98T ghservations
min e, Aj ¥

analysis takes the form A; = 2%, and Corollary |1|shows that

are sufficient to recover the exact total ordering. Thus, for any constant ¢, Corollary
guarantees recover with a multiplicative factor of order % smaller than that established
by Wauthier et al. [263].

The pair of papers [192, 193] by Rajkumar et al. consider ranking under several mod-
els and several metrics. For the subset of their models common with our setting—mnamely,
Bradley-Terry-Luce and the so-called low noise models—they show that the counting algo-
rithm is consistent in terms of recovering the full ranking or the top subset of items. The
guarantees are obtained under a low-noise assumpotion: namely, that the probability of any
item 7 beating j is at least %Jr ~v whenever item ¢ is ranked higher than item j in an assumed

underlying ordering. Their guarantees are based on a sample size of at least 1702%, where u

is a parameter lower bounded as p > # Once again, our setting allows for the parameter ~
to be arbitrarily close to zero, and furthermore as one can see from the discussion above, our
bounds are much stronger. Moreover, while Rajkumar et al. focus on upper bounds alone,
we also prove matching lower bounds on sample complexity showing that our results are
unimprovable beyond constant factors. It should be noted that Rajkumar et al. also provide
results for other types of ranking problems that lie outside the class of models treated in the
current chapter.

Most recently, Chen and Suh [46] show that if the pairwise observations are assumed to
drawn according to the parameter-based Bradley-Terry-Luce (BTL) model ([3.3a]), then their
proposed Spectral MLE algorithm recovers the k items correctly with high probability when
a certain separation condition on the parameters {w;}? ; of the BTL model is satisfied. In
addition, they also show, via matching lower bounds, that this separation condition are tight
up to constant factors. In real-world instances of pairwise ranking data, it is often found that
parameter-based models, such as the BTL model and its variants, fail to provide accurate
fits [11} 59, 163, 255]. Our results make no such assumptions on the noise, and furthermore,
our notion of the ordering of the items in terms of their scores strictly generalizes
the notion of the ordering with respect to the BTL parameters. In empirical evaluations
presented subsequently, we see that the counting algorithm is significantly more robust to
various kinds of noise, and takes several orders of magnitude lesser time to compute.

Finally, in addition to the notion of exact recovery considered so far, in the next two
subsections we also derive tight guarantees for the Hamming error metric and more general
metrics inspired by the requirements of many relevant applications [8, |73, (106} 126, |166],
168].

3.3.3 Approximate recovery under Hamming error

In the previous section, we analyzed performance in terms of exactly recovering the k-ranked
subset. Although exact recovery is suitable for some applications (e.g., a setting with high
stakes, in which any single error has a large price), there are other settings in which it may
be acceptable to return a subset that is “close” to the correct k-ranked subset. In this
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section, we analyze this problem of approximate recovery when closeness is measured under
the Hamming error. More precisely, for a given threshold h € [0, k), suppose that our goal
is to output a set k-sized set §k, such that its Hamming distance to the set S of the true
top k items, as defined in equation , is bounded as

Du(8;, S;) < 2h. (3.10)

Our goal is to establish conditions under which it is possible (or impossible) to return an
estimate §k satisfying the bound with high probability

As before, we use (1),...,(n) to denote the permutation of the n items in decreasing
order of their scores. With this notation, the following quantity plays a central role in our
analysis:

Ak,h .= T(kfh) — T(k+h+1)- (3.11&)

Observe that Ay j, is a generalization of the quantity Ay defined previously in equation (3.7));
more precisely, the quantity Ay corresponds to Ay ;, with h = 0. We then define a general-
ization of the family Fy(c;n, pops, ), namely

logn

NPobsT

Frn(a;m, pops, ) 1 = {M c[0, ™" | M+ M" =117, and Ay, > « } . (3.11b)

As before, we frequently adopt the shorthand Fy ,(a), with the dependence on (n, pobs, )
being understood implicitly.

Theorem 8. (a) For any o > 8, the mazimum pairwise win set Sk satisfies

~ 1
sup P [Du(Sk, Sp) > 2h] < —- (3.12a)
ME}—k’h(a) n
(b) Conversely, in the regime pops > lgif and for given constants vy,vs € (0,1), suppose

that 2h < ﬁmin{nlﬂ’l,k,n — k}. Then for any o < Y22, any estimator Sy, has
error at least

5 1
sup Py [Du(Sk, Sy) > 2h] > =, (3.12b)
MEFin(a) 7

for all n larger than a constant c(vy, 1s).

IThe requirement h < k is sensible because if h > k, the problem is trivial: any two k-sized sets §k and
S} satisfy the bound Dy (Sk, Sf) < 2k < 2h.
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This result is similar to that of Theorem|7] except that the relaxation of the exact recovery
condition allows for a less constrained definition of the separation threshold Ay ;. As with
Theorem ﬁ], the lower bound in part (b) applies even if probability matrix M is restricted
to lie in a parameter-based model (such as the BTL model), or the more general SST class.
The counting algorithm is thus optimal for estimation under the relaxed Hamming metric
as well.

Finally, it is worth making a few comments about the constants appearing in these claims.
We can weaken the lower bound on Ay, required in Theorem [§f(a) at the expense of a lower
probability of success; for instance, if we instead require that o > 4, then the probability of
error is guaranteed to be at most n~2. Subsequently in the chapter, we provide the results
of simulations with n = 500 items and a = 4. On the other hand, in Theorem [§[b), if we
impose the stronger upper bound a = O(1/y/hlogn), then we can remove the condition
h < nt=,

3.3.4 An abstract form of k-set recovery

In earlier sections, we investigated recovery of the top k items either exactly or under a
Hamming error. Exact recovery may be quite strict for certain applications, whereas the
property of Hamming error allowing for a few of the top k items to be replaced by arbitrary
items may be undesirable. Indeed, many applications have requirements that go beyond
these metrics; for instance, see the papers [8, 73], (106, 126, (166, [168] and references therein
for some examples. In this section, we generalize the notion of exact or Hamming-error
recovery in order to accommodate a fairly general class of requirements.

Both the exact and approximate Hamming recovery settings require the estimator to
output a set of k items that are either exactly or approximately equal the true set of top k
items. When is the estimate deemed successful? One way to think about the problem is as
follows. The specified requirement of exact or approximate Hamming recovery is associated
to a set of k-sized subsets of the n possible ranks. The estimator is deemed successful if the
true ranks of the chosen k items equals one of these subsets. In our notion of generalized
recovery, we refer to such sets as allowed sets. For example, in the case k = 3, we might say
that the set {1,4,10} is allowed, meaning that an output consisting of the “first”, “fourth”
and “tenth” ranked items is considered correct.

In more generality, let & denote a family of k-sized subsets of [n], which we refer to as
family of allowed sets. Notice that any allowed set is defined by the positions of the items in
the true ordering and not the items themselves ]| Once some true underlying ordering of the
n items is fixed, each element of the family & then specifies a set of the items themselves.
We use these two interpretations depending on the context — the definition in terms of
positions to specify the requirements, and the definition in terms of the items to evaluate an
estimator for a given underlying probability matrix M.

2In case of two or more items with identical scores, the choice of any of these items is considered valid.
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We let S,Z denote a k-set estimate, meaning a function that given a set of observations
as input, returns a k-sized subset of [n] as output.

Definition 6 (&-respecting estimators). For any family S of allowed sets, a k-set estimate
S,I respects its structure if the set of k positions of the items in S,I belongs to the set family S.

Our goal is to determine conditions on the set family & under which there exist estimators S,I
that respect its structure. In order to illustrate this definition, let us return to the examples
treated thus far:

Example 1 (Exact and approximate Hamming recovery). The requirement of exact recovery
of the top k items has & consisting of exactly one set, the set of the top k positions & = {[k]}.
In the case of recovery with a Hamming error at most 2h, the set & of all allowed sets consists
all k-sized subsets of [n] that contain at least (k — h) positions in the top k positions. For
istance, in the case h =1, k =2 and n = 4, we have

S = {{1,2}, (1,3}, {1,4}, {2, 3}, {2,4}}.

Apart from these two requirements, there are several other requirements for top-k recovery
popular in the literature [8, 39, |73} 106, (126, |166|, [168]. Let us illustrate them with another
example:

Example 2. Let m* : [n] — [n] denote the true underlying ordering of the n items. The
following are four popular requirements on the set S,I for top-k identification, with respect to
the true permutation ™, for a pre-specified parameter € > 0.

(i) All items in the set S| must be contained contained within the top (14 €)k entries:

max 7 (1) < (1 + €)k. (3.13a)

ieS]
1) The rank of any item in the set S! must lie within a multiplicative factor (1+€) of the
k

rank of any item not in the set S,l :

max 7 (i) < (1+¢€) min m(j). (3.13b)
ies] jel\s]

(11i) The rank of any item in the set S,I must lie within an additive factor € of the rank of
any item not in the set S,Z:

max 7' (i) < min 7°(j) + e (3.13¢)
ieS] jen\S/
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(iv) The sum of the ranks of the items in the set S| must be contained within a factor (1+¢)
of the sums of ranks of the top k entries:

» wE) < (1 +e)%k¢(k¢+ 1). (3.13d)

i€S]

Note that each of these requirements reduces to the exact recovery requirement when e = 0.
Moreover, each of these requirements can be rephrased in terms of families of allowed sets.
For instance, if we focus on requirement (i), then any k-sized subset of the top (1 + €)k
positions is an allowable set.

In this chapter, we derive conditions that govern k-set recovery for allowable set systems
that satisfy a natural “monotonicity” condition. Informally, the monotonicity condition
requires that the set of k items resulting from replacing an item in an allowed set with a
higher ranked item must also be an allowed set. More precisely, for any set {t1,...,t} C [n],
let A({t1,...,tx}) C 2" be the set defined by all of its monotone transformations—that is

A({t, .. ) = {{t;, LY C ]|t <t; for every j € [k]}.
Using this notation, we have the following:

Definition 7 (Monotonic set systems). The set & of allowed sets is a monotonic set system

of
ANT)C & foreveryT € G. (3.14)

One can verify that condition (3.14)) is satisfied by the settings of exact and Hamming-error
recovery, as discussed in Example [} The condition is also satisfied by all four requirements
discussed in Example

The following theorem establishes conditions under which one can (or cannot) produce
an estimator that respects an allowable set requirement. In order to state it, recall the score
T = %ng:l M;;, as previously defined in equation for each ¢ € [n]. For notational
convenience, we also define 7; : = —oo for every ¢ > n. Consider any monotonic family of
allowed sets &, and for some integer 3 > 1, let T, ..., 7% € & such that & = beLfﬁ] A(T?).

For every b € [], let t§ < --- < % denote the entries of T". We then define the critical
threshold based on the scores:

Ag:= i N — ) 3.15
& %%f%ﬁ(%) T(k+t§—g+1)) ( )

The term Ag is a further generalization of the quantities A, and Ay, j, defined in earlier
sections. We also define a generalization Fg(+) of the families Fy(-) and F(-) as

1
Fo(a;n, povs, 1) 1 = {]\/[ € 0,17 | M+ MT =117 and Ag > ay | —2" } . (3.16)
NPobsT
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As before, we use the shorthand Fg(«), with the dependence on (n, pops, 7) being understood
implicitly.

Theorem 9. Consider any allowable set requirement specified by a monotonic set class S.
(a) For any o > 8, the mazimum pairwise win set Sk satisfies

~ 1
sup Py |Sp ¢ 6] < —.
W [ <=3

> 8% and for given constants py € (0,1), pug € (3,1],
suppose that maxye(s) 17,417 < 5 and 8(1 — po)k < n'~#1. Then for any o smaller than

(b) Conversely, in the regime pops > 252

a constant cj(,ul,,uz) > 0, any estimator §k has error at least

- 1
sup Py [Sp ¢ 6] > —, (3.17)
MeFs(a) 15

for all n larger than a constant ¢, (i1, p2).

A few remarks on the lower bound are in order. First, the lower bound continues to
hold even if the probability matrix M is restricted to follow a parameter-based model such
as BTL or restricted to lie in the SST class. Second, in terms of the threshold for «, the

lower bound holds with ¢, (p1, o) = 1—15 \/ul min {4(1le)*1’ %} Third, it is worth noting that

one must necessarily impose some conditions for the lower bound, along the lines of those
required in Theorem @(b) for the allowable sets to be “interesting” enough.

As a concrete illustration, consider the requirement defined by the parameters b = 1,
k=1and & = A({n — y/n}). For iy = py = =5, this requirement satisfies the condition
8(1 — pg)k < n'~# but violates the condition ¢,k < %. Now, a selection of k = 1 item
made uniformly at random (independent of the data) satisfies this allowable set requirement
with probability 1 — \/Lﬁ Given the success of such a random selection algorithm in this
parameter regime, we see that the lower bounds therefore cannot be universal, but must

require some conditions on the allowable sets.

3.4 Simulations and experiments

In this section, we empirically evaluate the performance of the counting algorithm and com-
pare it with the Spectral MLE algorithm via simulations on synthetic data, as well as on
datasets from the Amazon Mechanical Turk crowdsourcing platform.
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Figure 3.1: Simulation results comparing Spectral MLE and the counting algorithm in terms of
error rates for exact recovery of the top k items, and computation time. (a) Histogram of fraction
of instances where the algorithm failed to recover the k items correctly, with each bar being the
average value across 50 trials. The counting algorithm has 0% error across all problems, while
the spectral MLE is accurate for parameter-based models (BTL, Thurstone), but increasingly
inaccurate for other models. (b) Histogram plots of the maximum computation time taken by
the counting algorithm and the minimum computation time taken by Spectral MLE across all
trials. Even though this maximum-to-minimum comparison is unfair to the counting algorithm, it
involves five or more orders of magnitude less computation.

3.4.1 Simulations

We begin with simulations using synthetically generated data with n = 500 items and
observation probability p.,s = 1, and with pairwise comparison models ranging over six
possible types. Panel (a) in Figure provides a histogram plot of the associated error
rates (with a bar for each one of these six models) in recovering the k = n/4 = 125 items
for the counting algorithm versus the Spectral MLE algorithm. Each bar corresponds to the
average over 50 trials. Panel (b) compares the CPU times of the two algorithms. The value
of a (and in turn, the value of r) in the first five models is as derived in Section [3.3.2] In
more detail, the six model types are given by:

(I) Bradley-Terry-Luce (BTL) model: Recall that the theoretical guarantees for the Spectral
MLE algorithm [46] are applicable to data that is generated from the BTL model (3.34)),
and as guaranteed, the Spectral MLE algorithm gives a 100% accuracy under this model.
The counting algorithm also obtains a 100% accuracy, but importantly, the counting
algorithm requires a computational time that is five orders of magnitude lower than that
of Spectral MLE.

(IT) Thurstone model: The Thurstone model [253] is another parameter-based model, with
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(111)

the function F' in equation (3.3b)) set as the cumulative distribution function of the stan-
dard Gaussian distribution. Both Spectral MLE and the counting algorithm gave 100%
accuracy under this model.

BTL parameter-based model with one (non-transitive) outlier: This model is identical to
BTL, with one modification. Comparisons among (n — 1) of the items follow the BTL
parameter-based model as before, but the remaining item always beats the first 7§ items
and always loses to each of the other items. We see that the counting algorithm continues
to achieve an accuracy of 100% as guaranteed by Theorem The departure from the
BTL model however prevents the Spectral MLE algorithm from identifying the top &
items.

Strong stochastic transitivity (SST) model: We simulate the “independent bands” con-
struction of Section (from Chapter [2) in the SST class. Spectral MLE is often unsuc-
cessful in recovering the top k items, while the counting algorithm always succeeds.

Maxture of BTL models: Consider two sets of people with opposing preferences. The first
set of people have a certain ordering of the items in their mind and their preferences follow
a BTL parameter-based model under this ordering. The second set of people have the
opposite ordering, and their preferences also follow the BTL model under this opposite
ordering. The overall preference probabilities is a mixture between these two sets of
people. In the simulations, we observe that the counting algorithm is always successful
while the Spectral MLE method often fails.

BTL with violation of separation condition: We simulate the BTL parameter-based model,
but with a choice of parameter r small enough that the value of « is about one-tenth of
its recommended value in Section [3.3.2l We observe that the counting algorithm incurs
lower errors than the Spectral MLE algorithm, thereby demonstrating its robustness.

To summarize, the performance of the two algorithms can be contrasted in the following

way. When our stated lower bounds on « are satisfied, then consistent with our theoretical
claims, the Copeland counting algorithm succeeds irrespective of the form of the pairwise
probability distributions. The Spectral MLE algorithm performs well when the pairwise
comparison probabilities are faithful to parameter-based models, but is often unsuccessful
otherwise. Even when the condition on « is violated, the performance of the counting algo-
rithm remains superior to that of the Spectral MLEE| In terms of computational complexity,
for every instance we simulated, the counting algorithm took several orders of magnitude
less time as compared to Spectral MLE.

3Note that part (b) of Theorem @ is a minimax converse meaning that it appeals to the worst case

scenario.
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3.4.2 Experiments

In this section, we describe experiments on real world datasets from the Amazon Mechanical
Turk commercial crowdsourcing platform.

The first experiment we consider is using data from a cell-counting experiment where we
use the ground truth from [40] and crowdsourced data from [234]. In this experiment, there
are n = 23 images containing a number of cells, and workers are asked to compare randomly
chosen pairs of images and indicate the image they think has a fewer number of cells. There
are a total of 704 pairwise comparisons in this dataset, and the fraction of incorrect pairwise
comparisons as compared to the ground truth is 10%. For three other experiments, we used
the “cardinal versus ordinal” dataset from [220]; three of the experiments performed in that
paper are suitable for the evaluations here—namely, ones in which each question has a ground
truth, and the pairs of items are chosen uniformly at random. The three experiments tested
the workers’ general knowledge, audio, and visual understanding, and the respective tasks
involved: (i) identifying the pair of cities with a greater geographical distance, (ii) identifying
the higher frequency key of a piano, and (iii) identifying spelling mistakes in a paragraph of
text. The number of items n in the three experiments were 16, 10 and 8 respectively. The
total number of pairwise comparisons were 408, 265 and 184 respectively. The fraction of
pairwise comparisons whose outcomes were incorrect (as compared to the ground truth) in
the raw data are 17%, 20% and 40% respectively.

We compared the performance of the counting algorithm with that of the Spectral MLE
algorithm for these four experiments under various metrics. Figure [3.2] shows the results
of the experiments — the error bars are produced via 50 iterations of subsampling the data
and executing the estimators on this subsampled data. We see that the counting algorithm
almost always outperforms Spectral MLE. Moreover, the Spectral MLE algorithm required
about 5 orders of magnitude more computation time as compared to counting. The counting
algorithm thus performs well on simulated as well as real data. It outperforms Spectral MLE
not only when the number of items is large (as in the simulations) but also when the problem
sizes are small as seen in these experiments.

3.5 Discussion

In this chapter, we analyzed the problem of recovering the & most highly ranked items based
on observing noisy comparisons. We proved that an algorithm that simply selects the items
that win the maximum number of comparisons is, up to constant factors, an information-
theoretically optimal procedure. Our results also extend to recovering the entire ranking
of the items as a corollary. In empirical evaluations, this algorithm takes several orders of
magnitude lower computation time while providing higher accuracy as compared to prior
work. The results of this chapter thus underscore the philosophy of Occam’s razor that the
simplest answer is often correct.
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Figure 3.2: Evaluation of Spectral MLE and the counting algorithm on four datasets from Amazon
Mechanical Turk. (a) Cell-counting experiment example, Hamming error for top 50%-recovery, and
computation time; (b) Other requirements and metrics for the cell-counting experiment; (c) Four
other experiments.

We conclude this chapter by discussing an interesting and practically useful open problem
that arises from our work. The notion of allowable sets introduced in this chapter apply to
recovery of k-sized subsets of the items; such a formulation and associated results may apply
to recovery of partial or total orderings of the items. A parallel line of literature (e.g., , ,
) studies settings in which the pairs to be compared can be chosen sequentially in
a data-dependent manner, but to the best of our knowledge, this line of literature considers
only the metric of exact recovery of the top k items. It is of interest to investigate the
Hamming and allowable set recovery problems in such an active setting.

3.6 Proofs

We now turn to the proofs of our main results. We continue to use the notation [i] to denote
the set {1,...,i} for any integer i > 1. We ignore floor and ceiling conditions unless critical
to the proof.
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3.6.1 Proof of Theorem : Exact recovery of top k items
We begin with the proof of Theorem [7], dividing our argument into two parts.

Proof of part (a)

For any pair of items (i, ), let us encode the outcomes of the r trials by an i.i.d. sequence
v = (X O x (z)]T of random vectors, indexed by ¢ € [r]. Each random vector follows the

ij ij i
distribution
1 - Pobs if (ng)7 x%)) = (07 0)
©  _© Pobs M, if (%@7 93(-?) = (1,0
P [%‘ ’ %’] = D ()
pobs<1 - Mz) if (xij ) sz‘ ) = (07 1)
0 otherwise.

With this encoding, the variable W, : = qur] Zze[n]\ (a3 X C(L;) encodes the number of wins
for item a.

Consider any item a € S; which ranks among the top k in the true underlying ordering,
and any item b € [n]\S; which ranks outside the top k. We claim that with high probability,
item a will win more pairwise comparisons than item b. More precisely, let &, denote the
event that item b wins at least as many pairwise comparisons than a. We claim that

(_ 2 (rpobsny)? ) (2) b
Tpobsn(Q - Ak) + %rpobsnAk: o n16 '

Given this bound, the probability that the counting algorithm will rank item b above a is
no more than n~'%. Applying the union bound over all pairs of items a € S and b € [n]\S;
yields ]P’[gk + S,ﬂ < n 1 as claimed.

We note that inequality (ii) in equation follows from inequality (i) combined with
the condition on Ay that arises by setting av > 8 as assumed in the hypothesis of the theorem.
Thus, it remains to prove inequality (i) in equation (3.18)). By definition of &, we have

]P’(é’ba):IP’<Z Y oxP-3 X,§§>zo>. (3.19)

telrfz€ln\{b}  Le[r] 2€[n]\{a}

~~ ~~
W Wa

()
IP><(€ba) < €xp

(3.18)

It is convenient to recenter the random variables. For every ¢ € [r] and z € [n|\{a, b}, define
the zero-mean random variables
X=X _EXY) = X© — poM,, and Xoo = X9 —E[XY] = X9 — pops M.

az az az

Also, let

—(¢
X0 = (xW - x99 —BxY - x) = (X = XY = (pobsMap — Pobs Maa)-
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We then have

P(&@:P(Z( S X - > X -X0) zrpae Yy (M- sz)>.

Lefr]  z€[n)\{a,b} z€[n]\{a,b} z€[n]

Since a € S and b € [n]\S;, from the definition of Ay, we have nAy < > (M,, — M),
z€[n]
and consequently

P(&,) <P Z( > X - Y X)X >>rpobsnAk . (3.20)

Le[r]  z€[n)\{a,b} z€[n]\{a,b}

By construction, all the random variables in the above inequality are zero-mean, mutually
independent, and bounded in absolute value by 2. These properties alone would allow us
to obtain a tail bound by Hoeffding’s inequality; however, in order to obtain the stated
result (3.18)), we need the more refined result afforded by Bernstein’s inequality (e.g., [19]).
In order to derive a bound of Bernstein type, the only remaining step is to bound the second
moments of the random variables at hand. Some straightforward calculations yield

E[(-X)%) < povsMazs EIXp))) < ponsMye, and - E(X1))*] < PosMas + PobsMoa:

az

It follows that

—(0) =2l ()
> E(-X)+ ). E(X)+E[(X )]
z€[n]\{a,b} z€[n|\{a,b}

S Pobs Z (Maz + sz) + Mab + Mba
z€[n]\{a,b}

(423)

< Pobs 2 Z Maz - nAk

z€[n]
(iv)
< pobsn(2 - Ak)a
where the inequality (iii) follows from the definition of Ay, and step (iv) follows because
M,, <1 for every z and M,, = % Applying the Bernstein inequality now yields the stated

bound (B.I8) i)

Proof of part (b)

The symmetry of the problem allows us to assume, without loss of generality, that k <
We prove a lower bound by first constructing a ensemble of n — k + 1 different problems,
and considering the problem of distinguishing between them. For each a € {k—1,k,...,n},
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let us define the k-sized subset S*[a] := {1,...,k — 1} U {a}, and the associated matrix of
pairwise probabilities

L if i,j € S*[al, or i,j ¢ S*[a]
M= q5+0 ifieSa)and j ¢ Sa]
5—0 ifi¢S*a] and j € S*[a],

where § € (0, %) is a parameter to be chosen. We use P* to denote probabilities taken under
pairwise comparisons drawn according to the model M?®.

One can verify that the construction above falls in the intersection of parameter-based
models and the SST model. In the case of parameter-based models, this construction
amounts to having the parameters associated to every item in S} to have the same value,
and those associated to every item in [n]\S; to have the same value. Also observe that for
every such distribution P, the associated k-separation threshold Aj = §.

Any given set of observations can be described by the collection of random variables
Y ={v\Y. j>iec[n],lcr]}. When the true underlying model is P, the random variable

iy
Y;gg) follows the distribution

0 with probability 1 — pops
Vi) = Qi with probability pep Mg
j  with probability pens(1 — M).

The random variables {Yiy)}z‘,je[n],i<j,€e[r] are mutually independent, and the distribution P*
is a product distribution across pairs {i > j} and repetitions ¢ € [r].

Let A € {k,...,n} follow a uniform distribution over the index set, and suppose that
given A = a, our observations Y has components drawn according to the model P*. Con-
sequently, the marginal distribution of Y is the mixture distribution %ZGLZIIP’“ over all
L =n —k+ 1 models. Based on observing Y, our goal is to recover the correct index A = a
of the underlying model, which is equivalent to recovering the planted subset S*[a]. We
use the Fano bound to lower bound the error bound associated with any test for this
problem. In order to apply Fano’s inequality, the following result provides control over the
Kullback-Leibler divergence between any pair of probabilities involved.

Lemma 15. For any distinct pair a,b € {k,...,n}, we have
2NPobsT
Dyer,(P?||PY) < 2 Pebs” (3.21)
-

See the end of this section for the proof of this claim.
Given this bound on the Kullback-Leibler divergence, Fano’s inequality ([2.22) implies
that any estimator ¢ of A has error probability lower bounded as

—QE‘““S{ + log 2

Plo(Y’) # 4] Zl_lo‘lg(;—kle) = ;
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MPobs™ - 2

Here the final inequality holds whenever § < l, [loen > 105:7 n>7and k < 3. The

condition pops > 2 2= also ensures that § < 5 i 5 thereby ensuring that our construction is valid.

It only remains to prove Lemma

Proof of Lemma

Since the distributions P® and P’ are formed by components that are independent across
edges i > j and repetitions ¢ € [r], we have

D (PP =3 > DruPUXDPHX) =7 > D (PUX)PY(X)),

Lelr] 1<i<j<n 1<i<j<n

where the second equality follows since the r trials are all independent and identically dis-
tributed.

We now evaluate each individual term in right hand side of the above equation. Consider
any i,j € [n]. We divide our analysis into three disjoint cases:

Case I: Suppose that 4,7 € [n]\{a,b}. The distribution of X;; (" is identical across the
distributions P* and P’. As a result, we find that

Dy (P(X )PP (X)) = 0.

Case II: Suppose that i = a, j € [n]\{a,b} or i =b, j € [n]\{a,b}. We then have

52
(3-0)(5+0)

a 1 1
Dy (PY(X D) (XLD)) < pons

Case III: Suppose that i = a, j = b. We then have

(20)*
G-0(G+0)

a 1 1
Dyt (PY(XPP (X)) < Pobs

Combining the bounds from all three cases, we find that the KL divergence is upper bounded
as

1 - 62 (20)?
;DKL(IED |P°) < 2(n—2)pobs(% X190 +Pobs(_ —5)(E+0)

Some simple algebraic manipulations yield the claimed result.
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3.6.2 Proof of Corollary : Ranking

We now turn to the proof of Corollary[I] Beginning with the claim of sufficiency, it is easy to
see that the ranking is correctly recovered whenever the top k items are correctly recovered
for every value of k € [n]. Consequently, one can apply the union bound to over all
values of k € [n] and this gives the desired upper bound.

Now turning to the claim of necessity, we first introduce some notation to aid in subse-
quent discussion. Defining the parameter Ag : = min;ep,—1)(7(;) — 7(j+1)), we have shown that
the lower bound

logn

NPobs™

Ay > 8

is sufficient to guarantee exact recovery of the full ranking. Further, one must also have

n—1
1 1 1
Ap < 1 Z(T(j) — T+1) = n_1 () = 7)) <

=1

n—1

Here we show that these two requirements are tight up to constant factors, meaning that

for any value of A, satisfying Ay < §4/ ;;szr and Ay < $-1=, there are instances where

recovery of the underlying ranking fails with probability at least % for any estimator.
Consider the following ensemble of (n — 1) different problems, indexed by a € [n — 1].
For every value of a € [n — 1], define a permutation 7 of the n items as

i+1 ifi=a
(i) =4i-1 ifi=a+1

) otherwise.

In words, the permutation 7% equals the identity permutation except for the swapping of
items a and (a+ 1). Define an associated matrix of pairwise-comparison probabilities M as

M =1 (mo(0) - 1)) Ao,

2
and M5 =1— M. Let P* denote the probabilities taken under pairwise comparisons drawn
according to the model M. The condition Ay < %ﬁ ensures that this construction is a

valid probability distribution. One can then compute that under distribution P, the score
7 of any item 7 equals
n+1
2

=< — (7(4) ) Ay.

One can also verify that for any a € [n — 1|, and any ¢ € [n — 1], we have

Tra(i) — Tra(i+1) = Do,
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where we have used the fact that 7*(7%(i)) = i. The requirement imposed by the hypothesis
is thus satisfied.

We now use Fano’s inequality obtain the claimed lower bound. In order to apply
this result, we first obtain an upper bound on the Kullback-Leibler divergence between the
probability distributions of the observed data under any pair of problems constructed above.

Lemma 16. For any distinct pair a,b € [n — 1], we have
Dk (PY[|P") < 50npopsrA2.

See the end of this section for the proof of this claim.
Given this bound on the Kullback-Leibler divergence, the Fano bound ([2.22)) implies that
any method ¢ for identifying the true ranking has error probability

50nPebsT A2 + log 2 S 1

where the final inequality holds whenever Ay < %, / nl;g” and n > 9.

The only remaining detail is the proof of Lemma [16]

Proof of Lemma

Since the distributions P® and P’ are formed by components that are independent across
edges i > j and repetitions ¢ € [r], we have

a Qa f f a
Dg(PUIP) =" > Drn(PUXIP(X) = r Y D (PUX)IPP (X)),

tefr] 1<i<j<n 1<i<j<n

where the second equality follows since the r trials are all independent and identically dis-
tributed.

We now evaluate each individual term in right hand side of the above equation. Consider
any 7,j € [n]. We divide our analysis into three disjoint cases:
Case I: Suppose that i, 5 € [n|]\{a,a+1,b,b+1}. The distribution of Xi(jl) is identical across
the distributions P* and P*. As a result, we find that

a (1) b 1) _
DKL(P (Xij )”P (Xz'j )) =0.
Case II: Alternatively, suppose i € {a,a+ 1,b,b+ 1} and j € [n]\{a,a + 1,b,b+ 1} or if
j€{a,a+1,b,b+1} and i € [n)]\{a,a + 1,b,b+ 1}. Then we have

DKL(]PJG( (1))||Pb( (1)))§5pobsA(2)7
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where we have used the fact that P“(Xi(jl)) and IP’b(Xi(jl)) both take values in [:%, 12] since
Do < 5705

Case III: Otherwise, suppose that both i,7 € {a,a+ 1,b,b+ 1}. Then we have

—_

Dy (PY(X D) B (X)) < 20ponsA2.

Combining the bounds from the three cases, we find that the KL divergence is upper bounded
as

1
_DKL (PGHPb) S 40(” - 4)pobsA(2) + 240p0bsA3 S 50npobsAg7
r

where we have used the assumption n > 9 to obtain the final inequality.

3.6.3 Proof of Theorem : Hamming error
We now turn to the proof of Theorem [§] beginning with part (a).

Proof of part (a)

Without loss of generality, we can assume that the true underlying ranking is the identity
ranking, that is, item ¢ is ranked at position i for every i € [n|. Given the the lower
bound a > 8 is satisfied, Theorem [7| ensures that with probability at least 1 — n~16, the
counting estimator Sy ranks every item in {1,...,k — h} higher than every item in the set
{k+h+1,...,n}. Thus, we are guaranteed that either S, C [k 4 h] and/or [k — h] C Sj.
One can verify either case leads to |S, N [k]| > k — h, thereby proving the claimed result.

Proof of part (b)

We assume without loss of generality that & < 7. (Otherwise, one can equivalently study
the problem of recovering the last k items.) Since the case h = 0 is already covered by
Theorem [7(b), we may also assume that h > 1.

The proof involves construction of 7 > 1 sets of probability matrices {M*},¢py of the
pairwise comparisons with the following two properties:

(i) For every a € [n], let S¢ C [n] denote the set of the top k items under the a'* set of
distributions. Then for every k-sized set S € [n],

n

> 1{Du(S,Sf) <2n} < 1.

a=1

(ii) If the underlying distribution a is chosen uniformly at random from this set of 7
distributions, then any estimator that attempts to identify the underlying distribution
a € [n] errs with probability at least 1.
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Now consider any estimator gk for identifying the top k items S;. Given property (i),
whenever the estimator is successful under the Hamming error requirement DH(gk, S;) < 2h,
it must be able to uniquely identify the index a € [n] of the underlying distribution of pairwise
comparison probabilities. However, property (ii) mandates that any estimator for identifying
the underlying distribution errs with a probability at least % Assuming that such sets of
probability distributions satisfying these two properties exist, putting these results together
yields the claimed result.

We now proceed to construct probability distributions satisfying the two aforementioned
properties. Consider any positive number A, satisfying the upper bound

1 |
A, < L, [nrelogn (3.22)
14 NPobsT

The 7 matrices {M*}4¢cp, of probability distributions we construct differ only in a permu-
tation of their rows and columns, and modulo this permutation, have identical values. In
other words, these n distributions differ only in the identities of the n items and the values
of the pairwise-comparison probabilities M(al.)( ;) among the ordered sequence of the n items
are identical across all distributions a € [n).

For any ordering (1),...,(n) of the n items, for every a € [n], set
T+ 4 if i € [k] and j ¢ [k]
Mgy =1 1-2 if i ¢ [k] and j € [K] (3.23)
: otherwise.

Note that the upper bound ([3.22)) on Ag, coupled with the assumption pops > 1/ 22 ensures

2nr?
that Ay < % and hence that our definition ([3.23)) leads to a valid set of probabilities. Given

this construction, the scores of the n items are 71y = - - - = 7(3) = T1)+D0 = - -+ = Ty +A0.
The bound (3.22)) ensures that the condition o < % required by the hypothesis of the
theorem is satisfied.
It remains to specify the ordering of the n items in each set of probability distributions.
This specification relies on the following lemma, that in turn uses a coding-theoretic result
1

due to Levenshtein [149]. It applies in the regime 2k < —min{n'~"*, k,n — k} for some

constants v; € (0,1) and v, € (0,1), and when n is larger than a (v, 15)-dependent constant.

Lemma 17. Under the previously given conditions, there exists a subset {b',... bL} C
{0,132 with cardinality L > e16"*"°8n and such that

Dy(t7,0) =2(1 4 wv)h, and Dy(t!,b%) > 4h for all j # k € [L)].

We prove this lemma at the end of this section. Given this lemma, we now complete the

proof of the theorem. Map the % items {§ +1,...,n} to the % bits in each of the strings
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given by Lemma . For each ¢ € [e101*h18n] Jot B, denote the 2(1 + vy)h-sized subset
of {# +1,...,n} corresponding to the 2(1 4 1»)h positions equalling 1 in the ¢ string.
Also define sets Ay = {1,...,k — 2(1 + v»)h} and C; = [n]\(A, U B;). We note that this
construction is valid since 2h < ——k

14+wve 7
vivehlogn

We now construct n = e10 sets of pairwise comparison probability distributions
M*', ... M" and show that these sets satisfy the two required properties. As mentioned
earlier, each matrix of comparison-probabilities M takes values as given in , but
differs in the underlying ordering of the n items. In particular, associate the set ¢ € [n] of
distributions to any ordering of the n items that ranks every item in A, higher than every
item in By, and every item in By in turn higher than every item in Cy. Then for any ¢, the
set of top k items is given by A, U B,. From the guarantees provided by Lemma [I7] for any
distinct ¢, m € [n], we have Dy (AU By, A, U B,,) > 4h+ 1. This construction consequently
satisfies the first required property.

We now show that the construction also satisfies the second property: namely, it is
difficult to identify the true index. We do so using Fano’s inequality , for which we
denote the probability distribution of the observations due to any matrix M*, £ € [n], as P*.

We first derive an upper bound on the Kullback-Leibler divergence between any two
distributions P¢ and P™ of the observations. Observe that P{(i = j) # P™(i = j) only if

i € ByUB,, or j € ByU B,,. In this case, we have Dy (P(i = j)||P"(i = j)) < 443

1_A2-
4 0
Since both sets B, and B,, have a cardinality of 2(1 + v,)h, aggregating over all possible
observations across all pairs, we obtain that

4N

1 2°
AN

Dy, (PY|[P™) < 4(1 + vo) hnpopsr

(3.24)

. 1 1 . .
In the regime po,s > =~ and Ay < ﬁ,/%, we have Ay < ﬁ. Substituting the
1

in the numerator and }L — A2 > i — (m)Q in the denominator

. . 1 vy logn
inequality Ay < 15 F—

of the right hand side of the bound (3.24)), we find that
3
Dy (PY||P™) < Jvivehlogn,
Now suppose that we drawn Y from some distribution chosen uniformly at random from

{P1 ..., P7}. Applying Fano’s inequality (2.22)) ensures that any test ¢ for estimating the
index A of the chosen distribution must have error probability lower bounded as

%V1y2hlogn—|—log2) - 1
=

9
10 Vlyzhlogn

PWH%MgQ—

Here the final inequality holds as long as n is larger than some universal constant.
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Proof of Lemma

We divide the proof into two cases depending on the value of h.
Case I: h > =1~ Let L denote the number of binary strings of length mg such that

2o ”

each has a Hamming weight wy and each pair has a Hamming distance at least dy. It is
known [111, 149] that L can be lower bounded as:

mo mg | Wo
- \.MJ (ZO) mo—w 2 do+1 ewg min{dOv(wzz(i/)Q emo min{do,mo}/2"
> im0 ( jo) ( Oj O) 2 (mi“{dom}ﬂ) (mi“{do’mO}/Q)

Note that for the setting at hand, we have mg = %, wo = 2(1 + »)h and dy = 4h + 1. Since
v1 € (0,1) and v € (0,1), we have the chain of inequalities

@) n
wy < dy < Apt—n < 5 = my,

where the inequality (7) holds when n is large enough. These relations allow for the simpli-
fication:

(o)™
ol (e )0l (emg ) o2

logn > log

do-'-’LUO

d
= (wy — do/2) log mg — wo log wy + — log do — log(2e) — log((do + 1)/2).

2

Substituting the values of wy, dy and mgy and then simplifying yields
1 1
logn > (2veh — 5) logg —2(1 + o)hlog(2(1 + v2)h) + (2h + 5) log(4h + 1)
1
— (B4 12)h) + 5) log(2¢e) — log(2h + 1)

1
> (2u9h — 5) logg — 2u5hlog(2(1 + va)h) — cih,

1—vq

where (] is a constant whose value depends only on (1, 15). In the regime VL <2h <2 —,
1V2 14+vo
some algebraic manipulations then yield

1 9
logn > (2v15h — 5) logg — cih > rish(logn —log2 — ) > 1—01/11/2h10g n,

where the final inequality holds when n is large enough.

Case II: h < ﬁ Consider a partition of the § bits into Toays Sets of size 2(1 + 11)h

each. Define an associated set of 4(1++2)h sets of binary strings, each of length 7, with the
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i'" string having ones in the positions corresponding to the i*" set in the partition and zeros
elsewhere. Then each of these strings have a Hamming weight of 2(1 4 15)h, and every pair
has a Hamming distance at least 4(1 + v5)h > 4h. The total number of such strings equals

(4) 2(1 (4) 9 iii
> exp (logn — log(ﬂ)) > exp (1—0 logn) (>) exp (1.8V1V2h10g n),

n
log ——M8M8
P ( & 4(]_ + l/g)h) 1402

where the inequalities (i) and (ii7) are a result of operating in the regime h < ﬁ and the
inequality (i) assumes that n is greater than a (v, 15)-dependent constant.

3.6.4 Proof of Theorem @: General error
We now turn to the proof of Theorem [9]

Proof of part (a)

For every i € [n], let (i) denote the item ranked i according to their latent scores, as defined
in equation (3.1]). Recall from the proof of Theorem [7|that for any v < v € [n], the condition

logn
Ty = Ty > 84 —2
NPobsT
ensures that with probability at least 1 — n~!  every item in the set {(1),..., (u)} wins
more comparisons than every item in the set {(v),...,(n)}. Consequently, if the set Sy
contains any item in {(v),...,(n)}, then it must contain the entire set {(1),...,(u)}. In

other words, at least one of the following must be true: either {(1),...,(u)} C S or S C
{(1),...,(v—1)}. Consequently, in the regime v = k+¢—u+ 1 for any 1 < u < k and
u <t <n, we have that

1S, N {(1),..., ()} > u (3.25)

Now consider any b € [] that satisfies the condition

logn
i N — , > 8 .
A0~ T 2 8

For any j € [k], setting w = j and v = (k + t;’- — 7+ 1) in (3.25), and applying the union
bound over all values of j € [k] yields that

Se N {(1), ..., ()} >j for every j € [k],
with probability at least 1 — n~'3. Consequently, we have that
P(Sy € A(Ty)) >1—n"",

completing the proof of the claim.
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Proof of part (b)

In the regime tZQ p < 5 for every b € [f], it suffices to show that any estimator S, will incur
an error lower bounded as

P80 {(1), . (/2] < pok) > 2.
where (i) denotes the item ranked ¢ according to their latent scores according to equa-
tion (3.1)).

Our proof relies on the result and proof of the Hamming error case analyzed in Theo-
rem [§(b). To this end, let us set the parameter h of Theorem [§(b) as h = 2(1 — pz)k. We
claim that this value of h lies in the regime h < o) +V min{k,n — k,n'="1} for some values
v, € (0,1) and vy € (0,1), as required by Theorem [§(b). This claim follows from the fact
that

1
h=2(1— )k < ———k
( /~L2> _2(1+V2) ’

for vy = mln{4— — 1,3} € (0,1). Furthermore,

12)

() pl—m1 (i) 1
h=2(1- k< <
(1= po)k < —— < 21 + )

1—11

for 11 = %y € (0,1), where (4) is a result of our assumption 8(1 — po)k < n'™#* and (i)
holds when n is large enough. This assumption also implies that £ < n—k for a large enough
value of n. We have now verified operation in the regime required by Theorem (b)

The construction in the proof of Theorem [§| is based on setting

T) = Tk) = Tk+1) + Do = -+ = T(n) + Ao,

for any real number A in the interval (0 L./ % } This condition is also satisfied

714

in our construction due to the assumed upper bound a < ¢ \/ 41 Min {41—“21, 2} Conse-

quently, the result of Theoreml b) implies that in this setting, any estimator Sk will incur
a Hamming error greater than h = 2(1 — v5)k with probability at least %, or equivalently,

P(ISk N {(1),. .., (R} < (2p2 — k) >

~|

Under this event, the estimator S, contains at most (219 — 1)k — 1 items from the set of top
k items. In order to ensure it gets at least usk items from {(1),...,(n/2)}, the remaining
2(1 — pa)k + 1 chosen items must have at least (1 — p2)k + 1 items from {(k+1),...,(n/2)}.
However, in the construction, items (k + 1),..., (n) are indistinguishable from each other,
and hence by symmetry these 2(1 — us)k + 1 chosen items must contain at least (1 — ug)k + 1
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items from the set {(n/241),...,(n)} with probability at least 5. Putting these arguments

together, we obtain that under this construction, any estimator §k has error probability
lower bounded as

]P’(|Skﬂ{(1),...,(n/2)}| <u2k) > 1—14 (3.26)

It remains to deal with a subtle technicality. The construction above involves items

(k+1),...,(n) with identical scores. Recall that in the definition of the user-defined re-

quirement, in case of multiple items with identical scores, we considered the choice of either

of such items as valid. The following lemma helps overcome this issue. In order to state the
lemma, we define || M| : = max(; jyepnp2 |M;;| for a matrix M € R™*™.

Lemma 18. Consider any two (n x n) matrices M® and M° of pairwise probabilities such

that
M = Ml <€, Ml > €, and [ Ml > € (3.27a)
or some € € |0,1]. Then for any k-sized sets of items T1,...,Ts C |n|, and any estimator
B
Sk, we have
| Pase (S € {11, ..., T5}) — Pan(S, € {T1,...,T5}) |< 6™"e. (3.27D)

See Section for the proof of this claim.

Now consider an (n x n) pairwise probability matrix M’ whose entries takes values

T+ Ap+e if i € [k] and j € [n]\[n/2]
I 1+ A if i € [k] and j € [n/2]\[K]
@G — Y1 if 4 2 nd j 2
t+e i € [n/2]\[k] and j € [n]\[n/2]
i otherwise,

2

and M}, =1 — M;;, whenever i < j. Set € = 7
One can verify that under the probability matrix M’, the scores of the n items satisfy
the relations

Ty =" =Tk = Tht1) + Do =+ =Twy2) + Do = Tnj241) + Do+ €=+ =74 + Do+ €

The set of items {(1),...,(n/2)} are thus explicitly distinguished from the items {(n/2 +
1),...,(n)}. We now call upon Lemma (18] with M* = M’ and M® as the matrix of proba-
bilities constructed in the proof of Theorem [§ where both sets have the same ordering of the
items. This assignment is valid given that Ay < % and € = 77"°". Lemma |18 then implies
that any estimator that is G-respecting with probability at least 1 — 1—15 under M® must also
be G-respectiin with probability at least 1 — —— under M®. But by equation , the

145
latter condition is impossible, which implies our claimed lower bound.
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Proof of Lemma

Let P® and P® denote the probabilities induced by the matrices M* and M? respectively.
Consider any fixed observation Y; C {0,1,$} ™ ™ where ¢ denotes the absence of an
observation. Given the bounds (3.27a)), some algebra leads to

| PYY = Y) —PP(Y =Y)) |< 277, (3.28)

where P*(Y = Y}) and P°(Y = Y}) denote the probabilities of observing Y; under P¢ and P?,
respectively. R

Now consider any estimator Sy, which is permitted to be randomized. Let n < 37’7 denote
the total number of possible values of the observation Y, and let {Y3,...,Y;} = {0, 1, ¢}"(vx™
denote the set of all possible valid values of the observation. For each ¢ € [n], let ¢; € [0, 1]
denote the probability that the estimator gk succeeds in satisfying the given requirement
when the data observed equals Y;. (Recall that the given requirement is in terms of the
actual items and not their positions.) Then we have

n n
PY(Sp € {T1, ... Tp}) = P*(Sk € {Th,... . Tp})| = | D_P'(Y =Vi)gs — Y _P*(Y =Yi)q|
=1 =1

n
<Y IP(Y =Y) ~-PA(Y =Y) | g,
i=1

—
.
~

-

(i)
2n2r6qi < 6n2r€’

=1

as claimed, where step (i) follows from our earlier bound (3.28) and step (ii) uses the bound
2
n < gner
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Chapter 4

Labeling and Classification

“Often are the amalgamated judgements of many better
than the assessment of one.”

— Marie Curie

4.1 Introduction

Recent years have witnessed a surge of interest in the use of crowdsourcing for labeling
massive datasets. Expert labels are often difficult or expensive to obtain at scale, and
crowdsourcing platforms allow for the collection of labels from a large number of low-cost
workers. This paradigm, while enabling several new applications of machine learning, also
introduces some key challenges: first, low-cost workers are often non-experts and the labels
they produce can be quite noisy, and second, data collected in this fashion has a high amount
of heterogeneity with significant differences in the quality of labels across workers and tasks.
Thus, it is important to develop realistic models and scalable algorithms for aggregating and
drawing meaningful inferences from the noisy labels obtained via crowdsourcing.

This chapter focuses on objective labeling tasks involving binary choices, meaning that
each question or task is associated with a single correct binary answer or labelE] There is
a vast literature on the problem of estimation from noisy crowdsourced labels [56} |84} |85,
88, |116], [117, 151, 274]. This past work is based primarily on the classical Dawid-Skene
model [60]. The Dawid-Skene model is a paramter-based model in which each worker i is
associated with a single scalar parameter ¢°5 € [0, 1], and it is assumed that the probability
that worker i answers any question j correctly is given by the same scalar ¢”5. Thus, the

Tn this chapter, we use the terms {question, task}, and {answer, label} in an interchangeable manner.
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Dawid-Skene model imposes a homogeneity condition on the questions, one which is often not
satisfied in practical applications where some questions may be more difficult than otherSE]
Accordingly, in this chapter, we propose and analyze a more general permutation-based
model that allows the noise in the answer to depend on the particular question-worker
pair. Within the context of such models, we propose and analyze a variety of estimation
algorithms. One possible metric for analysis is the Hamming error, and there is a large
body of past work [56, 84} 85, 88, 116, 117, 274] that provides sufficient conditions that
guarantee zero Hamming error—meaning that every question is answered correctly—with
high probability. Although the Hamming error can be suitable for the analysis of Dawid-
Skene style models, we argue in the sequel that it is less appropriate for the heterogenous
settings studied in this chapter. Instead, when tasks have heterogenous difficulties, it is more
natural to use a weighted metric that also accounts for the underlying difficulty of the tasks.
Concretely, an estimator should be penalized less for making an error on a question that is
intrinsically more difficult. In this chapter, we introduce and provide analysis under such a
difficulty-weighted error metric.
From a high-level perspective, the contributions of this chapter can be summarized as follows:

e We introduce a new “permutation-based” model for crowd-labeled data, and a new difficulty-
weighted metric that extends the popular Hamming metric.

e We provide upper and lower bounds on the minimax error, sharp up to logarithmic factors,
for estimation under the permutation-based model. Our bounds lead to the useful impli-
cation that the generality afforded by the proposed permutation-based model as compared
to the popular parameter-based Dawid-Skene model enables more robust estimation, and
surprisingly, there is only a small statistical price to be paid for this flexibility.

e We provide a computationally-efficient estimator that achieves the minimax limits over
the permutation-based model when an approximate ordering of the workers in terms of
their abilities is known.

e We provide a computationally-efficient estimator, termed the OBI-WAN estimator, that
is consistent over the permutation-based model class. Moreover, it is optimal over an in-
termediate setting between the parameter-based Dawid-Skene and the permutation-based
models, which allows for task heterogeneity but in a restricted, parameter-based manner.
As a special case, our sharp upper bounds on the estimation error of OBI-WAN also ap-
ply uniformly over the parameter-based Dawid-Skene model, while prior known guarantees
fall short of establishing such uniform bounds.

The remainder of this chapter is organized as follows. In Section [4.2] we provide some
background, setup the problems we address in this chapter, and provide an overview of re-
lated literature. Section|4.3|is devoted to our main results. We present numerical simulations

2To be clear, the original model by Dawid and Skene [60] also allows for asymmetric errors across different
classes. In this chapter, we focus on the setting with symmetric error probabilities, that has popularly come
to be known as the “one-coin Dawid-Skene model”, and is considered in many past theoretical works [56,
88,1116}, |117].
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in Section We conclude the chapter with a discussion of future research directions in
Section We present proofs of our main results in Section [1.6]

4.2 Problem setting

We begin with some background on existing crowd labeling models, followed by an intro-
duction to our proposed models; we conclude with a discussion of related work.

4.2.1 Observation model

Consider a crowdsourcing system that consists of n workers and d questions. We assume
every question has two possible answers, denoted by {—1,+1}, of which exactly one is
correct. We let z* € {—1,1}? denote the collection of correct answers to all d questions.
We model the question-answering via an unknown matrix Q* € [0, 1]"*¢ whose (4, j) entry,
Q};, represents the probability that worker ¢ answers question j correctly. Otherwise, with
probability 1 — @Q7;, worker ¢ gives the incorrect answer to question j. For future reference,
note that the parameter-based Dawid-Skene model involves a special case of such a matrix,
namely one of the form Q* = ¢P517, where the vector ¢°° € [0, 1]" corresponds to the vector
of correctness probabilities, with a single scalar associated with each worker.

We denote the response of worker i to question j by a variable Y;; € {—1,0,1}, where we
set Y;; = 0 if worker 7 is not asked question j, and set Y;; to the answer (—1 or 1) provided
by the worker otherwise. We also assume that worker 7 is asked question j with probability
Pobs € [0, 1], independently for every pair (i, j) € [n] x [d], and that a worker is never asked
the same question twice. We also make the standard assumption that given the values of x*
and Q*, the entries of Y are all mutually independent. In summary, we observe a matrix Y
which has independent entries distributed as

;p; with probability pons Q7
Yy =14 - with probability peps (1 — Q)
0 with probability (1 — pops)-

Given this random matrix Y, our goal is to estimate the binary vector x* € {—1, 1} of true
labels.

Obtaining non-trivial guarantees for this problem requires that some structure be imposed
on the probability matrix Q*. The parameter-based Dawid-Skene model is one form of such
structure: it requires that the probability matrix Q* be rank one, with identical columns all
equal to ¢P% € R™. As noted previously, this structural assumption on Q* is very strong. It
assumes that each worker has a fixed probability of answering a question correctly, and is
likely to be violated in settings where some questions are more difficult than others.

Accordingly, in this chapter, we study a more general permutation-based model of the
following form. We assume that there are two underlying orderings, both of which are
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unknown to us: first, a permutation 7* : [n] — [n] that orders the n workers in terms of
their (latent) abilities, and second, a permutation o* : [d] — [d] that orders the d questions
with respect to their (latent) difficulties. In terms of these permutations, we assume that
the probability matrix Q* obeys the following conditions:

e Worker monotonicity: For every pair of workers ¢ and ' such that 7*(i) < 7*(i') and
every question j, we have Q7; > Q.

e Question monotonicity: For every pair of questions j and j' such that o*(j) < o*(j’)
and every worker 7, we have Q7; > Q7.

In other words, the permutation-based model assumes the existence of a permutation of the
rows and columns such that each row and each column of the permuted matrix Q* has non-
increasing entries. The rank of the resulting matrix is allowed to be as large as min{n, d}.
It is straightforward to verify that the parameter-based Dawid-Skene model corresponds to
a particular type of such probability matrices, restricted to have identical columns.

It should be noted that none of these models are identifiable without further constraints.
For instance, changing z* to —z* and Q* to (117 — Q*) does not change the distribution of
the observation matrix Y. In the context of the parameter-based Dawid-Skene model, several
papers [85, 116, (117, |274] have resolved this issue by requiring that %Z?:l qPs > % + p for
some constant value p > 0. Although this condition resolves the lack of identifiability,
the underlying assumption—namely that every question is answerable by a subset of the
workers—can be violated in practice. In particular, one frequently encounters questions
that are too difficult to answer by any of the hired workers, and for which the worker’s
answers are near uniformly random (e.g., see the papers |69, 235]). On the other hand,
empirical observations also show that workers in crowdsourcing platforms, as opposed to
being adversarial in nature, at worst provide random answers to labeling tasks [69, 82, |83,
270]. On this basis, it is reasonable to assume that for every worker i and question j we
have that Qj; > % We make this assumption throughout this chapter.

In summary, we let Cpepy,, denote the set of all possible values of matrix @Q* under the
proposed permutation-based model, that is,

Cperm : = {Q € [0.5,1]"*" |there exist permutations (o) such that

question and worker monotonocity hold}.
For future reference, we use
Cpg := {Q € Cperm | Q@ = ¢”517 for some ¢S € [0.5, 1]”},

to denote the subset of such matrices that are realizable under the parameter-based Dawid-
Skene assumption.

4.2.2 Evaluating estimators

In this section, we introduce the criteria used to evaluate estimators in this chapter. In
formal terms, an estimator ¥ is a measurable function that maps any observation matrix
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Y to a vector in the Boolean hypercube {—1,1}¢. The most popular way of assessing the
performance of such an estimator is in terms of its (normalized) Hamming error

Dy(Z, %) : = 221{@ # a7}, (4.1)

J=1

where 1{Z; # z7} denotes a binary indicator which takes the value 1 if 7; # z3, and 0
otherwise. A potential deficiency of the Hamming error is that it places a uniform weight
on each question. As mentioned earlier, there are applications of crowdsourcing in which
some subset of the questions are very difficult, and no hired worker can answer reliably. In
such settings, any estimator will have an inflated Hamming error, not due to any particular
deficiencies of the estimator, but rather due to the intrinsic hardness of the assigned collection
of questions. This error inflation will obscure possible differences between estimators.

With this issue in mind, we propose an alternative error measure that weights the Ham-
ming error with the difficulty of each task. A more general class of error measures takes the
form

Lo-(@,a" le{xﬁx Y(Qi 5 Q) (4.2)

for some function W:[0,1]" — R, which captures the difficulty of estimating the answer to
a question.

The (Q*-loss: In order to choose a suitable function ¥, we note that past work on the
parameter-based Dawid-Skene model [56, |85] 88, 116, |117] has shown that the quantity

1 n
S a1, (1.3)
=1

popularly known as the collective intelligence of the crowd, is central to characterizing the
overall difficulty of the crowd-sourcing problem under the parameter-based Dawid-Skene
assumption. A natural generalization, then, is to consider the weights

n

V(Qy, ., Q) = %Z (2@;} — 1)2 for each task j € [d], (4.4a)

i=1

which characterizes the difficulty of task j for a given collection of workers. This choice gives
rise to the QQ*-loss function

Xd: (1{% # ) — Z 2Q;; — ) (4.4b)

Q" ~ 5117) ding( — ). (4.4c)

.
Il
—
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where diag(Z — z*) denotes the matrix in R%*¢ whose diagonal entries are given by the vector
7 — z*. Note that under the parameter-based Dawid-Skene model (in which Q* = ¢”517),
this loss function reduces to

n d
Lo-(F,a7) = (% z;(zqgs 1) (Cll Z; 1z, # 23}),
= ji=
DH?’z(,x*)

corresponding to the normalized Hamming error rescaled by the collective intelligence.

For future reference, let us summarize some properties of the function Lg-: (a) it is
symmetric in its arguments (z*,7), and satisfies the triangle inequality; (b) it takes values
in the interval [0, 1]; and (c) if for every question j € [d], there exists a worker ¢ € [n] such
that Q; > %, then Ly« defines a metric; if not, it defines a pseudo-metric.

Minimax risk: Given the loss function Lg-, we evaluate the performance of estimators in
terms of their uniform risk properties over a particular class C of probability matrices. More
formally, for an estimator Z and class C C [0, 1]"*¢ of possible values of Q*, the uniform risk
of = over class C is

sup sup E[Lo-(Z,z")], (4.5)
s e{—1,1}¢ Q*eC

where the expectation is taken over the randomness in the observations Y for the given
values of z* and @*. The smallest value of the expression (4.5 across all estimators is the
minimax risk.

Regime of interest: In this chapter, we focus on understanding the minimax risk as well
as the risk of various computationally efficient estimators. We work in a non-asymptotic
framework where we are interested in evaluating the risk in terms of the triplet (n,d, pops)-
We assume that po,s > %, which ensures that on average, at least one worker answers
any question. We also operate in the regime d > n, which is commonplace in practical
applications. Indeed, as also noted in earlier works [274], typical medium or large-scale
crowdsourcing tasks employ tens to hundreds of workers, while the number of questions is
on the order of hundreds to many thousands. We assume that the value of pgs is known.
This is a mild assumption since it is straightforward to estimate p.s very accurately using

its empirical expectation.

4.2.3 Related work

Having set up our model and notation, let us now relate it to past work in the area. For
the problem of crowd labeling, the parameter-based Dawid-Skene model [60] is the dominant
model, and has been widely studied |56} 85, |88} /116, 117}, 151, |274]. Some papers have studied
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models beyond the parameter-based Dawid-Skene model. In a recent work, Khetan and
Oh [125] analyze an extension of th parameter-based Dawid-Skene model where a vector ¢ €
R™, capturing the abilities of the workers, is supplemented with a second vector h* € [0, 1]¢,
and the likelihood of worker i correctly answering question j is set as g;(1 — k5 + (1 — g;)h}.
Although this model now has (n + d) parameters instead of just n as in the parameter-based
Dawid-Skene model, it retains parametric-type assumptions. Each worker and each question
is described by a single parameter, and in this model the probability of correctness takes a
specific form governed by these parameters. In contrast, in the permutation-based model
each worker-question pair is described by a single parameter. Our permutation-based model
forms a strict superset of this class. Our permutation-based model forms a strict superset
of this class. Zhou et al. [275 276] propose a model based on a certain minimax entropy
principle, and Whitehill et al. [265] propose a parameter-based model, that also incorporate
question difficulties; however, these algorithms have yet to be rigorously analyzed. While
the present chapter addresses the setting of binary labels with symmetric error probabilities,
several of these prior works also address settings with more than two classes, and where the
probability of error of a worker may be asymmetric across the classes. We defer a further
detailed comparison of our main results with those in earlier works to Section [4.3.4]

A related problem in the context of crowdsourcing is to estimate pairwise outcome prob-
abilities from pairwise comparison data (Chapter [2). The permutation-based SST model
considered in Chapter [2] is closely related to the permutation-based model for the workers
assumed in the present chapter. However, the current chapter involves an unknown set of
labels, as well as a significantly different observation model: in particular, the observed data
couples the unknown matrix Q* with the unknown labels. Moreover, rather than estimating
the unknown probabilities Q*, our primary goal in this chapter is to estimate these un-
derlying labels, for which significantly different algorithmic ideas and proof techniques are
required.

Finally, the problem of aggregating labels of crowdsourcing workers is conceptually sim-
ilar to that of aggregating the outputs of multiple weak classifiers, each solving multiple
classification problems [186]. Our results for this crowdsourcing problem may also shed
light on fundamental theoretical properties and algorithm design guidelines for the classifier-
aggregation problem.

4.3 Main results

We now turn to the statement of our main results. As noted earlier, our results are focused
on the practically relevant regime where we have that:

1
Pobs Z — and d Z n. (R)
n
We use ¢, ¢,, ¢,, ¢,, ¢, to denote positive universal constants that are independent of all other

problem parameters. Recall that the Q*-loss takes values in the interval [0, 1].



CHAPTER 4. LABELING AND CLASSIFICATION 111

4.3.1 Minimax risk for estimation under the permutation-based
model

We begin by proving sharp upper and lower bounds on the minimax risk for the permutation-
based model Cpgy,. The upper bound is obtained via an analysis of the following least
squares estimator

(F1s, Qus) € arg min Ipos Y — (2Q — 117) diag(2)||3- (4.6)
ze{-1,1}4, QeCpqypy

The intuition behind this estimator is as follows. One can show (see the proof of Theo-
rem [10[(a) for details) that the unknowns z* and Q* are related to the mean of the observed
matrix Y as E[Y] = pos(2Q* — 117) diag(z*). Consequently, the estimate (Z1s, Qrs) com-
puted via the program equals the true solution (z*,Q*) when Y is replaced by its
population version.

We do not know of a computationally efficient way to compute this estimate. Nonethe-
less, our statistical analysis provides a benchmark for comparing other computationally-
efficient estimators, to be discussed in subsequent sections. The following result holds in the

regime :

Theorem 10. (a) For any x* € {—1,1} and any Q* € Cpgpp, the least squares estimator
ZTrg has error at most

~ 1
Lo(Trs,z*) < ¢, log2 d, (4.7a)
N Pobs
with probability at least 1 — e~Cvdlos(dn)
(b) Conversely, any estimator T has error at least
~ 1
sup sup  E[Lo«(Z,2%)] > ¢, : (4.7b)
R*eCpg zre{-1,1}4 NPobs

The lower bound holds even if the true matriz Q* is known to the estimator.

The result of Theorem[10]has a number of important consequences. Since the permutation-
based class Cpgyy, is significantly richer than the parameter-based Dawid-Skene class Cpg,
one might expect that estimation over Cpg,y,, might require a significantly larger sample size
to achieve the same accuracy. However, Theorem [10| shows that this is not the case: the
lower bound holds even when the supremum over matrices Q* is restricted to the
parameter-based Dawid-Skene model Cpg C Cpgpy,. Consequently, we see that estimation
over the more general permutation-based model leads to (at worst) a logarithmic penalty in
the required sample size. Thus, making the restrictive assumption that the data is drawn
from the parameter-based Dawid-Skene model yields little statistical advantage as compared
to making the more relaxed assumption of the permutation-based model.
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We note that the least squares estimator analyzed in part (a) also yields an accurate
estimate of the probability matrix @* in the Frobenius norm, useful in settings where the
calibration of workers or questions might be of interest. Again, this result holds in the

regime :
Corollary 2. (a) For any * € {—1,1} and any Q* € Cpepp,, the least squares estimate

Q1s has error at most

1

NPobs

1 ~ *
%"@Ls - Q3 < ¢ log” d, (4.8a)

with probability at least 1 — e~cvdlos(dn) R
(b) Conversely, for any answer vector x* € {—1,1}¢, any estimator Q has error at least

1~ 1
sup B0 — Q3] > e
Q*€Cperpm, P

(4.8b)

obs

This lower bound holds even if the true answer vector x* is known to the estimator.

We do not know if there exist computationally-efficient estimators that can achieve the
upper bound on the sample complexity established in Theorem [10[a) uniformly over the
entire permutation-based model class. In the following sections, we design and analyze
polynomial-time estimators that address interesting subclasses of the permutation-based
model.

4.3.2 The WAN estimator: When workers’ ordering is
(approximately) known

Several organizations employ crowdsourcing workers only after a thorough testing and cal-
ibration process. This section is devoted to a setting in which the workers are calibrated,
in the sense that it is known how they are ordered in terms of their respective abilities.
More formally, recall from Section that any matrix Q* € Cpgpy, is associated with two
permutations: a permutation of the workers in terms of their abilities, and a permutation of
the questions in terms of their difficulty. In this section, we assume that the permutation of
the workers is (approximately) known to the estimation algorithm. Note that the estimator
does not know the permutation of the questions, nor does it know the values of the entries
of Q.

Given a permutation 7 of the workers, our estimator consists of two steps, which we refer
to as Windowing and Aggregating Naively, respectively, and accordingly term the procedure
as the WAN estimator:

e Step 1 (Windowing): Compute the integer

k\\lw € arg max Z 1{‘ Z wal(i)j| > \/kpobs 10g15(dn)} (49&)

k€{pgys logh®(dn),..n} (g i€k]
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e Step 2 (Aggregating Naively): Set Zy,(7) as a majority vote of the best ky,y workers—
that is

kwax
[Zyan(7)]; € arg max Z Y1, = b} for every j € [d]. (4.9b)
be{-1,1} i1

The windowing step finds a value ky,y such that the answers of the best ky,y workers to most
questions are significantly biased towards one of the options, thereby indicating that these
workers are knowledgeable (or at least, are in agreement with each other). The second step
then simply takes a majority vote of this set of the best ky. workers. We remark that it is
important to choose a reasonably good value of ky,y (as done in Step 1) since a much larger
value could include many random workers thereby increasing the noise in the input to the
second step, whereas too small a value could eliminate too much of the “signal”. Both steps
can be carried out in time O(nd).

For the case when 7 is an approximate ordering, we establish an oracle bound on the
error. For every j € [d], let QF denote the j column of Q*; for any ordering m of the
workers, let ()7 denote the vector obtained by permuting the entries of Q7 in the order given
by 7, that is, with the first entry of Q)7 corresponding to the best worker according to 7, and
so on. Also recall the notation 7* representing the true permutation of the workers in terms
of their actual abilities. As with all of our theoretical results, the following claim holds in

the regime :

Theorem 11. For any Q* € Cpepy, and any x* € {—1,1}%, suppose the WAN estimator is
provided with the permutation © of workers. Then for every question j € [d] such that

1, _ 5log*(dn) . 1Q5 — 52
* 2 > —_— and L < J—, 4.10a
HQJ 2”2 = Pobs HQ] QJ ”2 /910g(dn) ( )

we have
P([Fyan(m)]; = 25) > 1 — e~colos™(dn), (4.10b)

Consequently, if ™ is the correct permutation of the workers, then

Lo (ZTyun(m), z") < ¢, log®® d, (4.10c)

with probability at least 1 — e=Colog!?(dn)

At this point, we recall the lower bound of Theorem [L0[b) on the estimation error in
the Q*-loss allows for any estimator. Moreover, it applies to estimators that know not only
the ordering of the workers, but also the entire matrix ()*. This lower bound matches the
upper bound of Theorem , and the two results in conjunction imply that the
bound is sharp up to logarithmic factors.
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We also note that the conditions (4.10al) required for the result of Theorem [L1|are sharp
1Q5 —3ll2
< il
2 <

\/9log(dn)’ if

up to logarithmic factors. The required approximation guarantee ||Q7 — Q;T*

weakened to [|QT — QT ||z < 2[|QF — 3||2, would allow for any arbitrary permutation «r. This
is because every permutation 7 satisfies QT — Q7 |2 < |QT —[l2+ |QT — 32 = 2[Q; — & l2-
Secondly, there exist constants ¢y > 0 and ¢, > 0 such that if one were guaranteed a lower
bound of only - on [|Q} — 1113 instead of the stated condition of @, then there exists
a Q* € Cpg satisfying this weaker condition such that any estimator z incurs an error at
least P(7; # x7) > c,. Furthermore, this lower bound holds not only when the ordering of
workers is exactly known, but even when the entire matrix @* is known. The proof for this
claim follows from the construction in the proof of Theorem [10|(b).

The result of Theorem for the WAN algorithm has the following useful implication
for the setting when the ordering of workers is unknown (under either of the models Cpg or
Cperm). For any Q* € Cpe,yy,, there exists a set of workers Sg« C [n] such that an estimator
Tg that takes a majority vote of the answers of the workers in S, has risk at most

1

NPobs
with high probability. Consequently, it suffices to design an estimator that only identifies
a set of good workers and computes a majority vote of their answers. The estimator need
not attempt to infer the values of the entries of Q*, as is otherwise required, for instance,
to compute maximum likelihood estimates. The estimator we propose in the next section is
based on this observation.

Lo(ZTs,z") < ¢ log®® d,

4.3.3 The OBI-WAN estimator

In this section, we return to the setting where the ordering of the workers is unknown. In
addition to the parameter-based Dawid-Skene and the permutation-based models introduced
earlier, we also study the estimation problem in an intermediate model that lies between these
two models. This intermediate model introduces a parameter h; € [0,1] that captures the
difficulty of each question j € [d], along with parameters ¢ € R™ associated to the workers as
in the parameter-based Dawid-Skene model. Under this intermediate xmodel, the probability
that worker ¢ € [n] correctly answers question j € [d] (when the worker is asked the question)
is given by

* ~ * 1 * ..
P(Yi; = 2}) = ¢:(1 — hj) + 5 h:, V¥ (4,7) such that Yj; # 0. (4.11)

Intuitively, the parameter h} corresponds to the difficulty of question j. When A7 = 1, the
worker is purely stochastic and provides a random guess, while for smaller values of i} the
worker is more likely to provide a correct answer

.This modeling assumption leads to the parameter-based class

~ 1 ~ 1
Crpt : = {Q =q(1-h)T"+ 3 1h" | for some § € [5, 1", h €0, 1]d} .
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Note that we have the nested relations Cpg C Cpyt C Cpery; the parameter-based Dawid-
Skene model is a special case of Cp,t corresponding to h = 0.

Up to a bijective transformation of the parameters, the model is identical to a
recent model proposed independently by Khetan and Oh [125], where the probability of a
correct answer is assumed to be g;(1 — h}) + (1 — g;)h;. The two models however arise from
different conceptual motivations: Khetan and Oh consider the probability of correctness as
a convex combination of the worker’s behavior g; and the opposite behavior (1 —g;), whereas
our consideration of rarity of adversarial behavior leads to the probability of correctness set
as a convex combination of the worker’s behavior ¢; and random responses %

We now describe a computationally efficient estimator, and establish sharp guarantees
on its statistical risk for the intermediate parameter-based model Cyy;, as well as guarantees
on its consistency under the permutation-based model. Our analysis of this estimator also
makes contributions in the specific context of the parameter-based Dawid-Skene model. In
particular, the guarantees established for computationally efficient estimators in prior works
(e.g., [56, 184} [85, (88 |116}, 117} 125 274]) fall short of translating to uniform guarantees over
the parameter-based Dawid-Skene model Cpg in the Q*-loss; see Section for further
details. Our result in this section fills this gap by establishing sharp uniform bounds on the
statistical risk over the entire parameter-based Dawid-Skene class Cpg, and more generally
over the entire class Cyyy.

Our proposed estimator operates in two steps. The first step performs an Ordering Based
on Inner-products (OBI), that is, computes an ordering of the workers based on an inner
product with the data. The second step calls upon the WAN estimator from Section [4.3.2]
with this ordering. We thus term our proposed estimator as the OBI-WAN estimator,
ZTopwax- In order to make its description precise, we augment the notation of the WAN
estimator Ty, (m) to let Ty, (7, Y) to denote the estimate given by Ty, () operating on Y
when given the permutation 7 of workers.

An important technical issue is that re-using the observed data Y to both determine
an appropriate ordering of workers as well as to estimate the desired answers, results in a
violation of important independence assumptions. We resolve this difficulty by partitioning
the set of questions into two sets, and using the ordering estimated from one set to estimate
the desired answers for the other set and vice versa. We provide a careful error analysis for
this partitioning-based estimator in the sequel. Formally, the OBI-WAN estimator Zopwax
is defined by the following steps:

e Step 0 (preliminary): Split the set of d questions into two sets, Ty and T}, with every
question assigned to one of the two sets uniformly at random. Let Yy and Y; denote the
corresponding submatrices of Y, containing the columns of Y associated to questions in
Ty and T} respectively.

e Step 1 (OBI): For ¢ € {0,1}, let

up € arg max || Y, ul|
llull2=1
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denote the top eigenvector of Y;Y,'; in order to resolve the global sign ambiguity of eigen-
vectors, we choose the global sign so that 3, [ue?1{[ue; > 0} > 37, [wel? 1{[uc)i < 0}.
Let 7, be the permutation of the n workers in order of the respective entries of u, (with
ties broken arbitrarily).

e Step 2 (WAN): Compute the quantities
Topwax (TO) = Tyax (Yba 771)7 and  Zopiwax (Tl) = /f\wAN(YL 770)7
corresponding to estimates of the answers for questions in the sets T and T}, respectively.

The following theorem provides guarantees on this estimator, again in the regime @

Theorem 12.(a) Uniformly optimal over Cp,;: For any Q* € Cp,y and any z* € {—1,1}9,
the error incurred by the estimate Topyay S upper bounded as

1

NPobs

Lo (Toprwan, ©°) < ¢ log*® d, (4.12a)

with probability at least 1 — e~ log’-?(dn)

(b) Uniformly consistent over Cpy: For any Q* € Cpepy and any z* € {—1,1}4, the esti-
mate Topway has error at most

»CQ* (/x\()BI-WANv J}*) <c¢ logd, (4-12b)

1
- vV NPobs

with probability at least 1 — e= log’-?(dn)

Recall that the statistical lower bound established earlier in Theorem [L0|(b) is also appli-
cable to the classes Cpg and Cy,;. Consequently, the upper bound of Theorem (12| is sharp
over these two classes.

Guarantees for OBI-WAN under the Dawid-Skene model for the Hamming
error

In this section, we present results relating the performance of the OBI-WAN estimator
to the settings considered in most prior works on this topic. Most of this chapter focuses
on the permutation-based model, the (Q*-loss and does not account for adversarial workers.
In the following theorem, we present optimality guarantees of the OBI-WAN estimator,
in terms of the popular Hamming error, when data is actually faithful to the parameter-
based Dawid-Skene model, and in a setting where the workers may also be adversarial (that
is, where ¢P® < 1 for some workers i € [n]). In particular, we show that the OBI-WAN
estimator incurs a zero Hamming error under the parameter-based Dawid-Skene model when
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the collective intelligence (see Equation (4.3))) is sufficiently high. Our results show that
OBI-WAN is optimal up to logarithmic factors, and that it also has appealing adaptivity
properties.

We introduce some notation in order to describe the result involving adversarial workers.

For the vector qDS E [O 1]", we define two associated vectors ¢St ¢P5~ € [0,1]" as ¢+ =

max{g®, 1} and ¢°~ = mm{qDS )} for every i € [n]. Then we have (¢”°—3) = (¢"5T—3)+

2 2
(¢P5~ é) with ¢P5* representing normal workers and ¢”5~ representing adversarial workers

who are inclined to provide incorrect answers. As with all our theorems, the following result
holds in the regime @:

Theorem 13. Consider any Dawid-Skene matriz of the form Q* = ¢”°17 for some ¢P°

[0,1]™. Then:

(a) IfllgPS* =Lz > [|gPS~ = Llat /221 and (¢PS—1)T1 > 0, then for any a* € {~1,1},

Pobs

the OBI-WAN estimator satisfies

]P)(/x\OBI-WAN = 515*) >1-— G_CUIOgM(dn)- (4.13&)
(b) Conversely, there exists a positive universal constant ¢ such that for any qP° € [10, 190]”
with ||g”% — 3|2 <, /55, any estimator T has (normalized) Hamming error at least
1 1
E[ ) -1{z —. 4.13b
B[S 147500 > g (413

A couple of remarks are in order, and for the following discussion, consider the two mild
conditions [|¢°5T — 1|3 > 1.01|[¢P%~ — 1||» and (¢"® — 5)"1 > 0. First, we claim that under
these mild conditions, the OBI-WAN estimator is optimal up to logarithmic factors. To see

this, first observe that part (b) of Theorem necessitates the condition [|¢P% — 1], > |, /o

for a positive universal constant ¢, for any non-trivial recovery guarantees. Now suppose

/ 2.5
that [|¢" — 3. > \/Cloi—b(dn) for a large enough positive constant ¢; observe that this
condition is only a logarithmic factor away from the necessary condition. Then under the

2.5
DS — Iz > [1gP5 = 32+ /HEE Part (a)

of Theorem [13| then guarantees that the OBI-WAN estimator recovers the true answers z*
with high probability.

Secondly, Theorem [13] also shows that OBI-WAN has strong adaptivity guarantees under
the parameter-based Dawid-Skene model. The guarantees match (up to logarithmic factors)
those derived in past works such as [117]. Furthermore, our guarantees are applicable for all
values of pos, as opposed to the restricted range required in past works. In more detail, for

the parameter-based Dawid-Skene model, past works consider the regime pgps < loi “ and

mild aforementioned conditions, we have ||q
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show that the algorithms (say, Z) proposed therein incur an error upper bounded as

d
1 1 12
EE[Z“ 17 # 27}] < e~(@mpons) G475 =31) (4.14)

logn

—cplogn : :
<e in the regime pops < =2

Observe that this bound is no better than the bound of % achieved by random guessing
unless

1> - g > &

2 - Pobs

I

where ¢, > 0 is a universal constant. On the other hand, part (a) of Theorem [13|above shows
2.5
that when [|¢°% — (]2 > Hog” (dn) ' the error incurred by OBI-WAN is upper bounded as

Pobs

d
1 .
EE[; 1{E; # aj}] < emwlos i),

Furthermore, the OBI-WAN algorithm and the associated guarantees are not restricted to
the regime pops < 105 .,

The OBI-WAN estimator is thus not only consistent under the permutation-based model,
but also has strong adaptivity guarantees under the Dawid-Skene model.

One application of Theorem [13]is to the setting that has been the focus of this chapter,
where we have no adversarial workers. In this case, ¢°5~ = 0, and ¢"5* = ¢, and the

upper and lower bounds match upto a logarithmic factor. The upper bound shows that

when [|¢"% — 3|2 > \/% the Hamming error is vanishingly small while the lower
bound shows that there is a universal constant ¢ such that the Hamming error is essentially

C
Pobs

The results of Theorem [12] and Theorem [13] in conjunction show that the OBI-WAN
estimator not only has optimal guarantees (up to logarithmic factors) in terms of the models
and metrics popular in past literature, but is also efficient in terms of the more general
models and metric introduced here.

as large as possible when [¢”% — $||; <

4.3.4 Past work and the ()*-loss

Several past works have introduced computationally-efficient estimation algorithms, and
provided theoretical guarantees for these algorithms under the parameter-based Dawid-Skene
model. These guarantees apply to the Hamming metric, and usually quantify the sample
complexity required for exact recovery of all the questions with high probability. In this
section, we consider the implications for such guarantees for the goal of this chapter—
namely, that of establishing uniform guarantees under the Q*-loss. We find that guarantees



CHAPTER 4. LABELING AND CLASSIFICATION 119

from earlier works—for the purposes of establishing uniform guarantees over the parameter-
based Dawid-Skene model in the Q*-loss—are either inapplicable, or lead to sub-optimal
guarantees.

To be fair, some of this past work applies to settings more general than our chapter,
including problems with more than two classes, and problems where the probability of error
of a worker may be asymmetric across the classes. The present chapter, on the other hand,
considers the setting of binary labels with symmetric error probabilities, and accordingly,
all comparison made in this section pertain to this setting. We note that the various prior
works make different assumptions regarding the choice of questions assigned to each worker,
and in order to bring these works under the same umbrella, we assume that each of the n
workers answers each of the d questions (that is, po,s = 1) unless specified otherwise. As
indicated earlier, in this section we restrict attention to the parameter-based Dawid-Skene
model Cpg.

Note that when the guarantee claimed in a past work requires certain additional condi-
tions that are not satisfied, one can always appeal to the naive bound

1 1
Lo (T, 2%) < =||gPS — Z 2. 4.15
Q(x,w)_an 2||2 (4.15)

Thus, in all of comparisons with past work, we take the minimum of this bound, and the
bound provided by their work. We show below that in each of the prior works, this augmented
guarantee has weaker scaling than the bound strictly weaker scaling than the scaling of

1
Lo-(7,2*) < —log*"d, (4.16)
n

achieved by the OBI-WAN estimator for the parameter-based Dawid-Skene model (see
Theorem [12)(a)) when pops = 1.

Ghosh et al. [88] The guarantees for recovery provided in the paper [88] require the lower
bound

1
g — 5”% > coy/nlogn (4.17)

to be satisfied, where ¢ is a positive universal constant. This requirement means that it is not
possible to translate the bounds of [88] to a uniform bound over the entire parameter-based
Dawid-Skene class in the QQ*-loss. For instance, for a DS matrix given by the vector

DS_{l iti <n

q; = .
‘ otherwise,

D=

the guarantees of [88] are inapplicable, and the naive bound of 1[¢”® — 1|3 = T is sub-
optimal.
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Karger et al. [116, 117], Khetan and Oh [125] The guarantees from this set of works
assume that pgps = (9(10%1). The assumption stems from the use of message passing algo-
rithms, where the analysis requires a certain “locally tree-like” worker-question assignment
graph which is guaranteed to hold in this regime. Moreover, the results of [116] apply to a
particular subset of the parameter-based Dawid-Skene model, for which is it assumed that
¢ € {3,1}".

Let us evaluate these guarantees from the perspective of our requirements, namely to
obtain uniform guarantees on the (Q*-loss under the parameter-based Dawid-Skene model
across different values of the problem parameters. When pgps = (9(105 d), then the trivial
upper bound of 1 on the Q*-loss is only a logarithmic factor away from the lower bound of
npibs given by Theorem (b) in the present chapter. Consequently, any result will then be
sandwiched between these two bounds, and can yield at most a logarithmic improvement
over the trivial upper bound in this regime. On the other hand, the guarantees derived
in |116} 117, [125] are loose when pops takes larger values. For instance, when pops > T
these bounds reduce to the trivial property that the number of answers decoded incorrectly
is upper bounded by d. Consequently, in this regime, these analyses yield an upper bound

of ]l¢™5 — 1|3; note that this bound could be as large as 1.

Dalvi et al. [56] For the setting described in equation (4.18)), the bound of Dalvi et al.
only guarantees that the number of answers estimated incorrectly is upper bounded by cd,

for some constant ¢ > 0. This guarantee translates to a suboptimal bound of order \/iﬁ on

the QQ*-loss.

Zhang et al. [274] Zhang et al. [274] assume the existence of three groups of workers such
that the second largest singular value of a certain set of matrices capturing the correlations
between the probabilities of correctness of workers in the groups are all lower bounded by a
parameter, denoted as or. Their results require, among other conditions, that d > (o).
It turns out that for a large number of settings of interest, this condition is quite prohibitive.
Here is a simple example to illustrate this issue. Suppose that

bs _ {1 if i < \/nlogd

! 4.19
% otherwise ( )

N[

In order to apply the bounds of [274] to this setting, we must have d > n'*. One can see

that this condition is prohibitive, even when the number of workers n is as small as 10. The

naive bound of 1||¢® — 1|3 = f\% is also suboptimal. We note that on the other hand, the

3The setting analyzed in these papers is slightly different from ours when po,s < 1. Specifically, the
paper |125] assumes that the sets of questions assigned to the workers are chosen based on a certain regular
random bipartite graph, with each worker answering dp.ns questions and each question being answered by
NPobs workers. We think that the assumptions on the worker-question assignment in [125] and those made
in the present chapter may have similar guarantees. In the spirit of allowing for a comparison between the
two works, we consider their guarantees as applicable for our setting as well.
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problem (4.19)) is not actually hard: a simple analysis of the majority voting algorithm leads
to a guarantee that all the questions will be decoded correctly with a high probability.

Gao et al. [84] Gao et al. [84] present an algorithm and associated guarantees to estimate
the true labels under the parameter-based Dawid-Skene model when the worker abilities ¢P3
are (approximately) known. In order to estimate the value of ¢”%, they employ one of the
two following methods: (a) The algorithm of Zhang et al. [274], which results in the same
limitations as those for the guarantees of [274] discussed earlier; and (b) An estimator based
on the work of Gao and Zhou [85] that prohibits settings where most labels in may have
the same true value, thereby yielding only the naive bound of 1 on the minimax risk of
estimation under the Q)*-loss.

Majority voting Finally, let us comment on a relatively simple estimator—namely, the
majority voting estimator. It computes the sign vector Ty € {—1,+1}¢ with entries

[Tmv]; € arg maxz 1{Y;; = b} for all j € [d].
be{-1,1} i1

Here we use 1{-} to denote the indicator function. In Appendix , we show that the
majority voting estimator also incurs an expected Q*-loss lower bounded as order = under

vn
the parameter-based Dawid-Skene model.

4.4 Simulations

In this section, we present numerical simulations comparing our proposed OBI-WAN esti-
mator (introduced in Section to the Spectral-EM estimator due to Zhang et al. [274],
which to the best of our knowledge, has the strongest established guarantees in the litera-
ture. For the Spectral-EM estimator, we used an implementation provided by the authors
of the paper |274]. The code for the OBI-WAN estimator as well as the constituent WAN
estimator is available on the author’s website.

The results from our simulations are plotted in Figure [£.1 The plots in the six panels
(a) through (f) of the figure are discussed below.

(a) BEasy: Q* = ¢"17 € Cpg where ¢?® = 5 if i < %, and ¢?° = 1 otherwise. The
parameter n is varied, and the regime of operation is (d = n, pops = 1). In this setting,
both estimators correctly recover x*.

(b) Few smart: Q* = ¢”517 € Cpg where ¢P° = 19—0 if i < /n, and ¢P° = % otherwise. The
parameter n is varied, and the regime of operation (d = n, pons = 1). Even though the data
is drawn from the parameter-based Dawid-Skene model, the error of Spectral-EM is much
higher than that of the OBI-WAN estimator. Recall that the OBI-WAN estimator has
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Figure 4.1: Results from numerical simulations comparing the OBI-WAN and Spectral-EM esti-
mators. The plots in panels (a)-(d) measure the Q*-loss as a function of n, and the plots in panels
(e)-(f) measure the Q*-loss as a function of pops. Each point is an average of over 20 trials. Recall
that when Q* follows the parameter-based Dawid-Skene model, as in panels (a)-(c), (e)-(f), the
Hamming error is proportional to the Q*-loss. Also note that the Y-axis of panel (d) is plotted on
a logarithmic scale.

uniform guarantees of recovery over the entire parameter-based Dawid-Skene class, unlike
the estimators in prior literature.

(¢) Adversarial: Q* = ¢"°1" € Cpg where ¢ = 5 if i < 2+ /n, ¢° = 15 if i > 2, and
qPs = % otherwise. The parameter n is varied, and the regime of operation is (d = n, pops =
1). This set of simulations moves beyond the assumption that the entries of @Q* are lower
bounded by %, and allows for adversarial workers. The OBI-WAN estimator is successful
in such a setting as well.
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(d) In Cpepy but outside Cryi: QF; = 1% if (i <y/morj< g), and Q; = % otherwise. The
parameter n is varied, and the regime of operation is (d = n, pops = 1). Here we have
Q* € Cperm \Cint. The Q*-loss incurred by the OBI-WAN estimator decays as \/Lﬁ, whereas
the @*-loss of Spectral-EM grows remains a constant.

(e) Minimax lower bound: Q* = ¢°®17 € Cpg where ¢P° = 1% if 1 < zﬁ and ¢P% = %
otherwise. The parameter pops is varied, and the regime of operation is (d = 1000, n = 1000).
This setting is the cause of the minimax lower bound of Theorem [L0b). The error of both
estimators, in this case, behaves in an almost identical manner with a scaling of zﬁ'

(f) Super sparse: Q* = ¢ € Cpg where ¢ = % if i < J& and ¢P° = § otherwise.

The parameter pops is varied, and the regime of operation is (d = 1000, n = 1000). We

see that the OBI-WAN estimator incurs a relatively higher error when data is very sparse
og?(dn)
(£, )

DS 1T

— more generally, we have observed a higher error when po,s = o , and this gap
is also reflected in our upper bounds for the OBI-WAN estimator in Theorem [12|(a) and
Theorem (a) that are loose by precisely a polylogarithmic factor as compared to the
associated lower bounds.

The relative benefits and disadvantages of of the proposed OBI-WAN estimator, as
observed from the simulations, may be summarized as follows. In terms of limitations, the
error of OBI-WAN is higher than prior works when p,,s is small (as observed in the super-
sparse case) or when n and d are small (for instance, less than 200). On the positive side,
the simulations reveal that the OBI-WAN estimator leads to accurate estimates in a variety
of settings, providing uniform guarantees over the Cpg and Cyy; classes, and demonstrating
significant robustness in more general settings in comparison to the best known estimator in
the literature.

4.5 Discussion

We proposed a flexible permutation-based model for the noise in crowdsourced labels, and by
establishing fundamental theoretical guarantees on estimation, we showed that this model
allows for robust and statistically efficient estimation of the true labels in comparison to
the popular parameter-based Dawid-Skene model. We hope that this win-win feature of the
permutation-based model will encourage researchers and practitioners to further build on the
permutation-based core of this model. In addition, we proposed a new metric for theoretical
evaluation of algorithms for this problem that eliminates drawbacks of the Hamming metric
used in prior works. Using our approach towards estimation under such a general class, we
proposed a robust estimator, OBI-WAN that unlike the estimators in prior literature, has
optimal uniform guarantees over the entire parameter-based Dawid-Skene model. In more
general settings, the OBI-WAN estimator is uniformly optimal over the parameter-based
class Cyy; that is richer than the parameter-based Dawid-Skene model, and is uniformly
consistent over the entire permutation-based model.



CHAPTER 4. LABELING AND CLASSIFICATION 124

This work gives rise to several open problems that are theoretically challenging and
potentially useful in practice. First, the problem of establishing optimal minimax risk under
the permutation-based model for computationally-efficient estimators remains open. Second,
the focus of Theorem [10] of the present chapter is on the global minimax error, and it is of
interest to obtain sharp bounds on local adaptivity under the permutation-based model. Such
adaptive bounds are obtained for Dawid-Skene and related parameter-based models in the
papers |84}, 117, 125, |274] as well as in Theorem (12| of the present chapter for the parameter-
based Dawid-Skene model. Third, it will be useful to extend the proposed permutation-based
model and associated algorithms to more general settings in crowdsourcing such as having
multiple (more than two) choice questions. Finally, we considered a symmetric setting where
the error probability is independent of the true answer, and extension to the asymmetric case
remains open.

4.6 Proofs

In this section, we present the proofs of our theoretical results. In the proofs we ignore floors
and ceilings unless critical to the proof. We assume that n and d are greater than some
universal constants; the case of smaller values of these parameters are then directly implied
by only changing the constant prefactors.

4.6.1 Proof of Theorem (a): Minimax upper bound

In this section, we prove the minimax upper bound stated in part (a) of Theorem [10] The
proof is divided into two parts, where in the first part, we obtain an upper bound on the
error term ||(2Q* — 117)diag(x*) — (2Q1s — 117)diag(71s) ||, following which we convert this
bound to one on Ly« (x*, T1g).

We begin with the first part of the proof, where we bound the error in estimating the
product term (2Q* — 117)diag(x*). Let us rewrite our observation model in a “linearized”
fashion that is convenient for subsequent analysis. In particular, let us define a random
matrix W € R"*? with entries independently drawn from the distribution

* N o g Lltat NP
1 — pons(2Q5; — 1)} W.p. Pobs Qi (—52) + (1= Q) (—2)
Wij=1q-1- pobS(QQz‘j —1 €T, W.P.  Pobs Qz]( 3 J) + (1 - Qw)( 5 ]) (4-20)
_p0b5<2Q:'<j - 1)‘T; W.p. 1 — Pops,

where “w.p.” is a shorthand for “with probability”. One can verify that E[IW] = 0, every
entry of W is bounded by 2 in absolute value, and moreover that our observed matrix Y can
be written in the form

1 1
Y = (2Q* — 117) diag(z*) +

W. (4.21)
Pobs Pobs
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Let II,, denote the set of all permutations of the n workers, and let ¥X; denote the set of
all permutations of the d questions. For any pair of permutations (7, o) € II,, x ¥4, define
the set

Cperm(m,0) 1= {Q € [0,1]™** |Qi; > Quj» whenever 7(i) < 7(i') and o(j) < U(j')},

corresponding to the subset of Cpgy, consisting of matrices that are faithful to the permu-
tations 7 and o. For any fixed x € {—1,1}¢, 7 € II,, and o € %, define the matrix

Q(r,0,x) € argmin C(Q, ),
QECpery, (m:0)

1
where C(Q,z):=|
Dobs

Y —(2Q — 11")diag(x) 3

Using this notation, we can rewrite the least squares estimator (4.6)) in the compact form

(FLs, Frs, o1s) € arg min C(Q(m,0,x),2), and Qs = Q(FLs, ows, Tis).
(m,0)Ell, XXy
ze{-1,1}¢

For the purposes of analysis, let us define the set
P= {(77,0, 7)€ 1L, x S x {—1, 1} | C(Q(r,0,7),2) < C(Q*,x*)}. (4.22)

With this set-up, we claim that it is sufficient to show the following: fix a triplet (7, o, z) €
P, for this fixed triplet there is a universal constant ¢; such that

P(J20(r, 0,7) — 117 )diag(z — «*)J2 < e

obs

log?d) > 1 — e *losldn), (4.23)

Given this bound, since the cardinality of the set P is upper bounded by e3¢1°e¢ (

a union bound over all these permutations applied to (4.23)) yields

since d > n),

~ dlog®d
P( max_[[(2Q(r, 0,2) — 117)diag(x — 2) [} < e,

) >1— efdlog(dn).
(W,U,I)GP pObS

The set P is guaranteed to be non-empty since the true permutations 7* and o* corresponding
to @* and the true answer z* always lie in P, and consequently, the above tail bound yields
the claimed result.

The remainder of our analysis is devoted to proving the bound . Given any triplet
(m,0,2) € P, we define the matrices

V= (2Q" — 117) diag(z*), and V(m,0,2) 1= (2Q(r,0,2) — 117) diag(z).

Henceforth, for brevity, we refer to the matrix ‘7(7,0, x) simply as V and the matrix

Q(m,0,z) simply as @, since the values of the associated quantities (7,0, x) are fixed and
clear from context.
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Applying the linearized form (4.21]) of our observation model to the inequality that defines
the set (4.22), some simple algebraic manipulations yield

1

SV =TI < v~ 7, W), (4.24)

obs

The following lemma uses this inequality to obtain an upper bound on the quantity %|||V* —
V.

Lemma 19. There exists a universal constant c¢; > 0 such that

dlog®d

obs

P(IV* — I} < =50 21— et (4.25)

See the end of this section for the proof of this lemma. This completes the first part of the
proof.

In the second part of the proof, we now convert our bound on the Frobenius norm
[V* — V|| into one on the error in estimating z* under the Q*-loss. The following lemma is
useful for this conversion:

Lemma 20. For any pair of matrices Ay, Ay € ]R’}er and any pair of vectors vy,vy €
{—1,1}¢, we have

A1 diag(vr — va) |7 < 4l Av diag(vr) — Ap diag(vs)[[5. (4.26)

See the end of this section for the proof of this claim. B
Recall our assumption that every entry of the matrices Q* and @) is at least % Conse-

quently, we can apply Lemma [20] with A; = (Q* — %llT), Ay = (é — %llT), vy = x* and
v9 = x to obtain the inequality
T ST * 2 P T * ~ Lo e
Q" — 5117 )diag(e” — 2)lp < 4)(Q" — 5117 )diag(z") — (@ — 5117 )diag(z) ||y
=4|V* - V. (4.27)

Coupled with Lemma [19] this bound yields the desired result (4.23).

Proof of Lemma

Our proof of this lemma closely follows along the lines of the proof of Theorem|I|in Chapter 2
Denote the error in the estimate as A : =V — V*. Then from the inequality (4.24)), have

L. Ay, (4.28)

1 ~
SIAR <

obs
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For the quadruplet (7,0, z, V*) under consideration, define the set
Vo (7, 0,2, V*) = {a(V VIV = (20 — 117 diag(),
Q € Cpem (. 0), a €01},

Since the terms 7, o, x and V* are fixed for the purposes of this proof, we will use the
abbreviated notation Vi, for Vyue(m, o, 2, V*).
For each choice of radius ¢ > 0, define the random variable

1
Z(t):= sup —(D, W). (4.29a)
DeVprr, Pobs
1Dl <t

Using the basic inequality (4.28), the Frobenius norm error ||Al|p then satisfies the bound

L. Ry < z(1AL). (4.20b)

1 ~
SIAYE <
obs

Thus, in order to obtain a high probability bound, we need to understand the behavior of
the random quantity Z(t).

One can verify that the set Vi is star-shaped, meaning that aD € V. for every
a € [0,1] and every D € V. Using this star-shaped property, we are guaranteed that
there is a non-empty set of scalars d,, 4 > 0 satisfying the critical inequality

52
ElZ(5,4)] < (4.29¢)

Our interest is in an upper bound to the smallest (strictly) positive solution 6,4 to the
critical inequality (4.29¢|), and moreover, our goal is to show that for every ¢t > §,, 4, we have
IA|lr < ey/tdn,q with high probability.

Define a “bad” event

1
A= {30 € Vo | 1Alp 2 v/Brq and —(A, W) > 2000/} (4.30)

obs

Using the star-shaped property of V., it follows by a rescaling argument that
PA] < P[Z(6n.4) > 260.4\/t00a)  for all t > 5, 4.
The following lemma helps control the behavior of the random variable Z(6,.4).
Lemma 21. For any 6 > 0, the mean of Z(0) is upper bounded as
n+d

E[Z(0)] <& -~

log®(nd), (4.31a)
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and for every u > 0, its tail probability is bounded as

]P’(Z(d) > E[Z(6)] + u) < exp ( 2 +_I§T§(]:5T+ u) (4.31b)

where ¢; and ¢y are positive universal constants.

See the end of this section for the proof of this lemma.

Setting u = d,,,41/t0n,q in the tail bound (4.31b]), we find that

_62(5n,d \V4 tén,d)2pobs

+E[Z(0n.a)] + Ona tén,d>

P(Z(émd) > ]E[Z((and)]—i—(Fn’d\/t(Sn,d) < exp(é2 , for all t>0.
n,d

By the definition of 4,4 in (4.29¢), we have E[Z(0, 4)] < (572%(1 < Opar/tOn.q for any t > d,,.4,
and with these relations we obtain the bound

]P)[-At] S ]P)[Z<5n,d) Z 25n,d V t(sn,d] S €xXp ( - % n,d tan,dpobs)u for all ¢ Z 5n,d-

Consequently, either [|Alp < 0.4, Or we have NP /t,.q. In the latter case, condi-
tioning on the complement A{, our basic inequality implies that %H\ﬁm% < 2||Allg+/t0nq and
hence [|Aflp < 44/ ton.q. Putting together the pieces yields that

IP’(|||£|||F <4 tén,d) >1—exp ( — % nd ténvdpobs), valid for all ¢ > 6, 4. (4.32)

Finally, from the bound on the expected value of Z(t) in Lemma [21] we see that the
critical inequality (£.29d) is satisfied for 6,4 = /22 log(nd). Setting t = 6,4 =

Pobs

Za(ntd) log(nd) in equation (4.32)) yields the claimed result.

Pobs

Proof of Lemma
Consider any four scalars a; > 0,a9 > 0,b; € {—1,1} and by € {—1,1}. If by = by then

(a1b1 - a1b2)2 =0 S (a1b1 - a2b2)2.
Otherwise we have by = —by. In this case, since a; and as have the same sign,

1
(albl - agbg)Q 2 (albl)Q = Z(albl — a1b2)2.

The two results above in conjunction yield the inequality (ai(by — b2))? < 4(a1by — asby)>.
Applying the above argument to each entry of the matrices A;diag(v; —v9) and (A;diag(vy)—
Aydiag(vq)) yields the claim.
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Proof of Lemma
We need to prove the upper bound (4.31al) on the mean, as well as the tail bound (4.31h)).

Upper bounding the mean: We upper bound the mean by using Dudley’s entropy
integral, as well as some auxiliary results on metric entropy. Given a set C equipped with a
metric p and a tolerance parameter € > 0, we let log N (¢, C, p) denote the e-metric entropy
of the class C in the metric p.

With this notation, the truncated form of Dudley’s entropy integral inequalityﬁ yields

2v'nd

E[Z(5)] < & {d‘8+

= Do VIog N (e, Vo, ) (26)}. (433)

14-9
1ld

The upper limit of 2v/nd in the integration is due to the fact ||D|r < 2vnd for every
D € V.
It is known [221] that the metric entropy of the set Vy is upper bounded as

max nvd 2 max ’I’L7d
log N (€&, Vouer, [ ]l) < 8 {62 } (log E })2

for each € > 0.
Combining this upper bound with the Dudley entropy integral (4.33)), and observing that
the integration has € > $d~?, the claimed upper bound (4.31a)) follows.

Bounding the tail probability of Z(§): In order to establish the claimed tail bound (4.31h)),
we use a Bernstein-type bound on the supremum of empirical processes due to Klein and
Rio [129, Theorem 1.1c]. In particular, this result applies to a random variable of the form
XT = sup,ep(X, v), where X = (Xi,...,X,,) is a vector of independent random variables
taking values in [—1, 1], and V is some subset of [—1, 1]™. Their theorem guarantees that for
any t > 0,

P(X'>E[X+1) < eXp(2supIE[<v, X>_2]t+ EXT 5 3t>' (4.34)

veY
In our setting, we apply this tail bound with the choices

1 1 1
W, and X'== sup (D, W) = =pesZ(0).
2 DeVprr, 2

IDIlp<6

X =

The entries of the matrix W are independently distributed with a mean of zero and a
variance of at most 4p.s, and are bounded in absolute value by 2. As a result, we have

4Here we use (Ae) to denote the differential of ¢, so as to avoid confusion with the number of questions
d.
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E[{(D, W)? < 4pops| D||3 < 4pobsd? for every D € V.. With these assignments, inequal-
ity (4.34]) guarantees that

_(upobs)2 )
2pobs(52 + 2pobs]E[Z(5)] + 3upobs ’

IPD(posz((S) > pobs]E[Z((s)] +p0bsu) S exp (
for all u > 0, and some algebraic simplifications yield the claimed result.

4.6.2 Proof of Theorem (b): Minimax lower bound

We now turn to the proof of the minimax lower bound. For a numerical constant § € (0, 1)
whose precise value is determined later, define the probability matrix Q* € [0, 1]"*¢ with
entries

3+ if § < -1
Q: :{2+ TS o (4.35)

J % otherwise.

One may assume that the matrix * is known to any estimator under consideration.

The Gilbert-Varshamov bound [90, 258] guarantees that for a universal constant ¢ > 0,
there is a collection 7 = exp(cd) binary vectors—that is, a collection of vectors {z!,... 27}
all belonging to the Boolean hypercube {—1,1}%—such that the normalized Hamming dis-
tance between any pair of vectors in this set is lower bounded as

Dy(zf, %) for every ¢, 0" € [n).

>_a
— 10

For each ¢ € [n], let P* denote the probability distribution of Y induced by setting z* = x*.
For the choice of Q* specified in (4.35)), following some algebra, we obtain a upper bound on
the Kullback-Leibler divergence between any pair of distributions from this collection as

Dxr(PY[PY) < ddé?  for every £ # £ € [n],

for another constant ¢’ > 0. Combining the above observations with Fano’s inequality [54]
yields that any estimator Z has expected normalized Hamming error lower bounded as

N 1 ddé? +log 2
N> —(1- ———°7).
E[Dy(#,2)] > o (1 o )

— 20
Consequently, for the choice of Q* given by (4.35)), the Q*-loss is lower bounded as

2 o 2 /152 (4) /!
E[Lo-(3,2%)] = 40% E[Dy(Z, x*)] > 40 <1 _ ddot + log2) < c |
Dobs n 20npobs cd NPobs

for some constant ¢’ > 0 as claimed. Here inequality (i) follows by setting d to be a sufficiently
small positive constant (depending on the values of ¢ and ).
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4.6.3 Proof of Corollary (a): Upper bound for estimating Q*
In the proof of Theorem [10{(a), we showed that there is a constant ¢; > 0 such that

* k ~ ~ d
I(2Q" — 117)2" — (2Qus — 1177w < s log” d,

obs

with probability at least 1 — e—dlogldn)  Gince all entries of the matrices 2Q* — 117 and

2Q1s — 117 are non-negative, and since every entry of the vectors z* and 71g lies in {—1,1},
some algebra yields the bound

2

(205 = 1) = 2[Qus); — 1)) < (2Q}; — D — (2Qusliy — DlFrs);),

for every i € [n], j € [d]. Combining these inequalities yields the claimed bound.

4.6.4 Proof of Corollary (b): Lower bound for estimating Q*

We begin by constructing a set, of cardinality 7, of possible matrices Q*, for some integer
n > 1, and subsequently we show that it is hard to identify the true matrix if drawn from
this set. We begin by defining a n-sized collection of vectors {h',... , h"}, all contained in
the set [3,1]?, as follows. The Gilbert-Varshamov bound [90, 258] guarantees a constant
c € (0,1) such that there exists set of n = exp(cd) vectors, v!,... v" € {—1,1}¢ with the
property that the normalized Hamming distance between any pair of these vectors is
lower bounded as

/ 1
Dy (v, 0") > 0 for every ¢, 0" € [n].

Fixing some § € (0, %1)7 let us define, for each £ € [n], the vector h € R? with entries

W]j::{g—l—d if [!]; = 1

% otherwise.

For each ¢ € [n], define the matrix Q¢ = 1(h*)T, and let P* denote the probability distribution
of the observed data Y induced by setting Q* = Q* and 2* = 1. Since the entries of Y are
all independent, some algebra leads to the following upper bound on the Kullback-Leibler
divergence between any pair of distributions from this collection:

Dxr,(PYPY) < 4ponsnds? for every ¢ #£ 0" € [n].

Moreover, some simple calculation shows that the squared Frobenius norm distance between
any two matrices in this collection is lower bounded as

, 1
10 — Q“ |12 > 1_0dn§2 for every £ # ' € [n)].
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Combining the above observations with Fano’s inequality [54] yields that any estimator @
for @Q* has mean squared error lower bounded as

A~ 1
]E * _ 2 > . 2

— Y

(1 4popsdnd? + log 2) d
Pobs

>
logn

C//

where we have set §%2 = . for a small enough positive constant ¢’, where ¢ is another
obs
positive constant whose value may depend only on ¢ and ¢”.

4.6.5 Proof of Theorem : When ordering of workers is
approximately known
We begin by stating a key auxiliary lemma, which is somewhat more general than what is

required for the current proof. For any matrix Q* € Cpgyy and worker permutation w, we
define the set

15 kj
ge={ietd 3 > I S Q- 5) 2 2\/ Y togham)}. (4.36)

Pobs i—1 Pobs

Note that this set corresponds to a subset of questions that are relatively “easy”, in a certain
sense specified by Q*.

Lemma 22. For the set J, the WAN estimator satisfies the bound
IP’([EEMN(W)]jO =z, forallj € J) > 1 — ¢ clog’?(dn)
See the end of this section for the proof of this claim.

Lemma [22| guarantees that the WAN estimator correctly answers all questions that are
relatively easy. Note that the set (4.36) is defined in terms of the ¢;-norm of subvectors of
columns of Q)* — %, whereas the conditions

1 2.5 § * 1
5log™”(dn) and ||Q}T_Q;‘T I < HQJ 5112 (4.37)

Lo
[
15 2”2_ Pobs 9log(dn)

in the theorem claim are in terms of the fo-norm of the columns of @*. The following lemma
allows us to connect the ¢; and fs-norm constraints for any vector in a general class.

Lemma 23. For any vector v € [0,1]" such that vi > ... > v,, there must be some o >
[$l|v]I3] such that

«

2
S v alll (4.38)

— 2logn
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See the end of this section for the proof of this claim.

Using these two lemmas, we can now complete the proof of the theorem. We may assume
without loss of generality that the rows of Q* are ordered to be non-decreasing downwards
along any column, that is, that 7* is the identity permutation. Consider any question j € [d]
for which the permutation 7 satisfies the bounds (4.37). For any ¢ € [n], let g, € R”
denote a vector with ones in its first ¢ positions and zeros elsewhere. The Cauchy-Schwarz

inequality implies that (Q’T— Vge > (QF — ) g — 1 U|QF — Q3l|2. By applying Lemma

to the vector Q% — 5, we are guaranteed the existence of some value k£ > 510g”2(dn) el that

J 2 ) 2Pobs

(@ —3) g0 > Q5 — 312 210gn Consequently, we have the lower bound

k
(@;‘——) g > Q] ——rm/ —VE|QT — Q|
1) u)
> 37)Q; ——Ha,/log 3\/pb log"5(dn),

where inequalities (i) and (ii) follow from conditions (4.37). Consequently, we can apply
Lemma 22| for every such question j, thereby yielding the claimed result.

—~

Proof of Lemma

Observe that the windowing step of the WAN estimator identifies a group of k., workers
such that their aggregate responses towards questions are biased (towards either answer

{—1,1}) by at least \/ EaxPobs l0g"®(dn). We first derive three properties associated with

having such a bias. These properties involve function =, : [n] x [d] x {—1,1} — R, where
vr(k,j, ) represents the amount of bias in the responses of the top k € [n| workers for
question j € [d] towards the answer x € {—1,1}:

k

Yk, jow) i =Y (Ve = 2} = WYer(; = —a}) = JCZYrI(i>J~

i=1
A straightforward application of the Bernstein inequality [15], using the fact that the entries
of the observed matrix Y are all independent, with moments bounded as

* ]' *
E[Y;;] = 2pObS(Qi]’ - 5)5’3]-7 and E[Yj] = Pobs;

ensures that all three properties stated below are satisfied with probability at least 1 —
eclos"*(dn) for every question j € [d] and every k € {poklog"®(dn), ..., n}. For the remainder
of the proof we work conditioned on the event where the following properties hold:

(P1) Sufficient condition for bias towards correct answer: If Zle(er,l(i)j—%) >3 %

then v, (k, j, z}) > \/kpobs log'®(dn).

Y
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(P2) Necessary condition for bias towards any answer € {—1,1}: v (k, j,z) > \/ kpaps log"® (dn)
. . & . klo 1.5 dn
only if x = x; and Ei:l(Qﬂ—l(i)j - %> =z zll \V iobs( g

(P3) Sufficient condition for aggregate to be correct: If Zle(er,l Wi~ H>1
then v (k, j,z5) > 0.

We now show that when these three properties hold, for any question j, € J, we must have
that [Tyw.(7)]j, = 2j,. In particular, we do so by exihibiting a question that is at least as
hard as jo on which the WAN estimator is definitely correct, and use the above properties
to conclude that it therefore must also be correct on the question jj.

Recall that by the definition of J, for any question j, € J, it must be the case that

there exists a kj, > p log'®(dn) such that

kjo

N 1 3 |k
D (@ —5) = Z\/ﬁ log'?*(dn). (4.39)
=1 obs

We define an associated set Jy as the set of questions that are at least as easy as question jj
according to the underlying permutation ¢*, that is,

Jor={s€ld|o"(5) <" (jo)}-

By the monotonicity of the columns of Q*, every question in J, also satisfies condition (4.39)).
For each positive integer k, define the set

J(k) = {j € [d]|Vx(k, j,x) > \/k:pobs log'®(dn) for some € {—1, 1}}

Property ensures that every question in the set Jy is also in the set J(k;,). We then
have

(4)
|J(k5wAN)| > |J(k5jo)| > |J0|7

where step (i) uses the optimality of ky,y for the optimization problem in equation (4.9al).
Given this, there are two possibilities: either (1) we have the equality J (k) = Jo, or (2) the
set J(kya) contains some question not in the set Jy. We address each of these possibilities
in turn.

Case 1: It suffices to observe by Properties |(P1)H(P3)| that the aggregate of the top kyax
workers is correct on every question in the set J(ky,y) and this implies that it must be the
case that [Ty (7)]j, = 7, as desired.

Case 2: In this case, there is some question 5’ ¢ Jy such that v, (kyay, J, ) > \/ EaxDobs log' > (dn)

N l) > 1, /kwax log"5(dn)
71-_l(z)]/ 2/ = 4 Pobs

kwan ( *

for some x € {—1,1}. Property|(P2)| guarantees that » ™
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and that © = z}. Now, since every question easier than jo is in the set Jy, question 7’ must
be more difficult than jy, which implies that

kwax i 1 1 kWAN 10g1'5 (dn)
2 @i —3) > g Dok

i=1

Applying Property we can then conclude that [Ty ()], = 2, as desired.

Proof of Lemma

We partition the proof into two cases depending on the value of ||v]|3.
Case 1: First, suppose that %Hv”% > ¢. In this case, we proceed via proof by contradiction.
If the claim were false, then we would have

\/ ;JLZ'; > ZUZ > av,  for every a > [1]v]13].

It would then follow that

n [3llvli31-1 n ) n
® 1

= Y i+ Y <R -1 Y

i=1 i=1 i=[3[0lI3] i=[3llvlI3]

n

< 1HUH2 + Z HUH§
!z 2ilogn’

i=[3vlI3]

1 <log(2) and

1=a 1

where step (i) uses the fact that v; € [0,1]. Using the standard bound S
the assumption [1||v[|3] > e, we find that

n

1 2 ||U||% 2
Sl + Y S < ol

=[5 vlI3]

The resulting chain of inequalities contradicts the definition of ||v]|3.

Case 2: Otherwise, we may assume that 1[jv[|3 < e. Observe that the case v = 0 trivially
satisfies the claim with o = 1, and hence we restrict attention to non-zero vectors. Define a
vector v’ € [0, 1]" as
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We first prove the claim of the lemma for the vector v/, that is, we prove that there exists
some value a > [1]|v/[|3] such that

allv'|3
—=. 4.40

Z 2logn ( )
Observe that 1 = vf > --- > v}, > 0. If 1||v/[|3 > e, then our claim ([4.40) is proved via the
analysis of Case 1 above. Otherwise, we have that £[|v'|[|3 < e and v{ = 1. Setting oo = 1, we
obtain the inequalities

Ea v,=1 and allvl <1
" 2logn —
=1

where we have used the assumption that n is large enough (concretely, n > 16). We have
thus proved the bound , and it remains to translate this bound on v’ to an analogous
bound on the vector v. Observe that since v; < 1, we have the relation ||v'[|2 > ||v||2. Using
the same value of « as that derived for vector v/, we then obtain from that this value
a > [5l[vI3] = [5]lv]13] satisfies

- aflv'|3
/
v v, >0
l; ="\ 2logn’
which establishes the claim.

4.6.6 Proof of Theorem |12/ (a): OBI-WAN under intermediate
class

Define the vector r* : = ¢ — % We split the proof into two cases, depending on whether or
not the condition

Cdlog*®(dn)

[r*ll2llt = R l2 =
Pobs

(4.41)

is satisfied. Here C' > 20 is a constant, whose value is specified later in the proof. (In
particular, see equation (4.48) in Lemma [24])

Case 1

First, suppose that condition (4.41)) is violated. For each Z € {—1,1}%, we then have

6C log*® d

1
E . ~ % < %12 1_h* 2<
o (@) < B - Y < =2

as claimed, where we have made use of the fact that d > n.
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Case 2

In this second case, we may assume that condition holds, and we do so throughout
the remainder of this section. Our proof of this case is divided into three parts, each corre-
sponding to one of the three steps in the OBI-WAN algorithm. The first step is to derive
certain properties of the split of the questions. The second step is to derive approximation-
guarantees on the outcome of the OBI step. The third and final step is to show that this
approximation guarantee ensures that the output of the WAN estimator meets the claimed
error guarantee.

Step 1: Analyzing the split Our first step is to exhibit a useful property of the split of
the questions—namely, that with high probability, the questions in the two sets T and T}
have a similar total difficulty.

The random sets (7p, 77) chosen in the first step can be obtained as follows: first generate
an i.i.d. sequence {¢;}9_; of equiprobable {0,1} variables, and then set T, : = {j € [d] | ¢; =
0} for £ € {0,1}. Note that we have E[3-; (1 — hj)%¢;] = [T — 2*[[5, and E[3" (1 —
h)2e) = 5 3 e (1 — h)* < 5ll1 — h*|l3. Applying Bernstein’s inequality then guarantees
that

2
P( Z(l —h5)? > §H1 —h*3) <exp(—c|1—h*3) for each ¢ € {0,1},
JET,

where ¢ is a positive universal constant. We are thus guaranteed that

1 2
g”l —h3 < 2(1 —h})? < §||1 —h*||3  for both ¢ € {1,2}, (4.42)
J€Ty

2.5
cC log d

with probability at least 1 — e = »ebs |, where we have used the fact that |1 — h*||z >
Cdlog?5d C'log?
pobS”T*HQ - Pobs

°d Now define the error event

6C log>® d}'

5::{£ By, ) >
Q OBI-WAN NPobe

Combining the sandwich relation (4.42]) with the union bound, we find that

P(g) = Z P(S | TO — TVO,Tl = Tvl)P(TO ey TVO’Tl = T"l)
partitions 7,73
- -~ ~ ~ _ log2'5 d
< Y PEIT=ThT=TORT=To, Ty =T) +¢ o .
partitions Ty, T
satisfying
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Consequently, in the rest of the proof we consider any partition (’f 0, fl) that satisfies the
sandwich bound and derive an upper bound on the error conditioned on this par-
tition. In other Words it suffices to prove the following bound for any partition (TO,Tl)

satisfying (4.42)):
P(E | Ty =To, Ti =Ty) < e <8 (), (4.43)

for some positive universal constant ¢’ whose value may depend only on C'. We note that
conditioned on the partition (7, 77), and for any fixed values of @Q* and z*, the responses
of the workers to the questions in one set are statistically independent of the responses in
the other set. Consequently, we describe the proof for any one of the two partitions, and the
overall result is implied by a union bound of the error guarantees for the two partitions. We
use the notation ¢ to denote either one of the two partitions in the sequel, that is, ¢ € {0, 1}.

Step 2: Guarantees for the OBI step Assume without loss of generality that the
rows of the matrix @Q* are ordered according to the abilities of the corresponding workers,
that is, the entries of ¢ are arranged in a non-increasing order. Recall that 7, denotes the
permutation of the workers in order of their respective values in u,. Let 7, € R™ denote the
vector obtained by permuting the entries of r* in the order given by m,. Thus the entries
of 7, are identical to those of r* up to a permutation; the ordering of the entries of 7, is
identical to the ordering of the entries of u,. The following lemma—central for the proof of
this theorem—establishes a deterministic relation between these vectors. The proof of this
lemma combines matrix perturbation theory with some careful algebraic arguments.

Lemma 24. Suppose that condition (4.41)) holds for a sufficiently large constant C' > 0.
Then for any split (Ty, T1) satisfying the relation 1) we have

See the end of this section for the proof of this claim.

At this point, we are now ready to apply the bound for the WAN estimator from Theorem [I1]

Step 3: Guarantees for the WAN step Recall that for any choice of index ¢ € {0, 1},
the OBI step operates on the set T} of questions, and the WAN step operates on the alternate
set T1_y. Consequently, conditioned on the partition (7p,77), the outcomes Y;_, of the
comparisons in set (1 — /) are statistically independent of the permutation 7, obtained from
set ¢ in the OBI step.

Consider any question j € Ty, that satisfies the inequality [(1 — h})r*[|3 > blog™(dn)

Pobs

We now claim that this question j satisfies the pair of conditions (4.10a) required by the
statement of Theorem l First observe that (1—h})r* is simply the 4" column of the matrix

(Q* — 3), we have [|Q% — 3I5 > > 5108™(dn) T first condition in (4.10a) is thus satisfied.

Pobs
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In order to establish the second condition, observe that a rescaling of the inequality (4.44)
by the non-negative scalar (1 — h}) yields the bound

11— h7)r™ I3

(1= R5)re — (L= hi)r*|3 < 9Tog(d) for every j € Ti_y. (4.45)

Recall our notational assumption that the entries of ¢ (and hence the rows of *) are arranged
in order of the workers’ abilities, and that )™ is a matrix obtained by permuting the rows of

Q* according to a given permutation 7. Also observe that the vector (1 — h3)7e equals the gth
column of (Q™ — —) where 7, is the permutatlon of the workers obtained from the OBI step.

Consequently, the approximation guarantee implies that [|Q7° — Qj[l2 < !?—H;).
og(dn

Thus the second condition in equation ‘) is also satisfied for the question j under
consideration.
Applying the result of Theorem [11] for the WAN step, we obtain that this question j is

decoded correctly with a probability at least 1 — e—clog?(dn) , for some positive constant c.
Since this argument holds for every question j satisfying ||(1 — h})r*||5 > w’i—b(d"), the total

510g2.5

contribution from the remaining questions to the QQ*-loss is at most . A union bound

Pob:
over all questions and both values of ¢ € {0, 1} then yields the claim that the aggregate Q-

5log?: (dn)

loss is at most with probability at least 1 —e™¢ log!® (dn) , for some positive constant

d, as claimed in 1-)

Proof of Lemma

The proof of this lemma consists of three main steps:

(i) First, we show that u, is a good approximation for the vector of worker abilities 7* up to
a global sign.

(ii) We then show that the global sign is correctly identified with high probability.

(iii) The final step in the proof is to convert this guarantee to one on the permutation induced
by .

Step 1  We first show that the vector u, approximates r* up to a global sign. Assume
without loss of generality that 7 = 1 for every question j € [d]. As in the proof of Theo-
rem (a), we begin by rewriting the model in a “linearized” fashion which is convenient for
our analysis. Let () and ()7 denote the submatrices of ()* obtained by splitting its columns
according to the sets T and T7. Then we have for ¢ € {0, 1},

1 1
Y, = (2Q; — 117) diag(z*) + —W,, (4.46)
Pobs Pobs
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where conditioned on Ty and T}, the noise matrices Wy, W; € R™*¢ have entries indepen-
dently drawn from the distribution . One can verify that the entries of W, and W,
have a mean of zero, second moment upper bounded by 4p..,s, and their absolute values are
upper bounded by 2.

We now require a standard result on the perturbation of eigenvectors of symmetric ma-
trices [246]. Consider a symmetric and positive semidefinite matrix M € R?*? a second
symmetric matrix AM € R4 and let M = M + AM. Let v € R? be an eigenvector asso-
ciated to the largest eigenvalue of M. Likewise define v € R? as an eigenvector associated
to the largest eigenvalue of M. Then we are guaranteed [246| that

2 AM]lop

min{|[v — v||o, [|[v + v|]2} < ,
o=l [0vlle) < o AT = Aa(AD) — 2120y, 0}

(4.47)

where A\ (M) and Ay (M) denote the largest and second largest eigenvalues of M, respectively.
In order to apply the bound (4.47), we define the matrix R} : = Q) — %HT, as well as the
matrices
—~ 1
M:=—"YY" M=4R;(R;)", and
obs
2 *\T' 2 * T 1 T
WE(RK) + ReWg + Q_WZWK .

DPobs DPobs obs

AM ;=

Using our linearized observation model , it is straightforward to verify that these choices
satisfy the condition M=M+AM , so that the bound can be applied.

Recall that for any matrix Q* € Cry, we have Q* = (1 —h*)" + 2(h*)” for some vectors
q € [35,1]" and h* € [0,1]%. Also recall our definition of the associated quantity r* € [0, 5]"
as r* = ¢ — 3. We denote the magnitude of the vector r* as p : = [|r*||».

With the notation introduced above, we are ready to apply the bound (4.47). First
observe that the matrix R} has a rank of one, and consequently || R} ||op = p\/ > ier, (1= h3)2

Conditioned on the bound (4.42), we obtain

1 * * 2 *
At = Bl < Uiy < 2ol

Moreover, the entries of the matrix W, are independent, zero-mean, and have a second
moment upper bounded by 4p.ps. Consequently, known results on random matrices |12}
Remark 3.13] guarantee that

||| WZ |||op S C\/max{d, n}pobs 10g1.5 d S C\/dpobs logl.s da

—c logl‘5

with probability at least 1 —e 4 where we have used the fact that d > n and pops > %
These inequalities, in turn, imply that the top eigenvalue of M is lower bounded as Ay (M) =
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IR*)12, > 5071 — h*[|3, the second eigenvalue vanishes (that is, Ay(M) = 0), and moreover
that

2 1
[AMflop < ——IE loplW llop + ——IWIIZ,
p

obs obs
Vdlog'®d .
< XS (L= 1 s+ dlog' d).
Recall the lower bound p||1 — h*||s > w%ﬁ%jd, assumed in the statement of the lemma.
Using these facts and doing some algebra, we find that with probability at least 1— e—clog? d
for any pair of sets Ty and T} satisfying (4.42), we have the bound
, 1, 1, 1 1 dlog'® d
min{ ||u, — —r*||3, [|[ue + =775} < — - ) 4.48
R e e (1.49

where the prefactor % is obtained by setting the constant C' > 20 to a large enough value.

Step 2 We now verify that the global sign is correctly identified. Recall our selection

n

> Tud31{[ug]; > 0} > [u31{[u]; < 0}.

j=1 j=1

Since every entry of the vector r* is non-negative, we have the inequality
1 . n n
[[ue + i 15> fud?1{[ue; > 0} = [ul31{[ufl; < 0},
j=1 j=1

and consequently,
1 * (|2 1 2
Jue + =173 = Slludlz. (4.49a)
p 2
On the other hand, a version of the triangle inequality yields
2 1 * (|2 1 * (|2
2|uell + 2[|ue + i 5= IIET l5=1 (4.49b)

Now suppose that [[ug — 2r*[|3 > [lug + 57*[[3. Then from our earlier result (4.48), we have
the bound

dlog'®d
21— h*H%pobs’

1
e + ;T*Ili <35, (4.49¢)
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with probability at least 1 — e~¢8" (@) Pytting together the inequalities (4.49al]), (.49D)
and (4.49¢) and rearranging some terms yields the inequality

dlog'®d

2 * |2
1—-h <
Pl 5 < OPobe

This requirement contradicts our initial assumption p?||1 — h*||3 > w;o—§%l’ with C' > 20,
thereby proving that ||u, — %7"*“% < e + %T*H% Substituting this inequality into equa-
tion (4.48)) yields the bound

15
—r*l\% < : 1 : 2dlog d
P 36071 _hj||2 Dobs

e — (4.50)

Step 3 The final step of this proof is to convert the approximation guarantee (4.50) on
uy to an approximation guarantee on the vector 7, (which, recall, is a permutation of r*
according to the permutation induced by wu). An additional lemma is useful for this step:

Lemma 25. For any ( € {0,1}, we have ||7; — r*[]2 < 2||pue — r*||2.

See the end of this section for the proof of this claim.

Combining Lemma [25( with the inequality - yields that for any ch01ce of the set Tj
and T} satisfying the condition (4.42)), with probability at least 1 — e—clog'?d , we have
1 dlog®d O |3

< :
8I1=h*[3  pobs ~ 18log(dn)

Fe =1l <

Here, inequality (i) follows from our earlier assumption that ||r*||2||1 — h*|2 > @/Cdlljo—imd
with C' > 20.

Proof of Lemma

Recall that the two vectors 7, and r* are identical up to a permutation. Now suppose 1, # r*.
Then there must exist some position ¢ € [n — 1] such that [r*]; < [r*];41 and [re]; > [Fe)iv1-
Define the vector 7 obtained by interchanging the entries in positions ¢ and (i + 1) in 7*.
The difference A : = || — puy||3 — ||7* — puy||3 then can be bounded as

A = ([i=pluel)® + ([Fliya = pludir)? = ([7*]i= pluels)® = ([r* )i — pluei)?
= ([T*]iﬂ_p[ué]i)z + ([T*]i_P[W]iH) ([r*]s—pluds ) ([7“*]2'+1—P[W]i+1)2
= 2p([r*]is1 — [r*]i) ([welir — [uels)

— Y
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where the final inequality uses the fact that the ordering of the entries in the two vectors
r¢ and u, are identical, which in turn implies that [ug]; > [ug);1. We have thus shown an
interchange of the entries ¢ and (i + 1) in r*, which brings it closer to the permutation of
T¢, cannot increase the distance to the vector pu,. A recursive application of this argument
leads to the inequality |7y — pusll2 < ||r* — pue||2. Applying the triangle inequality then
yields

170 = *[l2 < (170 = puell2 + [|pue — r*{|2 < 2[[pue — r*|2,
as claimed.
4.6.7 Proof of Theorem (b): OBI-WAN under
permutation-based model

. In this case, we have

1.5
First, suppose that pops < 22— n(d”)

1
vV NPobs

EQ* (f()BI—V\]\Nyx*) <1< 10g<dn)a

and the claim follows immediately.

Otherwise, we may assume that pops > w. For any index ¢ € {0,1}, consider an
arbitrary permutation m,. Observe that conditioned on the split (7p,77), the data Y;_, is
independent of the choice of the permutation 7,. Now consider any question j € T}_, that
satisfies

N . 1,3 [n
;(Qﬁ—é) > o log(dn). (4.51a)

Lemma [22| (with the associated parameter k; = n) then guarantees that

P([Fyny ()], # 27) < eclos' (@), (4.51b)

J

All remaining questions can contribute a total of at most % \/ﬁlog(dn) to the Q*-loss.

Consequently, a union bound over the probabilities (4.51b]) for all questions (in Ty and T7)
that satisfy the bound (4.51al) yields the claimed result.

4.6.8 Proof of Theorem (a): OBI-WAN under Dawid-Skene

Throughout the proof, we make use the notation previously introduced in the proof of
Theorem [12|(a). As in this same proof, we condition on some choice of Ty and 7} that
satisfies . The proof of this theorem follows the same structure as the proof of Theo-
rem [12(a) and the lemmas within it. However, we must make additional arguments in order
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to account for adversarial workers. In the remainder of the proof, we consider any ¢ € {0, 1},
and then apply the union bound across both values of /.
Our proof consists of the three steps:

(1) We first show that the vector u, is a good approximation to (g
sign.

PS — 1) up to a global

(2) Second, we show that the global sign of 7* is indeed recovered correctly.

(3) Third, we establish guarantees on the performance of the WAN estimator for our
setting.

We work through each of these steps in turn.

Step 1 We first show that the vector w, is a good approximation to ¢”5 — % up to a global
sign. When Q* = ¢P517, we can set the vector h* = 0 in the proof of Theorem (a). We
also have r* = ¢P° — % With these assignments, the the arguments up to equation (|4.48))
in Lemma [24 continue to apply even for the present setting where ¢”° € [0, 1]". From these
arguments, we obtain the following approximation guarantee (4.48)) on recovering r* up to a
global sign:

. 1,0 1,0, 1 1logd
_ = * - * < I
min{||uy pr 12, [Jue + pr 2} < 36 0 Pone

, (4.52)

with probability at least 1 — e=¢los"*d,

Step 2 The next step of the proof is to show that the global sign of r* is indeed recovered
correctly. Define two pairs of vectors {u/, u; } and {r;*, r;7}, all lying in the unit cube
[0,1]™, with entries
[uf]; := max{[uf];,0} and [u;]; :=min{[u;];,0} for every i € [n];
[r; )i i =max{[r;"];,0}, and [r;”]; :=min{[r; ];,0} for every i € [n].
From the conditions assumed in the statement of the theorem, we have ||r**|s > ||r*||2 +

\/%, whereas from the choice of u in the OBI-WAN estimator, we have ||[u®|ly >
|u"]|2. One can also verify that

1, 1, _ 1,
e + =113 = lw” + —r [l + llug + =75, (4.53a)
p p p
Now suppose that ||/l)r*+H2 > luy, |2 + %. Then from the triangle inequality, we

obtain the bound

_ 1, L, - log®?(dn)
I T e > ||;7“ o= luglle > 4| —5——

. 4.53b
p2pobs ( )
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Otherwise we have that ||,l)r*+||2 <y |2 + \/lolg)T In this case, we have

1, 1, N 1, log2'5(dn)
g+ =rll2 = llugll2 = 1=r 7l = llug [l = [I=r 2 + 24| —5——
p p p P~ Dobs
log™®(d
log “(dn), (4.53¢)
P~ Pobs
Putting together the conditions (4.53al), (4.53b) and (4.53c|), we obtain the bound |lu, +
2.5
|5 > k*f)pﬂ In conjunction with the result of equation (4.52] - this bound guarantees
the correct detection of the global sign, that is, ||u, — —r 3 < 316[)1 105 - “d . The deterministic

inequality afforded by Lemma [25] then guarantees that

1.5
7= 17l < o
18 Pobs

, (4.54)

and this completes the analysis of the OBI part of the estimator.

Step 3 In the third step, we establish guarantees on the performance of the WAN estimator
for our setting. Recall that since the WAN estimator uses the permutation given by r, and
with this permutation, acts on the observation Y;_; of the other set of questions, the noise
Wi _, is statistically independent of the choice of 7, when conditioned on the split (Tj, T}).
Assume without loss of generality that z* = 1 and that the rows of Q* are arranged according
to the worker abilities, meaning that ¢”5 > ¢ for every i < 4’, or in other words, r} > r}
for every i < i’. Recall our earlier notation of g € {0,1}" denoting a vector with ones in its
first k£ positions and zeros elsewhere.

Now from the proof of Lemma [22] the following two properties ensure that the WAN

estimator decodes every question correctly with probability at least 1 — e—clog(dn), (i)
There exists some value k > p_;l log"”(dn) such that (7, g) > 3 w, and (ii) for

. ~ 1 klog!®(dn) :
every k € [n], it must be that (7, gx) > 4 ——=. Let us first address property (i).
Lemma 23| guarantees the existence of some value k > [$|7*[|3] such that

V[l

0 90 2 log(dn)

If there exist multiple such values of k, then choose the smallest such value. Since the vector
r* has its entries arranged in order, and since |[r*T|y > |[r*7||2, we obtain the following
relations for this chosen value of k:

x4 1 2.5 d
<T*, gk> _ (T*+>Tgk \/_HT ||2 > |T ||2 0g n
log dn log( dn Pobs  log( d )
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The Cauchy-Schwarz inequality then implies

Foo ge) = (", gu) — VEIFe — 12 = 3\/’“‘@0—&“”),

where the inequality (i) also uses our earlier bound (4.54)), thereby proving the first property.
Now towards the second property, we use the condition (r*, 1) > 0. Since the entries of r*
are arranged in order, we have (r*, gx) > 0 for every k € [n]. Applying the Cauchy-Schwarz
inequality yields

T klog!®(dn
(o g 2 0%, gn) = VEIF =712 & %

where the inequality (ii) also uses our earlier bound (4.54]), thereby proving the second
property. This argument completes the proof of part (a).

4.6.9 Proof of Theorem (b): Lower bound for Dawid-Skene

The Gilbert-Varshamov bound [90, [258] guarantees existence of a set of 1) vectors, !, ... 2" €
{—1,1}¢ such that the normalized Hamming distance between any pair of vectors in
this set is lower bounded as Dy(zf, 2*) > 0.25, for every ¢, 0" € [n], where n = exp(c1d)
for some constant ¢; > 0. For each £ € [n], let P* denote the probability distribution of YV’
induced by setting * = 2. When Q* = ¢”>17 for some ¢"° € [10, 10]”, we have an upper
bound on the Kullback-Leibler divergence between any pair of distributions ¢ # ¢ € [r]
as DKL(IP’KHIP”) < 25 pobsd g% — L3 § 25cd, where we have used the assumption
16" — 3113 <
a lower bound on the expected value of the normalized Hamming error . 4.1)) for any estimator
T as:

25cd + log2> (l>) 1
Cld - 107

as claimed, where inequality (i) results from setting the value of ¢ as a small enough positive

constant.

. 1
E[Dy(z,x")] > §<1 —

4.A Appendix: The majority voting estimator

In this section, we analyze the majority voting estimator, given by

[Zamv]; € arg maxz 1{Y;; = b}  for every j € [d].
be{—1,1}

Here we use 1{-} to denote the indicator function. The following theorem provides bounds
on the risk of majority voting under the Q*-semimetric loss in the regime of interest (R).
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Proposition 4. For the majority vote estimator, the uniform risk over the Dawid-Skene
class is lower bounded as

- 1
sup sup El[Lo-(Zyy, %) > ¢, , 4.55
z*e{—1,1}¢ Q*GCDS [ 9 ( )] 4/ MPobs ( )

for some positive constant c,.

A comparison of the bound with the results of Theorem [10, Theorem [12(a) and
Theorem [13| shows that the majority voting estimator is suboptimal in terms of the sample
complexity. Since this suboptimality holds for the (smaller) Dawid-Skene model class, it
also holds for the (larger) intermediate model class, as well as the permutation-based model
class.

The remainder of this section is devoted to the proof of this claim.

Proof of Proposition

We begin with a lower bound due to Feller |77] (see also |[161, Theorem 7.3.1]) on the tail
probability of a sum of independent random variables.

Lemma 26 (Feller). There exist positive universal constants ¢; and co such that for any set
of independent random variables Xy, ..., X, satisfying E[X;] = 0 and |X;| < M for every
i€ n], if Yor_ E[(X:)? > ¢ then

n —t2
IP( ZXZ > t) > Cp €Xp <12 2?21 E[(X)2]>’

i=1 ’

for every t € |0, XX;A}QE—\%JQ}]

In what follows, we use Lemma[26]to derive the claimed lower bound on the error incurred

n

by the majority voting algorithm. To this end, let S C [n] denote the set of some |S| =

2pobs
workers. Consider the following value of matrix (*:
. 1 itie S
@5 = {% otherwise.
Then for any question j € [d], we have 377", (2QF; — 1)* = | /3.
Now suppose that x7 = —1 for every question j € [d]. Then for every i € S, the

observations are distributed as

v _ 0 with probability 1 — pops
RO with probability pops,
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and for every i ¢ S, as

0 with probability 1 — pgps
Vii=<{ -1 with probability 0.5pgps
1 with probability 0.5pops-

Consider any question j € [d]. Then in this setting, the majority voting estimator
incorrectly estimates the value of 27 when >, Y;; > 0. We now use Lemma [26| to obtain a
lower bound on the probability of the occurrence of this event. Some simple algebra yields

ZE[Y;]] = _|S|pobs and ZE[(KJ)2] = NPobs-
i=1 i=1

In order to satisfy the conditions required by the lemma, we assume that np.,s > ¢;. Note
that this condition makes the problem strictly easier than the condition npg,s > 1 assumed

otherwise, and affects the lower bounds by at most a constant factor ¢;. An application of
Lemma [26| with ¢t = — """ | E[Y};] = |[S|pobs now yields

)

Zn —1SPPon @
IP( Y;] >O) ZCQGXP <m> ZC
i=1 obs

for some constant ¢ > 0 that may depend only on ¢; and ¢y, where inequality (i) is a

n
2pobs

Now that we have established a constant-valued lower bound on the probability of error
in the estimation of x for every j € [d], for the value of @* under consideration, we have

consequence of the choice |S| =

n

P((Fw; # 5) Y (@ - ) 2

=1

no,

c,
2p obs

and consequently E[Lo«(Zyy, 2%)] > \/W as claimed.
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Chapter 5

Matrix Completion and
Recommendations

“Being complete is a state of utmost fulfillment.”

— C. V. Raman

5.1 Introduction

We consider the problem of noisy matrix completion wherein a structured matrix must be
reconstructed from partial and noisy observations. The archetypal example of this setting is
in the context of recommender systems [133], and other applications include understanding
images [145], credit risk monitoring [257], fluorescence spectroscopy [95], and modeling signal-
adaptive audio effects [215]. We refer the reader to the surveys [58| 92] for an overview of
the vast literature on this topic.

We use a particular variant of a recommender system application as a running example
throughout the chapter. In this context, suppose there are n > 2 users and d > 2 items.
There is an unknown matrix M* € [0, 1]"*? that captures the users’ preferences for the items.
Specifically, the (4, 7)™ entry of M*, M;, represents the probability that user 7 likes item j.
The problem is to estimate this preference matrix M* € [0, 1]"*¢ from observing users’ likes
or dislikes for some subset of the items.

Following many of the seminal works [34, [35, |44} 122 206, [245] in this area, we consider
a random design observation model in this chapter. The standard random design setup we
consider is associated to a parameter pgns € (0, 1], such that for any user-item pair (4, j), we
observe user i’s rating for item j with probability po,s. When an entry (7, j) is observed,
we get access to only a binary rating ({like, dislike} or {0, 1}), which arises as a Bernoulli

realization of the true preference M;; More formally, we observe a matrix Y € {0, %, 1}nxd,

LOur results and proofs readily extend to any rating scheme with bounded values, such as five-star
ratings. We focus on the binary case for purposes of brevity.
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where
1 with probability ponsM;; (user 7 likes item j)
Yij =4 0  with probability pons(1 — M) (user i dislikes item j) (5.1)
% with probability 1 — pops (no data available),

for every (i,j) € [n] x [d]. The goal is to estimate the underlying matrix M* from the
observed matrix Y.

It is not hard to see that one cannot hope to do achieve the aforementioned estimation
goal in any non-trivial way without any modeling assumptions on the matrix M*. In what
follows, we discuss some modeling assumptions—we begin with the typical low non-negative
rank assumption, followed by our proposed low “permutation-rank” model.

Non-negative rank: The problem of non-negative low-rank matrix completion assumes
that the matrix M* takes the form

M*=UVT,

for some matrices U € R?*" and V € RY". Here, r € {0,...,min{d,n}} is a parameter
termed the “non-negative” rank of the matrix. It is often assumed that the value r of the
non-negative rank is known and that = is much smaller than min{d, n}, but in this chapter
we make no such assumptions. For any value of r € {0, ..., min{d,n}}, we let Cxr(r) denote
the set of all matrices with a non-negative factorization of rank at most r,

Cyr(r) :={M € [0, | M =UVT, Ue R, VeRX}.

For any matrix M, the smallest value of r such that M € Cyg(r) is termed its non-negative
rank. We denote the non-negative rank of any matrix M as 7(M).
Observe that any matrix M € Cyg(r) can alternatively be written as

M = Z u® (0T
=1

for some vectors ul? € R", v® € R? such that u® (v®)T € [0,1]"*¢ for every ¢ € [r]. Such
a decomposition is interpreted as the existence of some r “features,” where for each feature
¢, the d entries of vector v\ represent the contribution of feature £ to the d respective items,
and the n entries of vector u® represent the amounts by which the n respective users are
influenced by feature ¢. The popular overview article by Koren, Bell, and Volinsky [133]
provides an explanation for this assumption:

“Latent factor models are an alternative approach that tries to explain the ratings
by characterizing both items and users on, say, 20 to 100 factors inferred from the
ratings patterns. In a sense, such factors comprise a computerized alternative to
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the aforementioned human-created song genes. For movies, the discovered factors
might measure obvious dimensions such as comedy versus drama, amount of
action, or orientation to children; less well-defined dimensions such as depth of
character development or quirkiness; or completely uninterpretable dimensions.
For users, each factor measures how much the user likes movies that score high
on the corresponding movie factor.”

Let us now delve deeper into this mode]EL and continue the context of movie recom-
mendations for concreteness. Suppose there are r features that govern the movie watching
experience, where examples of such features are the amount of comedy content or the depth
of character development. For any user i € [n| and any feature ¢ € [r], we let ul@ € Ry
denote the “affinity” of user i towards feature ¢, and for any movie j € [d], we let vj(.e) eR,
denote the amount of content associated to feature ¢ in movie j. The conventional low non-
negative rank model then assumes that the affinity of user ¢ towards movie j conditioned on

feature ¢ equals

U,
Observe that this model is of a parameter-based form in that for any given feature ¢, the
entire behavior of any user or any movie is governed by a single parameter each (uy) and
U](-Z) for user ¢ and item j respectively). Moreover, such an assumption has some unnatural
implications. For instance, consider any two movies, say A and B, and any two users, say

X and Y. Then conditioned on any feature ¢, we have the implication

Preference of user X for movie A  Preference of user Y for movie A

Preference of user X for movie B Preference of user Y for movie B’

In words, the low non-negative rank model inherently leads to the unrealistic assumption
that for any given feature, the ratio of preferences for any pair of movies is identical for all
users. Likewise, for any given feature, the ratio of preferences of any pair of users is identical
for all movies. In this chapter, we assume the following more general model that overcomes
these issues.

Permutation-rank: The permutation-rank model is also associated to an integer param-
eter p € {0,...,min{n,d}} that we will term as the permutation rank. In order to define
this model, we first define some primitives. Let Cpr(0) denote the set of all matrices that
have a permutation-rank of zero — this is a singleton set containing the all-zero matrix as its
only element. Now let Cpg(1) denote the set of matrices that have a permutation rank of at
most 1, that is,

Cpr(1) := {M € [0,1]™** | 3 permutations 7, : [n] — [n] and 7, : [d] — [d] such that
M;; > M, for every quadruple (i, j,4', j') such that 7 (i) > m(i") and 7o (j) > ma(5') }.

2A slightly different, alternative interpretation is discussed in Appendix
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In words, a non-zero matrix is said to have a permutation rank of 1 if there exists a permuta-
tion of its rows and columns such that the entries of the resulting matrix are non-decreasing
down any column and to the right along any row. Observe that any matrix with the con-
ventional (non-negative) rank equal to 1 also belongs to the set Cpgr(1). Moreover, a matrix
in Cpr(1) can have any non-negative rank—the set of matrices with a permutation-rank of
1 also includes matrices with a full non-negative rank.

With these primitives, we are now ready to define the more general class of matrices with
permutation rank p. To this end, for any value p € {0,...,min{n, d}}, we define the set

Cer(p) : = {M € [0, 1] | M =30_, Q" for some matrices Q',..., Q" € (CpR(l)},

of matrices having a permutation-rank at most p. Note that the permutations in Cpg(1)
are allowed to be different for each of the constituent matrices Q!,...,Q”. For any matrix
M, the smallest value of p such that M € Cpgr(p) is termed its permutation-rank, and is
denoted as p(M).

Revisiting the example of movie recommendations, the interpretation of this more general
permutation-rank model is that conditioned on any feature ¢ € [r], the preference ordering
across movies continues to be consistent for different users, but the values of these preferences
need not be identical scalings of each other.

Observe that the conventional non-negative matrix-completion setting Cyg(7) is a special
case of the permutation-rank matrix-completion setting where each matrix Q* is restricted
to be of rank one. Whenever r < min{d, n}, we have the strict inclusion Cxg(r) C Cpgr(r).

Outline and main contributions: Having discussed the limitations of the non-negative
rank model, and having defined the new permutation-based model that overcomes these
issues, we now outline our contributions in the remainder of the chapter. In Section
we present our main results on the problem of estimating the matrix M* (in the Frobenius
norm) from partial and noisy observations. Specifically, we present a certain regularized least
squares estimator which we prove is minimax-optimal for estimation over the permutation-
rank model. We also show that surprisingly, even if one considers the more restrictive
non-negative rank model, and even if the rank is known, no estimator can yield a lower
statistical error (up to logarithmic factors). We also analyze the computationally efficient
Singular Value Thresholding (SVT) algorithm and show that this algorithm yields consistent
estimates over the permutation-rank model, in addition to yielding the optimal estimate
under the non-negative rank model. In Section [5.3], we establish some interesting properties
of the permutation-rank model, and also derive certain relationships of this model with the
non-negative rank model. We present a concluding discussion in Section [5.4] In Section
we present the proofs of our theoretical results.
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5.2 Main results on estimating M*

In this section, we present our main theoretical results on estimating the underlying matrix
M* from the observations Y.

5.2.1 Statistically optimal estimation

In what follows, we establish sharp guarantees on the estimation of matrices in Cyr and
Cpr from observations of the form (5.1). Our upper bounds employ the regularized least
squares estimator ]/\J\LSReg, that operates on the observed data Y as follows. The estimator
first computes

1 1_05
y — DPob

Y=
Pobs 2pobs

17, (5.2a)

Now letting p(M) denote the permutation-rank of any matrix M, the estimator then com-
putes

p(M) max{n, d} log*** d) (5.2D)

Misneg € argmin (/= MJE+~

M¢g[0,1]nxd Pobs

as the final estimate. -

Observe that importantly, the estimator Mygres does not need to know the value of the
true permutation-rank of the underlying matrix. Note that while the estimator as stated
assumes to know pgp,s, this is not a critical issue since if unknown, this parameter can be
estimated accurately from the data.

We now present sharp oracle inequalities on the statistical risk of low permutation-rank
matrix estimation, also showing that the estimator Miggre, is statistically optimal up to
logarithmic factors. In order to state our results cleanly, we introduce the notation BY (p, ¢)
to denote the set of all matrices that are at most € away from some matrix with permutation-
rank p,

B (p,e) :={M €[0,1]™* | 3IM’ € [0,1]"*? s.t. p(M') < p and |M — M'|lr < €}.

We also use BN(r,¢) to denote the set of all matrices that are at most e away from some
matrix with non-negative-rank r,

BN(r,e) :={M € [0,1]"** | IM’ € [0,1]™¢ s.t. 7(M') <7 and |[M — M'||lr < €}.

In stating the following theorem, as well as throughout the remainder of the chapter, we
use ¢, d,c; ete. to denote positive universal constants. The values of these constants may
differ for different results.
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Theorem 14. (a) For any matriz M* € [0,1]"*¢, the error incurred by the reqularized least
squares estimator Mygge, 1s upper bounded as

1, — e p log**(nd)

—|IM e—M*2<cm'n{——|—,—,1}, 5.3a

W Tssig = M < min { 4 L8200 (5.30)
with probability at least 1 — e~comax{ndtlogmax{nd}) = fo0- any (p, €) such that M* € B (p,¢).
(b) Conversely, for any integer r € [max{n,d}], any value € > 0, and any estimator M,
there exists a matriv M* € BY(r,€) such that the estimator M incurs an error at least

1, —~ € r
E[—||M — M*[2] > ¢, mi {— —,1}. 5.3b
[nd H’ mF} R O + min{n, d}pops (5.3b)
The oracle inequalities in Theorem [14] can now be used to obtain sharp bounds on the
minimax risk for the problem of matrix completion over the sets Cyg and Cpg.

Remark 1 (Minimax risk). Part (a) of Theorem (14| implies that for any value of p €

min{n, d}], the error incurred by the regularized least squares estimator Mpsp., is upper
bounded as

(2o 1y

1 o~
— | Mpspey — M*||3 < ¢, mi
sup - 1M LsReg I < ¢ min min{n, d}pops’

M*eCpp(p)

(5.4a)

with probability at least 1 — e~co(td1oe(nd)  The deterministic ni/dﬂM Lskeg — M*||% < 1 further

implies a similar bound on the risk incurred by the estimator My gpge,,

1 2.01 d
p log™" (nd) 1}

1= . i
s obs

M*€Cppr(p)

(5.4Db)

Conversely, part (b) of Theorem |14 implies that for any r € [max{n,d}], any estimator M
incurs an error lower bounded as

1 — r
sup —E[|M - M* 2 chmin{,—,l}. 5.4c
L [l %] i, Ao (5.4c)

We have thus established a sharp characterization of the minimax risk, up to logarithmic
factors. An important consequence of our oracle and minimax results is the multi-fold benefit
of moving from the restrictive non-negative-rank assumptions to the strictly and significantly
more general permutation-rank assumptions. Fitting a permutation-rank & model when the
true matrix actually has a non-negative rank of k incurs very little additional (overfitting)
error. On the other hand, as we show in the next section, fitting a non-negative rank & model
when the true matrix actually has a permutation-rank of k can incur a very high (model
mismatch) error.
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A special case of our present problem is equivalent to the setting considered earlier in
Chapter [2| corresponding to the case when the value of p is known and equal to 1, the
matrix M™* is square with n = d, and all entries of M™* satisfy the shifted-skew-symmetry
condition M + M, = 1. The proof of the upper bound of Theorem (a) employs the proof
framework established in Chapter 2] Our result of Theorem [14|(a) in the present chapter,
in turn, augments the minimax results of Theorem [l| in Chapter [2| by providing oracle
inequalities for the problem considered therein. Our result also provides sharp guarantees
on the estimation of “mixtures” of different permutations in the setting of Chapter 2

5.2.2 Computationally efficient estimator

At this point, we do not know how to compute the regularized least squares estimator
in an efficient manner. Consequently, in this section we turn to another estimator — the
singular value thresholding (SVT) estimator. Singular value thresholding has been used
either directly or as a subroutine in several past papers on the conventional low-rank matrix
completion problem (see, for example, [31, 44, 67]). An algorithm for fast computation of
the SVT is provided in [32].

In what follows, we show that for the setting considered in this chapter, the SVT estimator
is consistent for estimation under the permutation-rank model (with an error suboptimal by
a factor of y/min{n,d}pys) and is also simultaneously optimal for estimation under the
non-negative-rank model. Moreover, the estimator does not need to now the value of p or r
nor does it need to know whether the underlying matrix is drawn from a permutation-rank
model or the conventional non-negative-rank model.

Let us first describe the SVT estimatorﬂ From the observation matrix ¥ € {0, %, 1}rxd,
we first obtain the transformed observation matrix Y’ as in . Let the singular value
decomposition of this matrix be Y’ = UDV™ where the (n x d) matrix D is diagonal and
the (n x d) matrices U and V are orthonormal. For a threshold A > 0 to be specified, define
another diagonal matrix 7T with entries

0 if D.. <\
i — if Dj; > A,

for every j € [max{n,d}|. Finally, the SVT estimator is given by
My = ULV

The following theorem now establishes guarantees for the singular value thresholding esti-
mator, showing that it provides a consistent (but slightly suboptimal) estimate under the
permutation-rank model. Using the same proof framework, for the sake of completeness, we
also derive the previously known guarantees |44} |132] on for optimal estimation under the
non-negative rank model.

3This estimator is identical to the SVT estimator studied in Section in Chapter [2| but we never-
theless describe it here for the sake of completeness.
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Theorem 15. Suppose that pons > mm{n 7 log” (nd).
(a) For any p € [min{n, d}] and any matric M* € Cpgr(p), the soft-SVT estimator My with

threshold A = 2.1 ”*d curs an error upper bounded as

p

/min{n, d}pobs’

1 —
L B < (560
with probability at least 1 — e~comax{nd} .

(b) For any r € [min{n,d}| and any matric M* € Cyg(r), the soft-SVT estimator Mg, with

threshold A\ = 2.1,/™< incurs an error upper bounded as

Pobs

r

L .6b
min{n, d}pops’ (5.6b)

1 T *
@”’MS‘VT - M |||?? <g¢

with probability at least 1 — e~comaxind},

Observe that the bound (5.6a) on the risk of the SVT estimator for the permutation-

based model has a \/min{n, d} term in the denominator, as opposed to a min{n, d} term in
the oracle risk established in Theorem [14] and the minimax risk established in Remark[1. On
the other hand, a comparison with the results of Section yields that the bound
for the SVT estimator is optimal with respect to the non-negative rank model. Importantly,
the estimator automatically adapts to the container set Cpr(-) or Cyr(-) as well as to the
true value of r or p.

5.3 Properties of permutation-rank model

In this section, we derive some more insights on the proposed permutation-rank model.

5.3.1 Comparison between permutation-rank model and
non-negative-rank model

We begin by comparing the permutation-rank model with the conventional non-negative
rank model. To this end, first observe that the definitions of the two models immediately
imply that the permutation-rank of any matrix is always upper bounded by its non-negative
rank, that is, for any matrix M:

p(M) < T(M),

A natural question that now arises is whether, in addition to this simple relation, there is
any additional general condition that constrains the two notions of the matrix rank. The
following proposition shows that there is no other guaranteed relation between the two
notions of matrix rank.
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In order to state the proposition, we introduce two additional pieces of notation: For any
integer k > 0, we let Jj, denote an upper triangular matrix of size (k x k) with all entries on
and above the diagonal set as 1, and let I denote the identity matrix of size (k x k).

Proposition 5. For any values 0 < p < r < min{n,d}, there exists matrices whose
permutation-rank is p and non-negative rank is r. For instance, the following block ma-
triz M of size (n X d),

Jropsr 00
M:=| 0 I 0,
0 0 0

has F(M) = r and p(M) = p.

We now investigate a second relation between the two models, towards which we begin
with the simple observation that for every positive integer k& < min{d,n}, there is a strict
inclusion

(CNR(]{?) C CPR(k)

Furthermore, recall from our discussion earlier that the assumptions of the permutation-
rank model are much less restrictive than the assumptions of the non-negative rank model.
With this context, a natural question that arises is how badly would an estimator that fits
a non-negative rank of £ be biased when the true underlying matrix may actually have a
permutation rank of k. The following proposition answers this question by quantifying the
distance between non-negative-rank and permutation-rank models.

Proposition 6. Consider any positive integer k < %min{d, n}, and any estimator Mk that
outputs a matriz in Cyr(k). The error incurred by this estimator when the true matriz lies
in the set Cpg(k) is lower bounded as

1 —~ 1
sup || M~ M7 > ¢.7, (5.7)
M*eCpp(k) an k

with probability 1.

This result is a consequence of the following bound on the Hausdorff distance between
the two sets, which is proved as a part of the proof of Proposition [6}

1

1
inf —|IM; — My||2 > ¢,=
sup - nf My - Ml > e

5.8
Mi€Cpp (k) M2€CNR(K (5:8)

whenever & < 1 min{d,n}.

Observe that when k is a constant (but n and d are allowed to grow), the right hand
sides of the bounds and also equal a constant, which is the largest possible error
and the largest possible order-wise gap between any pair of matrices in [0, 1]"*<.
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5.3.2 No “good” convex approximation

In this section, we investigate a question about an important property of the permutation-
based set, and in particular, its primitive Cpg(1). With the often-pursued goal of optimiza-
tion over the set Cpr(1l) in mind, a natural question that arises is: Is the set Cpgr(1) is
convex? If not, then does it at least have a “good” convex approximation? The following
proposition answers these questions in the negative.

Proposition 7. There is a constant ¢ > 0 such that every convex set C C R™ ™ must
necessarily satisfy

1 {
max su inf || M; — M3, su inf M. — M. 2} > .
nd MlE(CJE)R(l) MaeC 24 2l Maec M1ECPR(1)H| ' 2llry =

A specific example of a convex set C is the convex hull of Cpgr(1). Then by definition we

have the relation  sup inf ||M; — M,||3 = 0. Consequently, Proposition [7|implies that
M;eCpp (1) M2€C

sup inf  ||M; — M,||3 = ©(nd), thereby suggesting that the convex hull of Cpg(1) is
MyeC Mi1€Cpgr(1)

a much larger set than Cpgr(1) itself.

The proof of Proposition [7] relies on a more general result that we derive, relating a
certain notion of inherent (lack of) convexity of a set to the Hausdorff distance between that
set and any convex approximation.

Note that this result does not preclude the possibility that an optimization procedure
over a convex approximation to Cpr(1) converges close enough to some element of Cpr(1)
itself. We leave the investigation of this possibility to future work.

5.3.3 On the uniqueness of decomposition

In this section, we investigate conditions for the uniqueness of the decomposition of any
matrix into its constituent components that have a permutation-rank of one.

In the conventional setting of low non-negative rank matrix completion, there has been
considerable interest in the conditions required for uniqueness of the decomposition of ma-
trices into their constituent non-negative rank-one matrices |7, |68, 91, 141, [251]. In this
section, we consider an analogous question under the permutation-rank setting. In more
detail, consider any matrix M € [0,1]"*¢ with a permutation-rank decomposition

A(M)
M=> MY, (5.9)
/=1

where M) € Cpr(1) for every ¢ € [p(M)]. Then under what conditions on the matrix M is
the set {MW ... MPM)Y of constituent matrices unique?
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Proposition 8. A necessary condition for the uniqueness of a permutation-rank decomposi-
tion (5.9) is that for every coordinate (i,j) € [n] X [d], there is at most one £ € [p] such that
Wi

i 18 non-zero and distinct from all other entries of M®,

Note that the necessary condition continues to hold even if we restrict attention to only
symmetric matrices.

The result of Proposition [§ indicates that any sufficient condition(s) for uniqueness of
the decomposition will be extremely strong. Moreover, we believe that the conditions for
sufficiency may be significantly stronger than those necessitated by Proposition [§ The
reason for such drastic requirements for uniqueness is the high-degree of flexibility offered
by the permutation-rank model.

We illustrate the condition necessitated by Proposition |8 by means of a simple example.
Consider the following matrix M with n = d = 2 and p(M) = 2 and decomposition into

M(l),M(Q) S CPR(l)I
1 6] [o 3] [1 3
M= [.6 11 - [.3 .9} * [.3 .1}

As described in the statement of Proposition [8] the condition specified therein is required to
hold for every coordinate of the matrix. Let us first evaluate this condition for coordinate
(1,1). Since MY = 0, there is at most one ¢ € {1,2} such that Ml(? is non-zero. The
coordinate (1,1) therefore passes the necessary condition for uniqueness. Moving on to
coordinate (1,2), we have MS) = MQ(P and hence there is at most one ¢ € {1,2} such that
Ml(g) is distinct from all other entries of M. The coordinate (1,2) also passes the condition
necessary for uniqueness. The argument for coordinate (1,2) also applies to coordinate (2, 1)
since the matrices involved are symmetric. We finally test coordinate (2,2). Observe that
MQ(;) ¢ {O,MS),MI(;),MS)} and Mz(g) ¢ {0, Ml(f),Ml(g),MQ(?}. As a consequence, for both

=1 and ¢ = 2, we have that Mé? is non-zero and distinct from all other entries of M), The
condition necessary for uniqueness is thus violated. Indeed, as guaranteed by Proposition [§]
there exits other decomposition of M, for instance,

v=ls 7= 10 e s 3
5.4 Discussion

We see that the conventional low-rank models for matrix completion and denoising are
equivalent to parameter-based assumptions with undesirable implications. We propose a
new permutation-rank approach and argue, by means of a philosophical discussion as well as
theoretical guarantees, that this approach offers significant benefits at little additional cost.

We established benefits of the permutation-based approach for the matrix completion
problem under the random design observation setting. In the literature, the classical low
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(non-negative) rank matrix completion problem has recently been studied under other ob-
servation models such as weighted random sampling [178], fixed design [109} |130], stream-
ing/active learning |9} 113, 272], or biased observation models [104], which are also of interest
in the context of permutation-rank matrix completion.

5.5 Proofs

In this section, we present the proofs of the claimed results. We assume without loss of
generality that the values of n and d are large enough (that is, greater than certain constants)
— otherwise the results continue to hold with different constant prefactors.

5.5.1 Proof of Theorem (a): Oracle upper bound

The proof of this theorem builds on the framework established in the proof of Theorem [I]in
Chapter [2 In particular, the problem setting of Theorem [I] is a special case of the present
problem, restricted to the case of n = d, p = 1, and establishing control over the minimax
risk. In the present proof, we employ several additional techniques in order to generalize to
the setting under consideration in the present chapter.

Let us assume without loss of generality that n < d.

One can verify that the matrix Y’ can equivalently be written in a linearized form as

1
W, (5.10a)
Pobs

Y' = M*+

where W' has entries that are independent, and are distributed as

pobs(% — [M*);) + % with probability pops[M*];;
W5 = § Pobs(3 — [M*]3;) — 5 with probability pebs(1 — [M*];;) (5.10b)
pobs(% — [M*];5) with probability 1 — peps.

We begin by introducing some additional notation in order to accommodate the arbitrary
permutation-rank of M* and the fact that each constituent component in Cpg(1) can have
any arbitrary permutation. For any pair of permutations 7 : [n] — [n] and o : [d] — [d], we
first define the set

Cpr(l;m,0) :={M € Cpgr(1) | rows and columns of M are ordered

according to 7 and o respectively}.

Now let II denote the set of all possible permutations of d items, and let ¥ denote the
set of all possible permutations of the n users. Consider any value k € [n], any sequence
* = (7,...,7) € IT* and any sequence ©%) : = (01, ...,04) € X*. Define the associated
sets
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Define an associated set
k
Cpr(k; TI®, 5®) . = {M = ZM(Z)‘ M® € Cpg(1; 7, 0y) for every € [k:]}
=1

We then define the estimator

M 500 € arg min IY" — Mz,
MeCpR (kI B(k)

using which the least squares estimator ([5.2b]) can equivalently be rewritten as

—~ . . kdlog?® d
MisReg € arg min arg min [|Y' — Mgu) 50 I% + L.
ke(n] I CII*, ’ Pobs
sk Cxk
Define M, € [0, 1]"*¢ as the matrix
5(M)dlog*t d
My € arg min ([|IM - M|} + p(M)dlog ).
Me[0,1]nxd Pobs
and an associated set T as
~ ~ 0 = kdlog*® d
T o= { (6, T, 509 € ] x 1 (I = Mg goollf + =———
’ obs
7(My)dlog*°t d
S
obs

Note that the set I is guaranteed to be non-empty since the parameter and permutations

corresponding to My always lie in I". We will subsequently show the following bound for any
(k, 11 ©(0)) ¢ T;

p(Mo)dlog** d

Pobs

]P)(|||Mﬁ<k),§<k> — M|l§ < ¢, ) >1— e thdlogd, (5.11)

for some positive universal constant ¢,. Under our assumption of d > n, for any value of &
the cardinality of the set I restricted to any k is at most e?*¢!°6¢ Hence a union bound over

all k € [n] and all permutations, applied to (5.11]) yields
A(Mo)dlog?*! d

Pobs

P(( max “|Mﬁ(k)’f](k) — Moz < e,

) > 1 gdlosd,
o, I S(R)) €T

Since M\LSReg is equal to M) s for some k € [n] and some (II®), £®)) € T, this tail bound
yields

p(Mo)dlog** d

Pobs

HJ’<|||MLSReg — M|z < e, ) > 1 ¢dlod
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Finally, applying the triangle inequality yields the claimed result

(My)dlog*® d

obs

P(I¥Fsres — M < M — Ml + 26,2 ) 21 et

The remainder of our proof is devoted to proving the claim (5.11). By definition, any
(k, I $)) € T must satisfy the inequality

kdlog*® d p(My)dlog*® d
Y — My sl + 2B <y — gy 4 2RI
’ Pobs Pobs
Denoting the error in the estimate as ﬁﬁ(k) s - = Mg sy — Mo, and using the linearized

form (5.10al), some algebraic manipulations yield the basic inequality

1 ~ 1 (5(My) — k)dlog**' d
O
Pobs Pobs

1~
§\HAﬁ<k>,iw Iz < (5.12)

Now consider the set of matrices

@mmﬂﬁ%xiwkﬂg);:{QQW-m%)|mfe(bRaxﬁ@xiﬁn7ae[QLG, (5.13)

and note that CDIFF(ﬁ(k), i(k); M) C [—1,1]™?. For each choice of radius ¢ > 0, define the
random variable

! (Mper, W"). (5.14)

Zgw 500 (1) 1= sup
MpppeCprpy (A*) EW;ap),  Pobs
IMpippllp<t

Using the basic inequality (5.12)), the Frobenius norm error |||3ﬁ<k) s [le then satisfies the
bound

LA A 1 (p(Mp) — k)dlog*°' d
§|||Aﬁ<k>,i<k> I3 < Zas (1Afw 50 llp) +_( (M) — k) |

5.15
2 Pobs ( )

Thus, in order to obtain our desired bound, we need to understand the behavior of the
random quantity Zgu g (t)-

Dy definition, the set CDIFF(ﬁ(’“),i(k);MO) is “star-shaped”, meaning that aMppr €
Corrr(II® | X)) for every a € [0,1] and every Mpr € Cprr(IIF), X®); M), Using this
star-shaped property, we are guaranteed that E[Zgu) s (6)] grows at most linearly with 0.
We are then in turn guaranteed the existence of some scalar §, > 0 satisfying the critical
inequality

%

E[Zgm 5 (d0)] < 5 (5.16)
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Our interest is in an upper bound to the smallest (strictly) positive solution dy to the critical

inequality (5.16]), and moreover, our goal is to show that for every ¢t > §y, we have |||£|||F <
cy/tdy with high probability. To this end, define a “bad” event A; as

1

A; = {3A € Comr(M®, 0 My) | |Allr > v/tdy and (A, W) > 2] Allev/tdo ).

(5.17)

obs

Using the star-shaped property of (CDIFF(ﬁ(k), i('“); M), it follows by a rescaling argument
that

]P[At] < ]P)[Zﬁ(k)’i(k) ((50) > 250\/ t(S(]] for all ¢ > (50.
The following lemma helps control the behavior of the random variable Zgu 50 (00)-

Lemma 27. For any § > 0, the mean of Zgw) s (9) is bounded as

max{k, p(My) }d
E[Zg0 50 (0)] < a1 { p[j o)} log® d,

and for every u > 0, its tail probability is bounded as

_02u2pobs >
0% + E[Zgw g0 (0)] +u/”

IED<Zﬁ<k>,i(k> (6) > E[Zgw 500 (0)] + u) < exp (

where c¢; and co are positive universal constants.

From this lemma, we have the tail bound

—¢2(80v/100)*Pobs )
3 + E[Zg s (00)] + (90v/10)

for all ¢ > 0. By the definition of dy in (5.16), we have E[Zx) 5 (d0)] < 65 < dov/tdp for all
t > dg, and consequently

P<Zﬁ<k>,§<k>(5o) > E[Zgw 500 (d0)] + dov/ 7550) < exp (

—Co (50 V t(SO)Zpobs >
390/t ’

for allt > §g. Now we must have either H]ﬁﬁ(k) sw e < V/tdo, or we have H|£ﬁ(k> s e > Vtdo.
In the latter case, conditioning on the complement A7, our basic inequality implies that

PlA/] < P[Zgw 500 (80) > 200V/td0] < exp <

1, ~ ~ 1 (p(Mo) — k)dlog*™ d
A5 s Ik < 201850 500 lle /100 + 5 Pob ’
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and hence

(9(Mo) — k)dlog*” d
Pobs ‘

I Azw sl < 4v/do + \/

Putting together the pieces yields the bound
(p(Mp) = k)dlog™ d
Pobs

for all ¢ > dy. Finally, from the bound on the expected value of Zgu g (t) in Lemma ,
we see that the critical inequality (5.16)) is satisfied for

5o = \/01 max{p(My), k}d log .
Pobs

P (WA 5 500 I3 < 32000 +2 ) =1 —exp (= cado/Bopa),  (5.18)

Setting t = /dp in (5.18)) for a large enough constant ¢ yields

~ cip(My)d
P18 0 ol < 2L

Pobs

log? d) >1—exp < — 4max{p(My), k}dlog d>, (5.19)

for some constant ¢; > 0, thus proving the bound (/5.11)).
It remains to prove Lemma [27]

Proof of Lemma Bounding E[Z7u) s ()]: We establish an upper bound on E[Z5u) s (9)]
by using Dudley’s entropy integral, as well as some auxiliary results on metric entropy. We
use the notation log N (e, C, || - ||¢) to denote the ¢ metric entropy of class C C R4 in the
Frobenius norm metric || - ||¢.

For convenience of analysis, we introduce a new random variable

F— !
Zﬁ(k)i(k) L= Sup~ B «MDIFFa 1% >>
Mppr€Cprrr (M, 24); Mo)

Then by definition, we have E[Zzu sum(9)] < L E[Zg0 gsm] for every § > 0. In addi-

Pobs

tion, since My € Cpgr(k), it can be decomposed as M, = Zif:l Mé@, for some matrices
Mél), . ,Mo(k) € CPR(l)

We introduce some additional notation for ease of exposition. If p(My) < k, then
let Mép(M‘))H), ..., M¥ denote all-zero matrices. Hence we can equivalently write My =
SopaxpMo) R} a0 - On the other hand, if 5(Mo) > k then let muy1, . .., Tyar) be arbitrary
(but fixed) permutations of n items and o1, ..., 05, be arbitrary (but fixed) permuta-
tions of d items. With this notation in place, we have the following deterministic upper
bound on the value of the random variable Zgau) s

max{p(Mo) k}

Zgioo s < > sup {[Mprrrle, W),

=1 [Mp1prle€Cprrr ({me} {oek:MS?)
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We also recall our assumption that d > n without loss of generality. Now the truncated form
of Dudley’s entropy integral inequality yieldsﬁ

max{p(Mo) k}

- 2d ¢
ElZuwsol < 3 e{d+ [ VlogNe Come{m fok M) 1) (80}

(=1

(5.20)

where we have used the fact that the diameter of the set Cprr ({7}, {ov}; Még)) is at most
2d in the Frobenius norm.

In Lemma |3| derived earlier in Chapter |2, we derived a bound on the metric entropy of
the set CDIFF({WZ}a {0'4}; Mé£)> as:

d? d\2
log N (€, Come({me}, {oe: M) I -l ) < 165 (1og ),

for any € > 0 and ¢ € [k]. Substituting this bound on the metric entropy into the Dudley

bound ({5.20) yields

E[Zg0) 550) < ¢ max{p(M), k}dlog® d.

The inequality E[Zgu 50 (0)] < L E[Z50 5] then yields the claimed result.

— Pobs

Bounding the tail probability of Zg) gu (6): In order to establish the claimed tail bound,

we use a Bernstein-type bound on the supremum of empirical processes due to Klein and
Rio [129, Theorem 1.1c], which we state in a simplified form here.

Lemma 28. Let X := (X1,...,X,,) be any sequence of zero-mean, independent random

variables, each taking values in [—1,1]. Let V C [—1,1]™ be any measurable set of m-length

vectors. Then for any u > 0, the supremum X' = Sup,ey (X, v) satisfies the upper tail bound
2

P(X" > E[XT] +u) <exp <28upvevE[<U’ )52] +AE[XT] + 3u>‘

We now call upon Lemma 28 setting V = { Mppr € CDIFF(ﬁ(k), SR M) | | Mprer|lr <
6}, X = W/, and X' = povsZiw s (). The entries of the matrix W’ are mutually in-
dependent, have a mean of zero, and are bounded by 1 in absolute value. Then we have
E[XT] = ponsE[Zgw 50 (0)] and E[{Mprer, W)H?] < dpops| Momwrlli < 4ponsd® for every

Mpirr € V. With these assignments, and some algebraic manipulations, we obtain that for
every u > 0,

2
—U" Pobs

862 + AE[Zgju) 55 (0)] + 3U)7

P(Zﬁ(mj(k)@) > E[Zgm 50 (9)] + u) < exp (

as claimed.

4Here we use (Ae) to denote the differential of ¢, so as to avoid confusion with the number of columns d.
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5.5.2 Proof of Theorem (b): Oracle lower bound

Assume without loss of generality that d > n. Throughout the proof, we ignore floor and
ceiling conditions as these are not critical to the proof and affect the lower bound by only a
constant factor.

The Gilbert-Varshamov bound [90, 258] from coding theory guarantees existence of

1= exp (ddr + pobs62))

binary vectors g',...,g", each of length (dr + pons€?), such that the Hamming distance
between any pair of vectors in this set is lower bounded as

/ dr + pobsﬁ2
Du(g',9") 2 ——
10
For some § € (0, %) whose value is specified later, define a related set of vectors g',...,g" as

gg_{%ﬂs if g/ = 1
) 1 i ol —
J 5—(5 1fgj—0,

for every £ € [n] and j € [dr + pons€?]. Next define a set of “low rank” matrices G!,..., G" €
[0, 1] where the matrix G* is obtained as follows. For each ¢ € [n], arrange the first rd
entries of vector g* as the entries of an (r x d) matrix—this arrangement may be done in an
arbitrary manner as long as it is consistent across every ¢ € [n]. Now append a (p"bTSeQ X d)
matrix at the bottom, whose entries comprise the last pos€? entries of the vector g*—again,
this arrangement may be done in an arbitrary manner as long as it is consistent across every
¢ € [n]. Now stack zﬁ copies of the resulting ((7" + p"bTSg) X d) matrix on top of each other

to form a ((p"b‘ + %) x d) matrix. Note that our assumption € + % < nd, along with

the assumption d > n, implies that n > - + %. Append (n — (== + %)) rows of all zeros

Pobs Pobs
at the bottom of this matrix, and denote the resultant (n x d) matrix as G*.

We now show that GY € BN(r,e) for every ¢ € [n], that is, we show that the matrix
G* € [0,1]™? can be decomposed into a sum of a low-rank matrix (of non-negative rank
at most r) and a sparse matrix (number of non-zero entries at most €?). First we set to
zero the entries in G¢ which correspond to the last Pobs€> _enfries of the vector g°. Let us
denote the resulting matrix as G. Each row of the matrix G* is either all zero or is identical

to one among the first r rows of G¢. Consequently we have F(ée) < r. Also observe that
2

in the matrix (GZ — Ge), the number of non-zero entries is at most ﬁ X Pobs€> = €2, and

furthermore, each of these entries lie in the interval [0,1]. Hence we have [|GY — G2 < €2.
The matrix G thus satisfies all the requirements for membership in the set BN(r, €).

For every £ € [n], let P’ denote the probability distribution of the matrix Y obtained by
setting M* = G*. One can verify that the set of matrices G, ..., G" constructed above has
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the following two properties, for every pair ¢ # ¢’ € [n]:

, dr
Dyr,(PY[|P") < ¢/ 6%pops(

obs

+ 62),
and

/ (52 dr
l 14
16~ 61} 2 5 (-

&),
Substituting these relations in Fano’s inequality [54] yields that when M* is drawn uniformly

at random from the set {G*, ..., G"}, any estimate M for M* incurs an error lower bounded
as

E[JM — M*[3] 2

P (o ol ) ey g

o 2
- 20 C(d?’ +p0bs€2) Dobs te )’

where inequality (7) is obtained by choosing §? as a small enough constant (that depends only
on ¢ and ¢). Recalling our assumption d > n, and consequently replacing d by max{n, d}
in the bound yields the claimed result.

5.5.3 Proof of Theorem : SVT Estimator

This proof builds on the framework of the proof of a result in our earlier work [221, Theorem
2] corresponding to the case of n = d and p = 1. We introduce certain additional tricks in
order to generalize the proof for general values of p and to obtain a sharp dependence on p.
Assume without loss of generality that n < d.
Recall from earlier (5.10al) that we can write our observation model as Y’ = M*
LW’ where W' € [—1,1]"*¢ is a zero-mean matrix with mutually independent entrles

The distribution ([5.10b]) of the entries is reproduced here for convenience:

pobs(% — [M*;) + % with probability pobs[M*];;
W', = pobs(% — [M*];;) — % with probability pops(1 — [M*];;) (5.21)
pobs(% — [M*])) with probability 1 — pgps.
For any matrix X, let 01(X), 02(X), ... denote its singular values in descending order.

Our proof of the upper bound hinges upon the following three lemmas. The first lemma
is Lemma |4 from Chpater [2| which states that if A > % then

obs

Mo — MR < ¢> " min {\%,02(M*)}

J=1

_C/

with probability at least 1 — c;e™ ", where ¢, ¢; and ¢ are positive universal constants.
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Our second lemma is an approximation-theoretic result that bounds the tail of the singular
values of any matrix with a given permutation-rank or non-negative rank. The proof of this
lemma builds on a construction due to Chatterjee [44] with several additional techniques in
order to obtain a result that is sharp enough for our purposes.

Lemma 29. (a) For any matrizx M € Cpgr(p) and any s € {1,2,...,n — 1}, we have

ndp?
> o) = =~
J=s+1
b) For any matriz M € Cyg(r) and any s € {1,2,...,n — 1}, we have
(

Z ol (M) < ndmaX{T_S,O}.

r
Jj=s+1

Our third lemma controls the noise term W'.

Lemma 30. The operator norm of the noise matriz W' distributed as (5.21) is upper bounded
as

(I oy > 2.01/ Do + d)) < e mxinad,

Based on these three lemmas, we now complete the proof of the theorem. From Lemma

we see that the choice A = 2.1, /24 guarantees that \ > LOUWlop

Pobs Pobs

with probability at least

1 — e~ ¢max{nd}  Consequently, the condition required for an application of Lemma 4! is
satisfied, and applying this lemma then yields the upper bound

Mg — M3 < ¢ " min {p—b ,o2(M*)}
j=1 obs

with probability at least 1 — e~ ™ax{md} ~ Applying Lemma 29| yields that with probability
at least 1 — e=¢ max{nd} it must be that

— ) sd 2nd
[ Mawr — M*[[2 < cmin (—2 + 2
s€[n] " Pobs S

), if M* e CPR(p),

and

sd

My = M2 < emin (

i e ndmax {1 - ; 0}),  if M* € Cam(r).

For the case when M* € Cpgr(p), setting s = [py/Popsn| and performing some algebra
shows that

L= * c —c’ max{n
P|— [ Mys = M[}p > <= | < e/ maxind),

Vv pobsd
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When M* € Cygr(r), setting s = r shows that

Iy * ar —c max{n
P l¥om = MO > 2] < o metned,
Recalling our assumption that d > n and substituting n = min{n,d} and d = max{n,d}
yields the claimed result.

Proof of Lemma [5| Part (a): Without loss of generality, assume that d > n.

We begin with an upper bound on the tail of the singular values of any matrix in Cpg(1),
that is, that has a permutation-rank of 1. The proof of this bound uses a construction due
to Chatterjee [44] for a rank § approximation of any matrix in Cpg(1), for any value s € [n].
We first reproduce Chatterjee’s construction.

For a given matrix M € Cpg(1), define the vector 7 € R? of column sums—namely, with
. =

entries ; = > | [M];; for j € [d]. Using this vector, define a rank s approximation M to
M by grouping the columns according to the vector 7 according to the following procedure:

e Observing that each 7; € [0,n], divide the full interval [0,n] into s groups—say of
the form [0,n/s), [n/s,2n/s),...[(s — 1)n/s,n]. If 7; falls into the interval o for some
« € [s], then map column j to the group G, of indices.

e For each « € [s] such that group G, is non-empty, choose a particular column index
" =€ G, in an arbitrary fashion. For every other column index j € G, set M;; = M,
for all ¢ € [n].

By construction, the matrix M has at most 3 distinct rows, and hence rank at most s.
Now consider any column j € [d] and suppose that j € G,. Let j’ denote the column chosen
for the group G, in the second step of the construction. Since M € Cpgr(1), we must either
have M;; > M,y = ]\Zj for every i € [n], or M;; < M,y = ]\Zj for every i € [n]. Then we are
guaranteed that

n . n . n
> My — Myl =| > (Mi; — M) |= |7 — 73] < = (5.22)
i=1 i=1

where we have used the fact the pair (7;,7;) must lie in an interval of length at most n/s.
This completes the description of Chatterjee’s construction.

In what follows, we use Chatterjee’s result in order to obtain our claimed bound on the
tail of the spectrum of any matrix M € Cpr(p). We modify the result in a specific critical
manner that allows us to obtain the desired dependence on the parameter p. Recall that
any matrix M € Cpgr(p) can be decomposed as

M = zp: M©,
(=1
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for some matrices MW, ... M®) € Cpgr(1). For every ¢ € [r], let M® be a rank § = =7

approximation of M obtained from Chatterjee’s construction above, but with the following
additional detail. Observe that in Chatterjee’s construction, the choice of column j’ from
group (G, is arbitrary. For our construction, we will make a specific choice of this column:
we choose the column whose entries have the smallest values among all columns in the group
G. With this choice, we have the property

Ao ©) ~ ;
M’ < M;; for every ¢ € [p], i € [n],j € [d]. (5.23)
Now let M := Sy M®. Since every entry of every matrix M® is non-negative, we

have that every entry of M is also non-negative. We also claim that
M;; = ZM 0 ¢ ZM“ M;; <1,

where the inequality (i) is a consequence of the set of inequalities ([5.23)). Thus we have that
M € [0,1]"*?, and that the rank of M is at most p3. This result then yields the bound

n

S oA <M - M <Y N M

j=p3+1 i=1 j=1
Applying the triangle inequality, we further bound this quantity as

n n

n d P N d p (i)
PORAENIES 90 SID DA/ UIED 9 9p IRV U E LAl

j=ps+1 i=1 j=1 (=1 i=1 j=1 (=1

where the bound (2) follows from (5.22), and equation (i) is a result of our choice 5 = 2

Part (b): This result follows directly from the facts that the rank of M is at most r, and the
square of its Frobenius norm is at most nd.

Proof of Lemma Define an ((n + d) x (n 4 d)) matrix W” as

W L { 0 W’}
\/pobs (W/)T 0 .

From and the construction above, we have that the matrix W” is symmetric, with
mutually independent entries above the diagonal that have a mean of zero and a variance
upper bounded by 1. Consequently, known results in random matrix theory (e.g., see [44],
Theorem 3.4] or [250, Theorem 2.3.21]) yield the bound ||[W”|op < 2.01v/n + d with proba-
bility at least 1 — e~¢ma{nd} One can also verify that |[W”||,, = \/p;ﬁm W!lop, vielding the
claimed result.
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5.5.4 Proof of Proposition : Every rank is possible

We recall that for any integer k£ > 0, the notation J; denotes an upper triangular matrix of
size (k x k) with all entries on and above the diagonal set as 1, and I denotes the identity
matrix of size (k x k). We also recall the following block matrix M, of size (n x d), defined
in the statement of the proposition:

Jop 00
M=| 0 I, 0
0 0 O

In the remainder of the proof, we show that 7(M) = r and p(M) = p. Using the ideas in the
construction of M and the associated proof to follow, one can construct many other matrices
that have the non-negative rank and the permutation-rank equaling r and p respectively, for
any given value 1 < p <r < min{n, d}.

We partition the proof into four parts.

Proof of 7(M) < r: One can write M as a sum of r matrices, each having a non-negative
rank of one: for each non-zero row, consider a component matrix comprising that row and
zeros elsewhere. Consequently, we also have 7(M) < r. We have thus established that the
non-negative rank of this matrix equals exactly r.

Proof of 7(M) > r: Towards the claim regarding the non-negative rank, observe that the
(normal) rank of M* equals r. Since the rank of any matrix is a lower bound on its non-
negative rank, we have that 7(M) > r.

Proof of p(M) < p: Observe that the (n x d) matrix with J,_,;; as its top-left submatrix
and 0 elsewhere has a permutation-rank of 1. Moreover, any (n x d) matrix with exactly
one entry as 1 and the remaining entries 0 also has a permutation-rank of 1, and hence a
(n x d) matrix with I,_; as its submatrix and zeros elsewhere has a permutation-rank of at
most (p — 1). Putting these arguments together, we obtain the bound p(M) < p.

Proof that p(M) > p: Suppose that M = Z?(:Af) M® for some MW ... M®) € Cpgr(1).
First observe that for every ¢ € [M )], we have M) € Cpgr(1) C [0,1]"*?, and therefore

Mi(f) > 0. This observation then implies that for any (i,7) € [n| x [d], we must have the
relation

— 0 _ —=
Mjj=0 = M;’ =0 forevery (¢ [p(M)].

Secondly, observe that the matrix

10
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does not belong to Cpg(1). It

It follows that any matrix containing 5y as a submatrix cannot belong to the set Cpgr(1).
It further follows that for any positive integer k, the matrix Iy, must have a permutation
rank of at least k. Finally, observe that the matrix M defined earlier contains /,., as its
submatrix, given by the intersection of rows {r — p,...,r} with the columns {r —p,... r}.
It follows that M must have a permutation rank of at least p, thereby proving the claim.

5.5.5 Proof of Proposition @: Bias of non-negative-rank fitting
estimator

We assume for ease of exposition that r divides n and d. Otherwise, since r < %min{n, d},
one may take floors or ceilings and this will change the result only by a constant factors.
. . . n.d
First consider the block matrix M € [0, 1]+ *:

M= E (1)} , (5.24)

where each of the four blocks is of size (2= x £). The following lemma shows that the best
rank-1 approximation to M has a large approximation error:

Lemma 31. For the matriz M defined in (5.24)), for any vectors u¥ € R™ and v0 € R?, it
must be that

T nd
I3 — w0007 2 e,

where ¢ > 0 is a universal constant.

We use the matrix M defined in (5.24)) to build the following block matrix M’ € Cpr(r):

M 0 --- 0

O M --- 0
M =

o 0 --- M

In words, the matrix M’ is a block-diagonal matrix where the diagonal has r copies of M.

Due to the block diagonal structure of M’, the singular values of M’ are simply r copies of
the singular values of its constituent matrix M. Consequently, we have that for any matrix
M e CNR(T )2

— @ nd
M — M5 > r(IMIIE = IMIZ,) = e

as claimed, where the inequality (i) is a consequence of Lemma [31]
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Proof of Lemma Consider any value i € [2] and j € [Z£]. Then we claim that

T ()T

T
(M — [uDvV " ]35)? + (Mg 2 j—[u0V iy n 5)* + (M2 — [ulv i)’
T 2
F My g — 0007 0?2001 (5.25)

If not, then for the choice of M in (5.24)), we must have [u()v()T]i,j € (0.9,1.1), [u()voT]H%J €

(0.9,1.1), [u0v0"]; 1, 4 € (09,1.1) and [u0v0" ], . . 4 < 0.1 However, since [u0v0"]; ;i =
() s T ™

() 3 <) !
(0 for every coordinate (7', j'), we also have

T T T T
[u()v() ]m. % [u()v() ]H#ﬁ% — [u()v() ]H%’j % [u()v() ]ivj+2%’

which contradicts the required ranges of the individual coordinates.
Summing the bound (5.25) over all values of i € [Z] and j € [£] yields the claimed

2r
result.

5.5.6 Proof of Proposition : No “good” convex approximation

Consider any set S and any convex set C. We begin with a key lemma that establishes a
relation between the Hausdorff distance of S from C and a proposed notion of the inherent
convexity of S.

Lemma 32. For any set S C [0,1]™*? and any convez set C C [0, 1]"*?, it must be that
inf [|M — M'|]3 inf M — M|}
max { sup inf |M — M sup inf IV~ 2'[

2 1
> — su inf ||=(M; + M,) — M3 5 96
~ 9 wes, IK/IQGS Mo€S Hl2( ! 2) oll# ( )

See the end of this section for a proof of this claim.

The left hand side of inequality is the Hausdorff distance between the sets S and
C in terms of the squared Frobenius norm The right hand side of the inequality represents
a notion of the inherent convexity of the set S.

With this lemma in place, we now complete the remainder of the proof. To this end, we
set S = Cpgr(1), and let C be any convex set of [0, 1]-valued (n x d) matrices.

We now construct a pair of matrices M; € Cpr(1) and M, € Cpr(1) that we use to lower
bound the right hand side of (5.26)). Define M; € Cpg(1) as

1 ifi<? j<4
[M]i; = 2 2
0 otherwise,
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and matrix My € Cpg(1) as

1 ifi>2 j>4
[Ms);; = 2 2
0 otherwise.

It follows that the entries of the matrix %(M 1 + My) are given by:

1

1
S(My + M)y, = 4 2
[2( ! 2)lis {O otherwise.

(<2 j<Hor(i>% j>9)

Now consider any pair of integers (4, j) € [|[n/2]] x[|d/2]]. Then the (2 x 2) submatrix of
L(My -+ My) formed by its entries (i, ), i+ [n/2], ), (i, + [d/2]) and (i+[n/2], j+ [d/2])
equals

1
2
:

It is easy to verify that there is a constant ¢ > 0 such that the squared Frobenius norm
distance between this rescaled identity matrix and any (2 x 2) matrix in Cpg(1) is at least c.
Since this argument holds for any choice of (i, j) € [|n/2]] x [|d/2]], summing up the errors
across each of these sets of entries yields

= O

1
|||§(M1 + My) — M|z > ¢'nd, for every matrix M € Cpg(1),

where ¢ > 0 is a universal constant. Finally, substituting this bound in Lemma |32 yields
the claimed result.
It remains to prove Lemma 32|

Proof of Lemma For the given sets S and C, let d,,, denote the Hausdorff distance
between the two sets in the squared Frobenius norm, that is,

(S, C) : = max { sup  inf [IM — M'llg-, sup - inf |2/ — M I3}

Consider any matrices M; € S and M, € S. From the definition of dy,,,, we know that

there exist matrices M; € C and M, € C such that
IM; — MiJ}} < d...(S,C), fori € {1,2}. (5.27)

Haus »

Since C is a convex set, we also have %(Ml + MQ) € C. Then from the definition of d,.., we
also know that there exists a matrix My € S such that

1 —  —
15 (M + M) = MolJfe < dy.o(S, ). (5.28)
Finally, applying the triangle inequality to the bounds ((5.27)) and ([5.28]) yields
1 1~ —~ 3 —~ 3 ~
|||§(M1 + My) — Mollz < 3|||§(M1 + Ma) — Mo|lz + Z”'Ml — M|z + Z|||M2 — M3

S gdllzms(s7 C)
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5.5.7 Proof of Proposition : Necessary condition for unique
decomposition

Suppose there exists a coordinate pair (4, j) such the stated condition is violated. Then there
must exist two distinct values ¢; € [p] and {5 € [p] that satisfy the following three conditions:

(a) M >0 and M? >0,

(b) Ml(fl is distinct from all other entries in M) and

(c) Mgz is distinct from all other entries in M (‘).

In addition, the fact that Mi(jm + Mi(f2) € (0,1) for every coordinate (i,7j), along with
condition (a) above, imply a fourth condition:
(d) MY € (0,1) and M #1.

Now conditions (b)— (d) in tandem imply the existence of some value € > 0 such that all
of the followmg properties hold:
(i) (M +€) €[0,1),
(i) (Mff) — ) €[0,1], and
(iii) setting the (4, 7)™ entries of the matrices M) and MgQ) as (Mi(fl) +¢) and (Mi(fQ) —¢)
respectively does not change the ordering of the entries within matrices M) and M (¢2),

As a result of properties (i)-(iii), the decomposition where M) and M) are replaced
by these new matrices with replaced (i,7) entry is a different, valid permutation-rank
decomposition of M*.

5.A Appendix: Alternative interpretation of the
non-negative rank model

In the non-negative rank model described in the introduction, one may wonder why the
afﬁmtgf of a user to a movie conditioned on a feature must be modeled as the product

where u ) is user 4’s affinity for feature ¢ and v] is movie j’s connection to feature
f. Secondly, one may also wonder why the net affinity of a user to a movie is the sum of the
affinities across the features >,_, u(e) ( . These two modeling assumptions may sometimes
be confusing, and hence in what follows, we present an alternative interpretation of the low
non-negative rank model for the recommender systems application.

Consider any feature ¢ € [r]. The affinities of users towards movies conditioned on this
feature is a matrix X € [0,1]"*¢, whose (i, )™ entry Xl-(f) is the probability that user i
likes movie j when asked to judge only based on feature ¢. The matrix X©® is assumed to
have a (non-negative) rank of 1.

Now, every user is assumed to have his/her own way of weighing features to decide which

movies he/she likes. Specifically, any user ¢ € [n] is associated to values a( ) ...,am

,  such
that o'’

> 0 for every £ € [r] and ) ,_, ozl( = 1, where for any ¢ and ¢, the value a()



CHAPTER 5. MATRIX COMPLETION AND RECOMMENDATIONS 176

represents the weight that user ¢ puts on feature ¢. Then the probability that user 7 likes
any movie 7 is assumed to be the convex combination

>l
/=1

This completes the description of the model. Let us now verify that the resulting user-
movie matrix has a non-negative rank of r. Since X has a non-negative rank of 1, we can
write X = u® ()T for some vectors u¥) and v'¥. Then the i** row of the net user-movie

matrix equals > ,_, ay)uy) (v and hence the net user-movie matrix equals
O{gﬂ)ugﬁ)

Zﬂ“) (w7, where ¥ = :

=1 MOMO

This completes the alternative description of the non-negative rank model.
One can observe that the restriction »_,_, af) = 1 makes this model slightly more re-

strictive than the non-negative rank model described earlier in the main text. However, our

lower bounds (Theorem [14[b)) on the risk for the non-negative rank model continue to apply

to this model as well.
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Part 11

Incentives: Unique Multiplicative
Mechanisms
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Chapter 6

Double or Nothing

“Life may appear like a gamble. Although it is not very
much so.”
— Charles Darwin

6.1 Introduction

Complex machine learning tools such as deep learning are gaining increasing popularity and
are being applied to a wide variety of problems. These tools require large amounts of labeled
data [38, 62, 101}, [205]. These large labeling tasks are being performed by coordinating
crowds of semi-skilled workers through the Internet. This is known as crowdsourcing. Gen-
erating large labeled data sets through crowdsourcing is inexpensive and fast as compared
to employing experts. Furthermore, given the current platforms for crowdsourcing such as
Amazon Mechanical Turk and many others, the initial overhead of setting up a crowdsourc-
ing task is minimal. Crowdsourcing as a means of collecting labeled training data has now
become indispensable to the engineering of intelligent systems. The crowdsourcing of labels
is also often used to supplement automated algorithms, to perform the tasks that are too
difficult to accomplish by machines alone 14}, 80, (124, |139] 259].

Most workers in crowdsourcing are not experts. As a consequence, labels obtained from
crowdsourcing typically have a significant amount of error [119] [260} 261]. It is not surprising
that there is significant emphasis on having higher quality labeled data for machine learning
algorithms, since a higher amount of noise implies requirement of more labels for obtaining
the same accuracy in practice. Moreover, several algorithms and settings are not very tolerant
of data that is noisy [10, 99, (153} |L57]; for instance, the paper [153] concludes that “a range
of different types of boosting algorithms that optimize a convex potential function satisfying
mild conditions cannot tolerate random classification noise.” Recent efforts have focused
on developing statistical techniques to post-process the noisy labels in order to improve
its quality (see Chapter 4| for a detailed discussion). However, when the inputs to these
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a s this the Golden Gate Bridge? b Is this the Golden Gate Bridge?

O Yes
O No
O I'm not sure

© Yes
O No

Figure 6.1: Different interfaces for a task that requires the worker to answer the question “Is this
the Golden Gate Bridge?”: (a) the conventional interface; (b) with an option to skip.

algorithms are very erroneous, it is difficult to guarantee that the processed labels will be
reliable enough for subsequent use by machine learning or other applications. In order
to avoid “garbage in, garbage out”, we take a complementary approach to this problem:
cleaning the data at the time of collection.

We consider crowdsourcing settings where the workers are paid for their services, such as
in the popular crowdsourcing platforms of Amazon Mechanical Turk (mturk.com), Crowd-
flower (crowdflower.com) and other commercial platforms, as well as internal crowdsourcing
platforms of companies such as Google, Facebook and Microsoft. These commercial plat-
forms have gained substantial popularity due to their support for a diverse range of tasks
for machine learning labeling, varying from image annotation and text recognition to speech
captioning and machine translation. We consider problems that are objective in nature,
that is, have a definite answer. Figure depicts an example of such a question where the
worker is shown a set of images, and for each image, the worker is required to identify if the
image depicts the Golden Gate Bridge.

Our approach builds on the simple insight that in typical crowdsourcing setups, workers
are simply paid in proportion to the amount of tasks they complete. As a result, workers
attempt to answer questions that they are not sure of, thereby increasing the error rate
of the labels. For the questions that a worker is not sure of, her answers could be very
unreliable [108, 119, 260|, 261]. To ensure acquisition of only high-quality labels, we wish
to encourage the worker to skip the questions about which she is unsure, for instance, by
providing an explicit “I'm not sure” option for every question (see Figure ); we will
thus often refer to this setting as the skip-based setting. Given this additional option, one
must also ensure that the worker is indeed incentivized to skip the questions that she is not
confident about, and to attempt the questions for which she is sure enough. The goal is to
design payment mechanisms that incentivize the worker to respond in this manner. As we
will see later, this significantly improves the aggregate quality of the labels that are input
to the machine learning algorithms. We term any payment mechanism that incentivizes the
worker to do so as an “incentive compatible” mechanism.

In addition to incentive compatibility, preventing spammers is another desirable require-
ment from incentive mechanisms in crowdsourcing. Spammers are workers who answer ran-
domly without regard to the question being asked, in the hope of earning some free money,
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and are known to exist in large numbers on crowdsourcing platforms [17, 119, 260, 261]. The
presence of spammers can significantly affect the performance of any machine learning algo-
rithm that is trained on this data. It is thus of interest to deter spammers by paying them as
low as possible. An intuitive objective, to this end, is to ensure a minimum possible payment
to spammers who answer randomly. For instance, in a task with binary-choice questions, a
spammer is expected to have half of the attempted answers incorrect; one may thus wish to
set the payment to its minimum possible value if half or more of the attempted answers are
wrong. In this chapter, however, we impose strictly and significantly weaker requirement, and
then show that there is one and only one incentive-compatible mechanism that can satisfy
this weak requirement. Our requirement is referred to as the “no-free-lunch” axiom. It says
that if all the questions attempted by the worker are answered incorrectly, then the payment
must be the minimum possible. We term this condition the “no-free-lunch” axiom.

We propose a payment mechanism for the aforementioned setting (“incentive compatibil-
ity” plus “no-free-lunch”), and show that surprisingly, this is the only possible mechanism.
We also show that additionally, our mechanism makes the smallest possible payment to
spammers among all possible incentive compatible mechanisms that may or may not satisfy
the no-free-lunch axiom. Interestingly, our payment mechanism takes a multiplicative form:
the evaluation of the worker’s response to each question is a certain score, and the final
payment is a product of these scores. This mechanism has additional appealing features in
that it is simple to compute, and is also simple to explain to the workers. Our mechanism is
applicable to any type of objective questions, including multiple choice annotation questions,
transcription tasks, etc. We also demonstrate via empirical evaluations that our theoretical
guarantees do translate to practice.

Related literature. The framework of “strictly proper scoring rules” [24, 94, (137, [216]
provides a general theory for eliciting information for settings where this information can
subsequently be verified by the mechanism designer, for example, by observing the true value
some time in the future. In our work, this verification is performed via the presence of some
“gold standard” questions in the task. Consequently, our mechanisms can also be called
“strictly proper scoring rules”. It is important to note that the framework of strictly proper
scoring rules, however, provides a large collection of possible mechanisms and does not guide
the choice of a specific mechanism from this collection [94]. In this work, we show that for the
crowdsourcing setups considered, under a very mild condition we term the “no-free-lunch”
axiom, the mechanism proposed in this chapter is the one and only strictly proper scoring
rule.

Interestingly, proper scoring rules have another interesting connection with machine
learning techniques: to quote the paper |28|, “proper scoring rules comprise most loss func-
tions currently in use: log-loss, squared error loss, boosting loss, and as limiting cases cost-
weighted misclassification losses.” The present chapter does not investigate this aspect of
proper scoring rules, and we refer the reader to the papers |27, |28 [164] for more details.

In this chapter, we assume the existence of some ‘gold standard’ questions whose an-
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swers are known apriori to the system designer. As a result, the payment to a worker is
determined solely by her own work. There is a parallel line of literature that explores the
design of mechanisms that operate in the absence of any gold standard questions. The idea
in the aforementioned line of literature is to reward the agents based on certain criteria
that compares certain elicited data from the agents with each other, and typically involves
asking agents to predict other agents’ responses. The mechanisms designed often provide
weaker guarantees (such as that of truth-telling being a Nash equilibrium) due to the ab-
sence of a gold standard answer to compare with. This line of literature includes work on
peer-prediction [57, [171], the Bayesian truth serum [188] and prediction markets [50, 267],
and related subsequent works [115].

The design of statistical inference algorithms for denoising the data obtained from workers
is an active topic of research; see Chapter [4] for more details. In addition, several machine
learning algorithms accommodating errors in the data have also been designed [5, [36} |47,
146|. These algorithms are typically oblivious to the elicitation procedure. Our work nicely
complements this line of research in that these inference algorithms may now additionally
employ the higher quality data and the specific structure of the elicited data for an improved
denoising efficiency.

Another relevant problem in crowdsourcing is that of choosing which workers to hire or
efficiently matching workers to tasks, and such problems are studied in the papers [4, |102]
271, 277 under different contexts. Our work assumes that a worker is already matched, and
focuses on incentivizing that worker to respond in a certain manner. A recent line of work
has focussed on elicitation of data from multiple agents in order to perform certain specific
estimation tasks |33} |61}, |75, [156]. In contrast, our goal is to ensure that workers censor their
own low-quality (raw) data, without restricting our attention to any specific downstream
algorithm or task.

Organization. The organization of this chapter is as follows. We present the formal prob-
lem setting in Section [6.2] In Section we consider the skip-based setting: We present our
proposed mechanism and show that it is the only mechanism which satisfies the requirements
discussed above. In Section we evaluate the proposed schemes via synthetic simulations.
We discuss various modeling choices made in our work as well as direction for future research
in Section In Section we present proofs of our theoretical results.

This chapter also contains an appendix (Section in which we prove that imposing
a requirement that is only slightly stronger than our proposed no-free-lunch axiom leads to
impossibility results. Subsequently in Chapter [7| (Section , we also present experiments
using data from Amazon Mechanical Turk that reveal significant improvements in the quality
of data using our skip-based setting and multiplicative mechanisms.
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6.2 Problem setting

In the crowdsourcing setting that we consider, one or more workers perform a task, where
a task consists of multiple questions. The questions are objective, by which we mean, each
question has precisely one correct answer. Examples of objective questions include multiple-
choice classification questions such as Figure [6.1], questions on transcribing text from audio
or images, etc.

For any possible answer to any question, we define the worker’s confidence about an
answer as the probability, according to her belief, of this answer being correct. In other
words, one can assume that the worker has (in her mind) a probability distribution over
all possible answers to a question, and the confidence for an answer is the probability of
that answer being correct. As a shorthand, we also define the confidence about a question
as the confidence for the answer that the worker is most confident about for that question.
We assume that the worker’s confidences for different questions are independent. In the
interface we consider, for each question, the worker can either choose to ‘skip’ the question
or provide an answer (Figure ) Our goal is that for every question, the worker should
be incentivized to skip if her confidence for that question is below a certain pre-defined
threshold, otherwise select the answer that she is most confident about.

Let N denote the total number of questions in the task. Among these questions, we
assume the existence of some “gold standard” questions, that is, a set of questions whose
answers are known to the requester. Let G (1 < G < N) denote the number of gold
standard questions. The G gold standard questions are assumed to be distributed uniformly
at random in the pool of N questions (of course, the worker does not know which G of
the N questions form the gold standard). The payment to a worker for a task is computed
after receiving her responses to all the questions in the task. The payment is based on the
worker’s performance on the gold standard questions. Since the payment is based on known
answers, the payments to different workers do not depend on each other, thereby allowing
us to consider the presence of only one worker without any loss in generality.

Let x4, ..., x¢c denote the evaluations of the answers that the worker gives to the G gold
standard questions, and let f denote the scoring rule, i.e., a function that determines the
payment to the worker based on these evaluations x1,...,zqg. In the skip-based setting we

consider in this chapter, we have z; € {—1,0,+1} for all i € [G]. Here, “0” denotes that the
worker skipped the question, “—1” denotes that the worker attempted to answer the question
and that answer was incorrect, and “+1” denotes that the worker attempted to answer the
question and that answer was correct. The payment function is f : {—1,0,+1}¢ — R.

The payment is further associated to two parameters, ap.x and am;,. The parameter
Qmax denotes the budget, i.e., the maximum amount that is paid to any individual worker
for this task:

max f(z1,...,Tq) = Qmax-
T1,..,TG
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The amount a,,,, is thus the amount of compensation paid to a perfect worker for her work.
Further, one may often also have the requirement of paying a certain minimum amount to
any worker. The parameter o, (< @max) denotes this minimum payment: the payment
function must also satisfy

mrnn;G fz1,...,26) > Omin-
For instance, crowdsourcing platforms today allow payments to workers, but do not allow
imposing penalties: this condition gives ap,, = 0.

We assume that the worker attempts to maximize her overall expected payment. In
what follows, the expression ‘the worker’s expected payment’ will refer to the expected
payment from the worker’s point of view, and the expectation will be taken with respect
to the worker’s confidences about her answers and the uniformly random choice of the G
gold standard questions among the N questions in the task. A payment function f is called
incentive compatible if the expected payment of the worker under this payment function is
strictly maximized when the worker answers in the manner desired ]

We now explain what we mean by the phrase “manner desired” in the context of our
skip-based setting. Let T' € (0,1) be some predefined “threshold” value. The goal is to
design payment mechanisms that incentivize the worker to skip the questions for which her
confidence is lower than 7', and answer those for which her confidence is higher than 7. [
Moreover, for the questions that she attempts to answer, she must be incentivized to select
the answer that she believes is most likely to be correct. The value of T is chosen apriori
based on factors such as budget constraints, the targeted quality of labels, and/or the choice
of the algorithm used to subsequently aggregate the responses of multiple workers. In this
chapter, we assume that the value of the threshold T is specified to us.

In the remainder of this section, we formally define the concepts of the worker’s expected
payment and incentive compatibility; the reader interested in understanding the chapter at
a higher level may skip directly to the next section without loss in continuity.

Let € denote the set of options for each question. We assume that {2 is a finite set, for
instance, the set {Yes, No} for a task with binary-choice questions, or the set of all strings
of at most a certain length for a task with textual responses. Let Q € [0, 1]¥*" denote the
beliefs of a worker for the NV questions asked. Specifically, for any question i € [N] and any
option w € €, let @), ; represent the probability, according to the worker’s belief, that option
w is the correct answer to question 7. Then from the law of total probability, any valid @)
must have ) o Q. = 1 for every i € [N]. The value of () is unknown to the mechanism.

Let us first define the notion of the expected payment (from the worker’s point of view)
for any given response of the worker to the questions. For any question ¢ € [N], define a
variable & € {0, 1} that is set as 0 if the worker skips question ¢ and is set as 1 if the worker

!Such a notion of incentive compatibility is often called “strict incentive compatibility”; we drop the
prefix term “strict” for brevity.

2In the event that the confidence about a question is exactly equal to T, the worker may choose to answer
or skip.
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attempts question i. Further, for every question ¢ € [N] such that & # 0, let w; € Q denote
the option selected by the worker; whenever & = 0, indicating a skip, we let w; take any
arbitrary value in . Furthermore, let p; = @), denote the probability, according to the
worker’s belief, that the chosen option wj; is the correct answer to question i. For notational
purposes, we also define a vector E = (ey,...,eq) € {—1,1}%. Then for the given responses,
for the worker beliefs (), and under payment mechanism f, the worker’ expected payment
Loy ({0,1} x Q)Y — R is given by the expression:

FQ,f(fla Wiy .- &N, wN)

G
= % Z Z (f(ﬁlfjp---,Gijc)H(pji)lzq(l —Pji)l"’Ei) . (6.1)
G/ (h

—_

nja) Be{-1,1}C =

{1,...N}
In the expression , the outermost summation corresponds to the expectation with respect
to the randomness arising from the unknown positions of the gold standard questions. The
inner summation corresponds to the expectation with respect to the worker’s beliefs about
the correctness of her responses. Note that the right hand side of implicitly depends
on (wiq,...,wy) through the values (pi,...,pn). Also note that for every question i such
that & = 0, the right hand side of does not depend on the values of w; and p;; this is
because the choice & = 0 of skipping question ¢ implies that the worker did not select any
particular option.

We will now use the the definition of the expected payment of the worker to define the
notion of incentive compatibility. To this end, for any valid probabilities @, let A(Q) C
({0,1} x Q) denote an associated set of “desired” responses. By this we mean that every
a € ({0,1} x Q)N represents a possible response to the set of N questions, and the goal is
to incentivize the worker to provide any one response in the set A(Q). Then a mechanism
f is termed incentive compatible if

Lo sla) >Tgr(a’) for every a € A(Q), every a’ ¢ A(Q), and every valid Q.

The goal is to design mechanisms that are incentive compatible, that is, incentivize the
workers to respond in the desired manner that is discussed above.

6.3 Main results

In this section we present our main results for the skip-based setting that is considered in
this chapter.

6.3.1 The no-free-lunch axiom

Recall from the previous that the goal is to design an incentive compatible mechanism for
the skip-based setting. In order for practical deployment, we must somehow decide on any
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one particular mechanism. However, the space of all possible mechanisms for this problem
may be rather wide. Thus in order to narrow down our search, we begin by imposing the
following additional simple and natural requirement:

Axiom 1 (No-free-lunch Axiom). If all the answers attempted by the worker in the gold
standard are wrong, then the payment is the minimum possible. More formally, f(z1,...,xq) =
Qmin for every evaluation (1, ..., x¢) such that 0 < S5 1{z; # 0} = 29 1{z; = —1}.

One may expect a payment mechanism to impose the restriction of minimum payment
to spammers who answer randomly. For instance, in a task with binary-choice questions,
a spammer is expected to have 50% of the attempted answers incorrect; one may thus
wish to set a the minimum possible payment if 50% or more of the attempted answers
were incorrect. The no-free-lunch axiom which we impose is however a significantly weaker
condition, mandating minimum payment if all attempted answers are incorrect.

6.3.2 Payment mechanism

We now present our proposed payment mechanism in Algorithm [I}

Algorithm 1 Incentive mechanism for skip-based setting
e Inputs:

» Threshold T
» Budget parameters ap.c and aupin

» Evaluations (zy,...,7g) € {—1,0,+1}¢ of the worker’s answers to the G gold
standard questions
L Setoz_lz(), 050:1, Oé+1:%

e The payment is
G
f(xl, e ,Ig> = RHOézi + Omin,
i=1

where £k = (Omax — Qmin) T

The proposed mechanism has a multiplicative form: each answer in the gold standard is
given a score based on whether it was correct (score = 1), incorrect (score = 0) or skipped
(score = 1), and the final payment is simply a product of these scores (scaled and shifted by
constants). The mechanism is easy to describe to workers: For instance, if T' = %, G = 3,

Qmax = 80 cents and oy, = 0 cents, then the description reads:

“The reward starts at 10 cents. For every correct answer in the 3 gold standard
questions, the reward will double. However, if any of these questions are answered
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incorrectly, then the reward will become zero. So please use the ‘I’'m not sure’ option
wisely.”

Observe how this payment rule is similar to the popular ‘double or nothing’ paradigm |182].

The algorithm makes a minimum payment if one or more attempted answers in the gold
standard are wrong. Note that this property is significantly stronger than the no-free-lunch
axiom which we originally required, where we wanted a minimum payment only when all
attempted answers were wrong. Surprisingly, as we prove shortly, Algorithm [1I] is the only
incentive-compatible mechanism that satisfies no-free-lunch.

The following theorem shows that our mechanism is indeed guaranteed to satisfy the
stated requirements.

Theorem 16. The mechanism of Algorithm [1| is incentive-compatible and satisfies the no-
free-lunch axiom.

We see that this mechanism thus incentivizes a worker to skip the questions for which
her confidence is below T', while answering those for which her confidence is greater than 7T'.
In the latter case, the worker is incentivized to select the answer which she thinks is most
likely to be correct.

6.3.3 Uniqueness of our mechanism

While we started out with a very weak condition of no-free-lunch of that requires a minimum
payment when all attempted answers are wrong, the mechanism proposed in Algorithm [1] is
significantly more strict and pays the minimum amount when any of the attempted answers
is wrong. A natural question that arises is: can we design an alternative mechanism satisfying
incentive compatibility and no-free-lunch that operates somewhere in between? The following
theorem answers this question in the negative.

Theorem 17. The mechanism of Algorithm 1| is the only incentive-compatible mechanism
that satisfies the no-free-lunch axiom.

Theorem [17] gives a strong result despite imposing very weak requirements. To see this,
recall our earlier discussion on deterring spammers, that is, making a low payment to work-
ers who answer randomly. For instance, when the task comprises binary-choice questions,
one may wish to design mechanisms which make the minimum possible payment when the
responses to 50% or more of the questions in the gold standard are incorrect. The no-free-
lunch axiom is a much weaker requirement, and the only mechanism that can satisfy this
requirement is the mechanism of Algorithm [1]

The proof of Theorem [17]is based on the following key lemma, establishing a condition
that any incentive-compatible mechanism must necessarily satisfy. Note that this lemma
does not require the no-free-lunch axiom.
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Lemma 33. Any incentive-compatible mechanism f must satisfy, for every gold standard
question i € {1,...,G} and every (y1,...,Yi-1,Yit1,---,Yq) € {—1,0,1}671

Tf(y17 e Yiea, 17yi+1a s 7?/@) + (1 - T)f(yla e Yi1, _17yi+1a s 7yG)
= f, -5 %10, Y15, Ya) -

The proof of Lemma 33| is provided in Section along with the proofs of all other
theoretical results.

6.3.4 Optimality against spamming behavior

As discussed earlier, crowdsourcing tasks, especially those with multiple choice questions,
often encounter spammers who answer randomly without heed to the question being asked.
For instance, under a binary-choice setup, a spammer will choose one of the two options
uniformly at random for every question. A highly desirable objective in crowdsourcing set-
tings is to deter spammers. To this end, one may wish to impose a condition of making the
minimum possible payment when the responses to 50% or more of the attempted questions
in the gold standard are incorrect. A second desirable metric could be to minimize the
expenditure on a worker who simply skips all questions. While the aforementioned require-
ments were deterministic functions of the worker’s responses, one may alternatively wish to
impose requirements that depend on the distribution of the worker’s answering process. For
instance, a third desirable feature would be to minimize the expected payment to a worker
who answers all questions uniformly at random. We now show that interestingly, our unique
multiplicative payment mechanism simultaneously satisfies all these requirements. The re-
sult is stated assuming a multiple-choice setup, but extends trivially to non-multiple-choice
settings.

Theorem 17.R (Distributional). Consider any value A € {0,...,G}. Among all incentive-
compatible mechanisms (that may or may not satisfy no-free-lunch), Algorithm pays strictly
the smallest amount to a worker who skips some A of the questions in the the gold standard,
and chooses answers to the remaining (G — A) questions uniformly at random.

Theorem 17.S (Deterministic). Consider any value B € (0,1]. Among all incentive-
compatible mechanisms (that may or may not satisfy no-free-lunch), Algom'thm pays strictly
the smallest amount to a worker who gives incorrect answers to a fraction B or more of the
questions attempted in the gold standard.

We see from this result that the multiplicative payment mechanism of Algorithm [1] thus
possesses very useful properties geared to deter spammers, while ensuring that a good worker
will be paid a high enough amount. To illustrate this point, let us compare the mechanism
of Algorithm (1] with the popular additive class of payment mechanisms.
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Example 3. Consider the popular class of “additive” mechanisms, where the payments to
a worker are added across the gold standard questions. This additive payment mechanism
offers a reward of *2= for every correct answer in the gold standard, O"‘g"T for every question
skipped, and O for every incorrect answer. Importantly, the final payment to the worker is the
sum of the rewards across the G gold standard questions. One can verify that this additive
mechanism is incentive compatible. One can also see that that as guaranteed by our theory,
this additive payment mechanism does not satisfy the no-free-lunch axiom.

Suppose each question involves choosing from two options. Let us compute the payment
that these two mechanisms make under a spamming behavior of choosing the answer randomly
to each question. Given the 50% likelihood of each question being correct, on can compute
that the additive mechanism makes a payment of *5= in expectation. On the other hand,
our mechanism pays an expected amount of only amax2~¢. The payment to spammers thus
reduces exponentially with the number of gold standard questions under our mechanism,
whereas it does not reduce at all in the additive mechanism.

Now, consider a different means of exploiting the mechanism(s) where the worker simply
skips all questions. To this end, observe that if a worker skips all the questions then the
additive payment mechanism will make a payment of amaxI'. On the other hand, the proposed
payment mechanism of Algorithm |1| pays an exponentially smaller amount of umaxT¢ (recall

that T' < 1).

6.4 Simulations

In this section, we present synthetic simulations the effects of our setting and our mecha-
nism on the final label quality. Experiments using real-world data from crowdsourcing are
described in Section of Chapter [7], where the skip-based setting is compared with the
standard baseline as well as a confidence-based setting that forms the focus of Chapter [7]

In this section, we employ synthetic simulations to understand the effects of various
distributions of the confidences and labeling errors. We consider binary-choice questions in
this set of simulations. Whenever a worker answers a question, her confidence for the correct
answer is drawn from a distribution P independent of all else. We investigate the effects of
the following five choices of the distribution P:

The uniform distribution on the support [0.5, 1].

A triangular distribution with lower end-point 0.2, upper end-point 1 and a mode of 0.6.
A beta distribution with parameter values o = 5 and § = 1.

The hammer-spammer distribution [117]: uniform on the discrete set {0.5,1}.

A truncated Gaussian distribution: a truncation of A(0.75,0.5) to the interval [0, 1].

We compare (a) the setting where workers attempt every question, with (b) the setting
where workers skip questions for which their confidence is below a certain threshold 7'. In
this set of simulations, we set T' = 0.75. In either setting, we aggregate the labels obtained
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Figure 6.2: Error under different interfaces for synthetic simulations of five distributions of the
workers’ error probabilities.

from the workers for each question via a majority vote on the two classes. Ties are broken
by choosing one of the two options uniformly at random.

Figure depicts the results from these simulations. Each bar represents the fraction of
questions that are labeled incorrectly, and is an average across 50,000 trials. (The standard
error of the mean is too small to be visible.) We see that the skip-based setting consistently
outperforms the conventional setting, and the gains obtained are moderate to high depending
on the underlying distribution of the workers’ errors. In particular, the gains are quite
striking under the hammer-spammer model: this result is not surprising since the mechanism
(ideally) screens the spammers out and leaves only the hammers who answer perfectly.

The setup of the simulations described above assumes that the workers confidences equal
the true error probabilities. In practice, however, the workers may have incorrect beliefs. The
setup also assumes that ties are broken randomly; however in practice, ties may be broken
in a more systematic manner by eliciting additional labels for only these hard questions. We
now present a second set of simulations that mitigates these biases. In particular, when a
worker has a confidence of p, the actual probability of error is assumed to be drawn from
a Gaussian distribution with mean p and standard deviation 0.1, truncated to [0,1]. In
addition, when evaluating the performance of the majority voting procedure, we consider
a tie as having an error of 0.4. Figure depicts the results of these simulations. We
observe that the results from these simulations are very similar to those obtained in the
earlier simulation setup of Figure [6.2]
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Figure 6.3: Errors under a model that is a perturbation of the first experiment, where the worker’s
confidence is a noisy version of the true error probability and where ties are considered different
from random decisions.

6.5 Discussion

Given the uniqueness in theory, simplicity, and good empirical performance, we envisage our
‘multiplicative’ mechanisms to be of interest to machine learning researchers and practition-
ers who use crowdsourcing to collect labeled data. In this concluding section, we first discuss
the modeling assumptions that we made in this chapter, followed by a discussion on open
problems.

Modelling assumptions

When forming the model for our problem, as in any other field of theoretical research, we
had to make certain assumptions and choices. In what follows, we discuss the reasons for
the modeling choices we made.

o Use of gold standard questions. We assume the existence of gold standard questions in the
task, i.e., a subset of questions to which the answers are known to the system designer.
The existence of gold standard is commonplace in crowdsourcing platforms [45] 143].

e Error rate vs. sample size under skips Consider the skip-based setting. As discussed
earlier, allowing the workers to skip questions they are unsure of reduces the error rates in
the data obtained. However, the higher data quality trades off with the sample size, i.e.,
the amount of (non-skipped) data obtained is lower. In our simulations in this chapter as
well as in the experiments discussed in the next chapter, we see that the tradeoff is very
favorable towards our skip-based setting in that we see a significant drop in the aggregate
error with the use of our skip-based interface and mechanism.
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o Workers aiming to mazimize their expected payments: We assume that the workers aim
to maximize their expected payments. In many other problems in game theory, one often
makes the assumption that people are “risk-averse”, and aim to maximize the expected
value of some “utility function” of their payments. However in the context of the crowd-
sourcing settings we consider here, we believe that the assumption of workers maximizing
their expected payments is a perfectly reasonable assumption. The reason is that each
such task in crowdsourcing lasts for a handful of minutes and is worth a few tens of
cents. Workers typically perform tens to hundreds of tasks per day, and consequently
their empirical hourly wages very quickly converge to their expectation.

o Workers knowing their confidences: We understand that in practice the workers will have
noisy or granular estimates of their own beliefs. The mathematical assumption of workers
knowing their precise confidences is an idealization intended for mathematical tractability.
This is one of the reasons why we only elicit a quantized value of the workers’ beliefs (in
terms of skipping or choosing one of a finite number of confidence levels), and not try to
ask for a precise value.

o FEliciting a quantized version of the beliefs: We do not directly attempt to elicit the values
of the beliefs of the workers, but instead ask them to indicate only a quantization by means
of either attempting or skipping the question. In the next chapter, we extend our results
to a finer quantization where we also ask for the confidence level of the worker in terms of
a finite number of choices such as { “I'm not sure”, “moderately sure”, “absolutely sure” }.
We prefer this quantization to direct assessment to real-valued probability, motivated by
the extensive literature in psychology on the coarseness of human perception and process-
ing (e.g., [114, 169, 220, 238|) establishing that humans are more comfortable at providing
quantized responses. This notion is verified by experiments on Amazon Mechanical Turk
in the paper [220] where it is observed that people are more consistent when giving or-
dinal answers (comparing pairs of items) as opposed to when they are asked for numeric
evaluations.

Open problems

We discuss two sets of open problems, one from the practical perspective and another on the
theoretical front.

First, in the chapter, we assumed that the number of total questions N in a task, the
number of gold standard questions GG, and the threshold T for skipping (or the number and
thresholds of the different confidence levels) were provided to the mechanism. While these
parameters may be chosen by hand by a system designer based on her own experience, a
more principled design of these parameters is an important question. The choices for these
parameters may have to be made based on certain tradeoffs. For instance, a higher value of
GG reduces the variance in the payments but uses more resources in terms of gold standard
questions. Or for instance, more number of threshold levels L would increase the amount of
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information obtained about the workers’ beliefs, but also increase the noise in the workers’
estimates of her own beliefs.

A second open problem is the design of inference algorithms that can exploit the specific
structure of the skip-based setting. There are several algorithms and theoretical analyses in
the literature for aggregating data from multiple workers in the baseline setting (see Chap-
ter . A useful direction of research in the future is to develop algorithms and theoretical
guarantees that incorporate information about the workers’ confidences. For instance, for
the skip-based setting considered in this chapter, the missing labels are not missing “at
random” but are correlated with the difficulty of the task. Designing algorithms that can
exploit this information judiciously (e.g., via confidence-weighed worker/item constraints in
the minimax entropy method of [276]) is a useful direction of future research.

6.6 Proofs

In this section, we prove the claimed theoretical results whose proofs are not included in the
main text of the chapter.

The property of incentive-compatibility does not change upon any shift of the mechanism
by a constant value or any scaling by a positive constant value. As a result, for the purposes
of these proofs, we can assume without loss of generality that au,;, = 0.

6.6.1 Proof of Theorem : Our mechanism works

The proposed payment mechanism satisfies no-free-lunch since the payment is ay,;, when
there are one or more wrong answers in the gold standard. It remains to show that the
mechanism is incentive compatible. To this end, observe that the property of incentive-
compatibility does not change upon any shift of the mechanism by a constant value or any
scaling by a positive constant value. As a result, for the purposes of this proof, we can
assume without loss of generality that ap,;, = 0.

We will first assume that, for every question that the worker does not skip, she selects
the answer which she believes is most likely to be correct. Under this assumption we will
show that the worker is incentivized to skip the questions for which her confidence is smaller
than T and attempt if it is greater than 7. Finally, we will show that the mechanism
indeed incentivizes the worker to select the answer which she believes is most likely to be
correct for the questions that she doesn’t skip. In what follows, we will employ the notation
K = Qpax1'C.

Let us first consider the case when G = N. Let py, ..., px be the confidences of the worker
for questions 1,..., N respectively. Further, let piy > -+ > pony > T > ping1) = -+ 2 D)
be the ordered permutation of these confidences (for some number m). Let {(1),...,(N)}
denote the corresponding permutation of the N questions. If the mechanism is incentive
compatible, then the expected payment received by this worker should be maximized when
the worker answers questions (1), ..., (m) and skips the rest. Under the mechanism proposed
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in Algorithm [T this action fetches the worker an expected payment of

P  Pm)
T
Alternatively, if the worker answers the questions {i1,...,ig}, with p;, > -+ > p;,, > T >
Piyyr > "0 > Dig for some value v, then the expected payment is
K Di yZi
Pt Py = Ko (6.2)
pil piy
= Mt (6.3)
b D(m)
= Mty (6.4)

where inequality holds because % <1 V j > v and holds with equality only when
8 = v. Inequality is a result of @ > 1 V j < m and holds with equality only when
v = m. It follows that the expected payment is (strictly) maximized when iy = (1),...,ig =
(m) as required.

The case of G < N is a direct consequence of the result for G = N, as follows. When
G < N, from a worker’s point of view, the set of G questions is distributed uniformly
at random in the superset of N questions. However, for every set of GG questions, the
relations , , and their associated equality /strict-inequality conditions hold.
The expected payment is thus (strictly) maximized when the worker answers the questions
for which her confidence is greater than 1" and skips those for which her confidence is smaller
than T'.

One can see that for every question that the worker chooses to answer, the expected
payment increases with an increase in her confidence. Thus, the worker is incentivized to
select the answer that she thinks is most probably correct.

Finally, since k = amax @ > 0 and T' € (0, 1), the payment is always non-negative and
satisfies the ay,.-budget constraint.

6.6.2 Proof of Theorem : Uniqueness of our mechanism

The property of incentive-compatibility does not change upon any shift of the mechanism
by a constant value or any scaling by a positive constant value. As a result, for the purposes
of this proof, we can assume without loss of generality that a,;, = 0.

We will first prove that any incentive-compatible mechanism satisfying the no-free-lunch
axiom must make a zero payment if one or more answers in the gold standard are incorrect.
The proof proceeds by induction on the number of skipped questions S in the gold standard.
Let us assume for now that in the GG questions in the gold standard, the first question is
answered incorrectly, the next (G — 1 — S) questions are answered by the worker and have
arbitrary evaluations, and the remaining S questions are skipped. The proof proceeds by an
induction on S. Suppose S = G — 1. In this case, the only attempted question is the first
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question and the answer provided by the worker to this question is incorrect. The no-free-
lunch axiom necessitates a zero payment in this case, thus satisfying the base case of our
induction hypothesis. Now we prove the hypothesis for some S under the assumption of it
being true when the number of questions skipped in the gold standard is (S + 1) or more.
From Lemma 33| (with i = G — S — 1) we have

Tf(‘L?JQ,- - Yg-s-2, 17()’ s 70) + (1 - T)f<_17y27 i 7yG—S—27_1707 SR 70)
- f<_17y27"'7yG—S—270707"'70)
:07

where the final equation is a consequence of our induction hypothesis: The induction hy-
pothesis is applicable since f(—1,%s,...,%c-5-2,0,0,...,0) corresponds to the case when
the last (S + 1) questions are skipped and the first question is answered incorrectly. Now,
since the payment f must be non-negative and since T € (0, 1), it must be that

f(—l,yg, e Yg—-s—-2, 1,0, e ,0) = 0,

and

f(—l,yg, . ,yG,S,Q, —1,0, e ,O) == O

This completes the proof of our induction hypothesis. Furthermore, each of the arguments
above hold for any permutation of the G questions, thus proving the necessity of zero payment
when any one or more answers are incorrect.

We will now prove that when no answers in the gold standard are incorrect, the payment
must be of the form described in Algorithm|[I] Let x be the payment when all G questions in
the gold standard are skipped. Let C' be the number of questions answered correctly in the
gold standard. Since there are no incorrect answers, it follows that the remaining (G — C')
questions are skipped. Let us assume for now that the first C' questions are answered correctly
and the remaining (G — C') questions are skipped. We repeatedly apply Lemma and the
fact that the payment must be zero when one or more answers are wrong, to get

1 1-T
f@,...,1,1,0,...,0) = =f(1,...,1,0,0,...,0) — ——f(1,...,1,-1,0,...,0)
—_—— N — T a—  ——r T —— ——
c-1 G-C -1 G-C -1 G-C
1
=—f(1,...,1,0,0 0
Tf(7 ) 9 Y ) )
Cc-1 G-C
1
_ﬁ (0, ,O)
G
1
= —K .
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In order to abide by the budget, we must have the maximum payment as c.x = /1— It
follows that k£ = amaZ'“. Finally, the arguments above hold for any permutation of the G
questions, thus proving the uniqueness of the mechanism of Algorithm [I]

6.6.3 Proof of Lemma (33 The workhorse lemma

First we consider the case of G = N. In the set {y1,...,%i-1,¥i+1,---,Ya}, for some (n,7) €
{0,...,G — 1}? such that n + v + 1 < G, suppose there are n elements with a value 1, v
elements with a value —1, and (G — 1 —n — ) elements with a value 0. Let us assume for
now that i =n+~v+Lyi=1,...,yp = Lypt1 = =1L, ... Ypty = =L, Ypiys2 =0,...,yeg = 0.

Suppose the worker has confidences (py,...,py+y) € (T, 1]7"7 for the first (n + ) ques-
tions, a confidence of ¢ € (0, 1] for the next question, and confidences smaller than T for the
remaining (G —n —y — 1) questions. The mechanism must incentivize the worker to answer
the first (n++) questions and skip the last (G —n—~—1) questions; for question (n+y+1),
it must incentivize the worker to answer if ¢ > T and skip if ¢ < T. Supposing the worker
indeed attempts the first ( + ) questions and skips the last (G —n — v — 1) questions, let
x = {x1,...,Ty4,} € {—1,1}""7 denote the the evaluation of the worker’s answers to the
first (7 + ) questions. Define quantities {r;};cjy+y as r; = 1 —p; for j € {1,...,n}, and
r; =p; for j € {n+ 1,7+ ~}. The requirement of incentive compatibility necessitates

1+:cj
q E fl@r, o Ty —Tpg1s o, —Tppq, 1,0, H T Tz 1—7”]) z
ze{—1,1}1+7 J€m+]
I;zj 1+$j
+(1—gq) E f@r, . o Ty —Tyg1s oo, =Ty, —1,0,...,0) H rp? (L—ry)72
we{-1,1}717 JEM+]
q<T Ita;
2
s E fl@r, .o Ty —Tyg1s oo, —Tppe, 0,0, H r; 1—73) z
=T ze{-1,1}nt7 J€Mm+]

The left hand side of this expression is the expected payment if the worker chooses to answer
question (14~ + 1), while the right hand side is the expected payment if she chooses to skip
it. For any real-valued variable ¢, and for any real-valued constants a, b and c,

g<c
aq S b = ac=0b.
g>c
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As a result,
7oy 1t

T Z fl@r, .o Ty —Tyg1s -, —Tppy, 1,0,...,0) H ri? (L—r;)2

ze{—1,1}1+7 JEMm+]

1=z 1+
+(1-1T) Z f(xe, .o Ty —Tyg1s -, —Tppqy, —1,0,...,0) H r; 7 (1—r;)72
xe{—1,1}1+7 JEMm+]
-z 1+a;
— Z flx1, Ty =Tty - ooy —Tpiy—1,0,0,...,0) H ri? (L—r)2 =0.
ze{—1,1}1+7 J€Mm+]

(6.5)

The left hand side of represents a polynomial in (n+) variables {r; };7217 which evaluates
to zero for all values of the variables within a (1+ )-dimensional solid Euclidean ball. Thus,
the coefficients of the monomials in this polynomial must be zero. In particular, the constant
term must be zero. The constant term appears when z; =1V j in the summations in (/6.5).

Setting the constant term to zero gives

Tfx1=1,...,0p=1, -2y =—-1,...,—2,, =—1,1,0,...,0)
+(1-T)f(z1=1,...,2y=1,—2pp1 = —1,..., =2y, = —1,-1,0,...,0)
—flen=1,.. .2y =1,—2p1 =—1,..., =24, = —1,0,0,...,0) =0

as desired. Since the arguments above hold for any permutation of the G questions, this
completes the proof for the case of G = N.

Now consider the case G < N. Let g : {—1,0,1} — R, represent the expected payment
given an evaluation of all the N answers, when the identities of the gold standard questions
are unknown. Here, the expectation is with respect to the (uniformly random) choice of the
G gold standard questions. If (zy,...,2x) € {—1,0,1}" are the evaluations of the worker’s
answers to the N questions then the expected payment is

g(x1,...,zN) = (T Z f(@iyy ooy Tig) - (6.6)

G) (i1,0ic)C{1,....,N}

Notice that when G = N, the functions f and g are identical.

In the set {y1,...,%i_1,¥Yit1,---,Ya}, for some (n,7) € {0,...,G — 1}? with n +~v < G,
suppose there are 7 elements with a value 1, vy elements with a value —1, and (G—1—n—7)
elements with a value 0. Let us assume for now that ¢ = n+~vy+1, 1 =1,...,y, = L, ypp1 =
-1, Yy = L Yprg2=0,...,ya = 0.

Suppose the worker has confidences {p1,...,py+,} € (T, 1]"7 for the first (n+ ) of the
N questions, a confidence of ¢ € (0, 1] for the next question, and confidences smaller than
T for the remaining (N —n —~ — 1) questions. The mechanism must incentivize the worker
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to answer the first (n + ) questions and skip the last (N —n — v — 1) questions; for the
(n + 7 + 1) question, the mechanism must incentivize the worker to answer if ¢ > T and
skip if ¢ < T'. Supposing the worker indeed attempts the first (7 + ) questions and skips
the last (N —n — v — 1) questions, let ® = {z1,...,2,1,} € {—1,1}""7 denote the the
evaluation of the worker’s answers to the first (n++) questions. Define quantities {r;};cp4+]
asr; =1—p; for j € {1,...,n}, and r; = p; for j € {n+ 1,7+ ~}. The requirement of
incentive compatibility necessitates

ﬂ 14z
q Z g(z1, ...,y —Tpt1, ..., —Tyys, 1,0,...,0) H r; 7 (1=r)72
ze{-1,1}1+7 JEM+]
1+;L'j
+(1—gq) Z g(z1, ..., g, —Tpt1, .., =Ty, —1,0, H T = 1—7-]) 2
ze{—1,1}1+7 J€m+]
q<T 14,
S Z g(z1, ... g, —Tpi1, ..., =Ty, 0,0, ... H T N 1—7"]) 7
=T ze{—1,1}7+7 JEM+A]
(6.7)
Again, applying the fact that for any real-valued variable ¢ and for any real-valued constants
g<c
a,band c,aq < b = ac=>b, we get that
q>c
Tg(xy=1,...,0p=1,—xp1 =—1,..., =2y, = —1,1,0,...,0)
+(1-T)g(xr=1,...,2y=1,—2pp1 =—1,..., -2y, = —1,-1,0,...,0)
—glzr=1,...,0y=1, -2y =—1,..., =24, =—1,0,0,...,0) =0. (6.8)

The proof now proceeds via induction on the quantity (G—n—-y—1), i.e., on the number
of skipped questions in {y1, ..., %1, Yis1, - - -, Ya}. We begin with the case of (G—n—vy—1) =
G — 1 which implies n = v = 0. In this case simplifies to

Tg(1,0,...,0)+ (1 —=T)g(-1,0,...,0) = ¢(0,0,...,0) .
Applying the expansion of function ¢ in terms of function f from (6.6)) gives

T(le(170a70) +62f(070770))+ (1 _T) (le(_la()?7O)+02f(0707a0))
= (c1£(0,0,...,0) + c2£(0,0,...,0))
for constants ¢; > 0 and ¢ > 0 that respectively denote the probabilities that the first

question is picked and not picked in the set of G gold standard questions. Cancelling out
the common terms on both sides of the equation, we get the desired result

Tf(1,0,...,0)+ (1 —T)f(—1,0,...,0) = £(0,0,...,0) .
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Next, we consider the case when (G —n—~ — 1) questions are skipped in the gold standard,
and assume that the result is true when more than (G —n — v — 1) questions are skipped
in the gold standard. In , the functions g decompose into a sum of the constituent f
functions. These constituent functions f are of two types: the first where all of the first
(n + v+ 1) questions are included in the gold standard, and the second where one or more
of the first (n + v + 1) questions are not included in the gold standard. The second case
corresponds to situations where there are more than (G —n — v — 1) questions skipped in
the gold standard and hence satisfies our induction hypothesis. The terms corresponding
to these functions thus cancel out in the expansion of . The remainder comprises only
evaluations of function f for arguments in which the first (n 4+~ + 1) questions are included
in the gold standard: since the last (N —n —~ — 1) questions are skipped by the worker, the
remainder evaluates to

Tesf(yr, -y Yper, 1,0, .0, 0) + (1 = T)esf(ya, - -+ s YUntys —1,0,...,0)
:C3f(y17o--,y77+7,0,0,---,O)

for some constant c3 > 0. Dividing throughout by c¢3 gives the desired result.
Finally, the arguments above hold for any permutation of the first G questions, thus
completing the proof.

Proof of Theorem [6.3.4; Minimum payment to spammers

The property of incentive-compatibility does not change upon any shift of the mechanism
by a constant value or any scaling by a positive constant value. As a result, for the purposes
of this proof, we can assume without loss of generality that a,;, = 0.

Part A (Distributional). Let m denote the number of options in each question. One
can verify that under the mechanism of Algorithm [1} a worker who skips A questions and
answers the rest uniformly at random will get a payment of ‘;ffblg—"_Tf in expectation. This
expression arises due to the fact that Algorithm [I] makes a zero payment if any of the
attempted answers are incorrect, and a payment of a7 if the worker skips A questions
and answers the rest correctly. Under uniformly random answers, the probability of the
latter event is ——.

Now consider any other mechanism, and denote it as f’. Let us suppose without loss of
generality that the worker attempts the first (G — A) questions. Since the payment must be
non-negative, a repeated application of Lemma [33| gives

f'(1,...,1,0,...,0) > Tf'(1,...,1,0,...,0) (6.9)
G-A G—-A+1
>TAf'(1,...,1)

= T O, (6.10)
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where equation ((6.10)) is a result of the ayy.x-budget constraint. Since there is a ﬁ chance
of the (G — A) attempted answers being correct, the expected payment under any other

] A
mechanism f’ must be at least 2malC
m

We will now show that if any mechanism f” that makes an expected payment of a;;;g—"_Tf
to such a spammer, then the mechanism must be identical to Algorithm We split the
proof of this part into two cases, depending on the value of the parameter A.

Case I (A < G): In order to make an expected payment of O‘;;g’fC,A, the mechanism must
achieve the bound (6.10) with equality, and furthermore, the mechanism must have zero
payment if any of the (G — A) attempted questions are answered incorrectly. In other words,

the mechanism f’ under consideration must satisfy

f/<y17 - Ya-A, Oa S 70) =0 v(yla B 7yG7A) € {_17 1}G7A\{1}G7A'
A repeated application of Lemma [33] then implies

f'(0,0,...,—-1)=0. (6.11)

Note that so far we considered the case when the worker attempts the first (G — A) questions.
The arguments above hold for any choice of the (G — A) attempted questions, and conse-
quently the results shown so far in this proof hold for all permutations of the arguments to
f'. In particular, the mechanism f’ must make a zero payment when any (G — 1) questions in
the gold standard are skipped and the remaining question is answered incorrectly. Another
repeated application of Lemma 33| to this result gives

'y, y6) =0 Y(yi,...,yq) € {0, —1}9\{0}¢.

This condition is precisely the no-free-lunch axiom, and in Theorem [17] we had shown that
Algorithm [1] is the only incentive-compatible mechanism that satisfies this axiom. It follows
that our mechanism, Algorithm [l strictly minimizes the expected payment in the setting
under consideration.

Case II (A = G): In order to achieve the bound with equality, the mechanism f’
must also achieve the bound with equality. Noting that we have A = G in this case, it
follows that the mechanism f’ must satisfy

F(=1,0,...,0) = 0.

This condition is identical to (6.11]) established for Case I earlier, and the rest of the argument
now proceeds in a manner identical to the subsequent arguments in Case 1.

Part B (Deterministic). Given our result of Theorem the proof for the determin-
istic part is straightforward. Algorithm (1| makes a payment of zero when one or more of the
answers to questions in the gold standard are incorrect. Consequently, for every value of
parameter B € (0, 1], Algorithm [l makes a zero payment when a fraction B or more of the
attempted answers are incorrect. Any other mechanism doing so must satisfy the no-free-
lunch axiom. In Theorem [17]we had shown that Algorithm [1]is the only incentive-compatible
mechanism that satisfies this axiom. It follows that our mechanism, Algorithm [I} strictly
minimizes the payment in the event under consideration.
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6.A Appendix: A stronger no-free-lunch

Recall that the no-free-lunch axiom under the skip-based mechanism of Section requires
the payment to be the minimum possible if all attempted answers in the gold standard are
incorrect. However, a worker who skips all the questions may still receive a payment. One
may thus wish to impose a stronger requirement instead, where the minimum payment is
made to workers who make no useful contribution. This is the primary focus of this section.

In order to accommodate this requirement, let us define the following axiom which is
slightly stronger than the no-free-lunch axiom defined earlier.

Strong-no-free-lunch: If none of the answers in the gold standard are correct, then the
payment is ay,i,. More formally, strong-no-free-lunch imposes the condition f(z1,...,zq¢) =
Omin for every evaluation (z1,...,x¢s) that satisfies Zil 1{z; > 0} = 0.

The strong-no-free-lunch axiom is only slightly stronger than the no-free-lunch axiom
proposed in Section The strong-no-free-lunch axiom can equivalently be written as
imposing requiring the payment to be the minimum possible for every evaluation that satisfies
ZiG:1 1{x; # 0} = Zf’;l 1{x; = —1}. From this interpretation, one can see that to the set
of events necessitating the minimum payment under the no-free-lunch axiom, the strong-no-
free-lunch axiom adds only one extra event — the event of the worker skipping all questions.
Unfortunately, it turns out that this minimal strengthening of the requirements is associated
to impossibility results.

In this section we show that no mechanism satisfying the strong-no-free-lunch axiom can
be incentive compatible in general. The only exception is the case when (a) all questions
are in the gold standard (G = N), and (b) it is guaranteed that the worker has a confidence
greater than T for at least one of the IV questions. These conditions are, however, impractical
for the crowdsourcing setup under consideration in this chapter. We will first prove the
impossibility results under the strong-no-free-lunch axiom. For the sake of completeness
(and also to satisfy mathematical curiosity), we will then provide a (unique) mechanism
that is incentive-compatible and satisfies the strong-no-free-lunch axiom for the skip-based
setting under the two conditions listed above. The proofs of each of the claims made in this
section are provided at the end of this section.

In this section, we will call any worker whose confidences for all of the N questions is
lower than T as an unknowledgeable worker, and call the worker a knowledgeable worker
otherwise.

Proposition 9. No payment mechanism satisfying the strong-no-free-lunch axiom can incen-
tivize an unknowledgeable worker to skip all questions. As a result, no mechanism satisfying
the strong-no-free-lunch axiom can be incentive-compatible.

The proof of this proposition, and that of all other theoretical claims made in this section,
are presented at the end of this section.

The impossibility result of Proposition [9] relies on trying to incentivize an unknowl-
edgeable worker to act as desired. Since no mechanism can be incentive compatible for
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unknowledgeable workers, we will now consider only workers who are knowledgeable. The
following proposition shows that the strong-no-free-lunch axiom is too strong even for this
relaxed setting.

Proposition 10. When G < N, there exists no mechanism that is incentive-compatible for
knowledgeable workers and satisfies the strong-no-free-lunch axiom.

Given this impossibility result for G < N, we are left with G = N which means that the
true answers to all the questions are known a priori. This condition is clearly not applicable to
a crowdsourcing setup; nevertheless, it is mathematically interesting and may be applicable
to other scenarios such as testing and elicitation of beliefs about future events.

Proposition [11] below presents a mechanism for this case and proves its uniqueness. We
previously saw that an unknowledgeable worker cannot be incentivized to skip all the ques-
tions (even when G = N). Thus, in our payment mechanism, we do the next best thing:
Incentivize the unknowledgeable worker to answer only one question, that which she is most
confident about, while incentivizing the knowledgeable worker to answer questions for which
her confidence is greater than 7" and skip those for which her confidence is smaller than 7.

Proposition 11. Let C be the number of correct answers and W be the number of wrong
answers (in the gold standard). Let the payment be cupin if W >0 or C' =0, and be (max —
amin)TG_C + Quin otherwise. Under this mechanism, when G = N, an unknowledgeable
worker is incentivized to answer only one question, that for which her confidence is the
mazimum, and a knowledgeable worker is incentivized to answer the questions for which
her confidence is greater than T and skip those for which her confidence is smaller than T.
Furthermore, when G = N, this mechanism is the one and only mechanism that obeys the
strong-no-free-lunch axiom and is incentive-compatible for knowledgeable workers.

Proofs

In the remainder of this section, we prove the various claims regarding the strong no-free-
lunch axiom studied in this section.

Proof of Proposition @

If the worker skips all questions, then the expected payment is zero under the strong-no-
free-lunch axiom. On the other hand, in order to incentivize knowledgeable workers to select
answers whenever their confidences are greater than 7', there must exist some situation in
which the payment is strictly larger than zero. Suppose the payment is strictly positive when
questions {1, ..., z} are answered correctly, questions {z+1, ..., 2’} are answered incorrectly,
and the remaining questions are skipped. If the confidence of the unknowledgeable worker
is in the interval (0,T) for every question, then attempting to answer questions {1,...,2'}
and skipping the rest fetches her a payment that is strictly positive in expectation. Thus,
this unknowledgeable worker is incentivized to answer at least one question.
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Proof of Proposition

Consider a (knowledgeable) worker who has a confidence of p € (T, 1] for the first question,
q € (0,1) for the second question, and confidences in the interval (0,7") for the remaining
questions. Suppose the worker attempts to answer the first question (and selects the answer
the believes is most likely to be correct) and skips the last (N — 2) questions as desired.
Now, in order to incentivize her to answer the second question if ¢ > 7" and skip the second
question if ¢ < T, the payment mechanism must satisfy

pqg(1,1,0,...,0) + (1 — p)gg(—1,1,0,...,0) +p(1l — q)g(1,—1,0,...,0)
q<T

q>T

For any real-valued variable ¢, and for any real-valued constants a, b and c,

g<c
ag s b = ac=0D.
g>c

As a result we have

pTg(1,1,0,...,0)+ (1 —p)Tg(—1,1,0,...,0) + p(1 — T)g(1,—1,0,...,0)
+(1—=p)(1-T)g(—1,-1,0,...,0) — pg(1,0,0,...,0) — (1 —p)g(—1,0,0,...,0) =0 .

The left hand side of this equation is a polynomial in variable p and takes a value of zero
for all values of p in a one-dimensional box (T,1]. It follows that the monomials of this
polynomial must be zero, and in particular the constant term must be zero:

Tg(—1,1,0,...,0) + (1= T)g(—1,—-1,0,...,0) — g(—1,0,0,...,0) =0 .

The strong-no-free-lunch axiom implies f(—1,—1,0,...,0) = f(—=1,0,...,0) = f(0,...,0) =
0, and hence g(—1,—-1,0,...,0) = g(—1,0,0,...,0) = 0. Since T € (0,1), we have

0=g(—1,1,0,...,0)
= c1f(=1,1,0,...,0) + cof(—=1,0,...,0) + c2f(1,0,...,0) (6.12)

for some constants ¢; > 0 and ¢y > 0 that represent the probability that the first two
questions are included in the gold standard, and the probability that the first (or, second)
but not the second (or, first) questions are included in the gold standard. Since f is a
non-negative function, it must be that

Now suppose a (knowledgeable) worker has a confidence of p € (T, 1] for the first question
and confidences lower than 7" for the remaining (N — 1) questions. Suppose the worker
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chooses to skip the last (N — 1) questions as desired. In order to incentivize the worker to
answer the first question, the mechanism must satisfy for all p € (T, 1],

0<pg(1,0,...,0)+ (1 =p)g(—1,0,...,0) — ¢(0,0,...,0)
:pCSf(laoa"'ao)+pc4f<0707"-70)+(1_p)03f<_1707'--70)
+ (1= p)eaf(0,0,...,0) — £(0,0,...,0)
:07

where ¢3 > 0 and ¢4 > 0 are some constants. The final equation is a result of the strong-
no-free-lunch axiom and the fact that f(1,0,...,0) = 0 as proved above. This yields a
contradiction, and hence no incentive-compatible mechanism f can satisfy the strong-no-
free-lunch axiom when G < N even when allowed to address only knowledgeable workers.

Finally, as a sanity check, note that if G = N then ¢ = 0 in (6.12]). The proof above
thus doesn’t hold when G = N.

Proof of Proposition

We will first show that the mechanism works as desired.

First consider the case when the worker is unknowledgeable and her confidences are of
the form T" > p1y > p2) = p@) = -+ = pe)- 1f she answers only the first question, then her
expected payment is

PO
T
Let us now see her expected payment if she doesn’t follow this answer pattern. The strong-
no-free-lunch axiom implies that if the worker doesn’t answer any question then her expected
payment is zero. Suppose the worker chooses to answer questions {i1,...,4,}. In that case,
her expected payment is

Pt Ph o Pa P
T= T T
pm)z

< — 6.13

< w (e (6.13)

P
< —— 6.14
< R (6.14)

where uses the fact that p)y <T. The inequality in becomes an equality only
when z = 1. Now when z = 1, the inequality in becomes an equality only when
i1 = (1). Thus the unknowledgeable worker is incentivized to answer only one question —
the one that she has the highest confidence in.

Now consider a knowledgeable worker and suppose her confidences are of the form p) >

“ 2> Pm) > T > Pimg1y = -+ = P for some m > 1. If the worker answers questions
(1),...,(m) as desired, her expected payment is
P P(m)
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Now let us see what happens if the worker does not follow this answer pattern. The strong-
no-free-lunch axiom implies that if the worker doesn’t answer any question then her expected
payment is zero. Now, if she answers some other set of questions, say questions {iy,...,i,}
with pay < pi, <+ < pi, < Pem) < Piys < Pi. <P The expected payment in that
case is

sz'l c o Di, _ Kpil o b
T= T T
Piy bi,
< —_— ... —Z 615
= R T T ( )
P@) DPim)
= R T T ( )

where inequality is a result of % <1 V j > y and holds with equality only when
y = z. Inequality is a result of I% > 1 V j < m and holds with equality only when
y = m. Thus the expected payment is maximized when i; = (1),...,7, = (m) as desired.
Finally, the payment strictly increases with an increase in the confidences, and hence the
worker is incentivized to always consider the answer that she believes is most likely to be
correct.

We will now show that this mechanism is unique.

The necessary conditions derived in Lemma 33| when restricted to the case of G = N and
Y1y Vi1, Yirt, - - > Ya) 7# {0}V 71, is also applicable to the present setting. This is because
the strong-no-free-lunch axiom assumed here is a stronger condition than the no-free-lunch
axiom considered in Lemma [33] and moreover, (y1,...,%i-1,¥i+1,---,¥c) # {0}V avoids
the use of unknowledgeable workers in the proof of Lemma [33] It follows that for every
question i€ {1,...,G} and every (yi,...,%i-1,Vit1,--->¥a) €{—1,0,1}¢"N\{0}4~1, it must
be that

Tf(y17 e Yie1, 17yi+17 S 7?JG) + (1 - T)f(y17 ey Yie1, _17yi+17 S 7yG)
:f(y].?‘"7yi—1707y’i+17“'?yG) . (617)

We claim that the payment must be zero whenever the number of incorrect answers
W > 0. The proof proceeds by induction on the number of correct answers C'. First suppose
C =0 (and W > 0). Then all questions are either wrong or skipped, and hence by the strong-
no-free-lunch axiom, the payment must be zero. Now suppose the payment is necessarily
zero whenever W > 0 and the total number of correct answers is (C' — 1) or lower, for some
C € |G —1]. Consider any evaluation (yi,...,yq) € {—1,0,1} in which the number of
incorrect answers is more than zero and the number of correct answers is C. Suppose y; = 1
for some i € [G], and y; = —1 for some j € [G]\{7}. Then from the induction hypothesis, we
have f(y1, ..., ¥i-1, =1, ¥iv1, - ¥a) = (Y1, -+, ¥i-1,0,¥i1, - -, ye) = 0. Applying
and noting that 7" € (0,1), we get that f(y1,...,%i-1,1,¥i+1,---,Yc) = 0 as claimed. This
result also allows us to simplify (6.17) to: For every question i € {1,...,G} and every

(yh e Yi—1, Yit 1, - - )yG) S {_]—7 07 1}6;1\{0}6:717

1
f(y17 < Yie1, 17yi+17 <. 73/6') = Tf(yla SR 7yi*1707yi+17 SR 7yG) : (618>




CHAPTER 6. DOUBLE OR NOTHING 205

We now show that when C' > 0 and W = 0, the payment must necessarily be of the form
described in the statement of Proposition [IT] The proof again proceeds via an induction on
the number of correct answers C' (> 1). Define a quantity x > 0 as

k=Tf(1,0,...,0) . (6.19)

Now consider the payment f(1,%s,...,yq) for some (ys, ..., yq) € {0, 1} 1N\{0}4~! with
C' correct answers. Applying (6.18)) repeatedly (once for every i such that y; = 1), we get

K

.f(lﬂyQ)"'ayG):ﬁ :

Unlike other results in this chapter, at this point we cannot claim the result to hold
for all permutations of the questions. This is because we have defined the quantity x in
an asymmetric manner , in terms of the payment function when the first question is
correct and the rest are skipped. In what follows, we will prove that the result claimed in
the statement of Proposition [11]indeed holds for all permutations of the questions.

From equation ([6.18) we have

£(0,1,0,...,0) = Tf(1,1,0,...,0)
= £(1,0,0,...,0)

=K .

Thus the payment must be x even if the second answer in the gold standard is correct and
the rest are skipped. In fact, the argument holds when any one answer in the gold standard
is correct and the rest are skipped. Thus the definition of k is not restricted to the first
question alone as originally defined in , but holds for all permutations of the questions.
This allows the other arguments above to be applicable to any permutation of the questions.
Finally, the budget constraint of ay,., fixes the value of  to that claimed, thereby completing
the proof.
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Chapter 7

Eliciting Confidences

“Be confident about your abilities. Be aware of your

limitations.”
— Vikram Sarabhai

7.1 Introduction

In this chapter, we consider crowdsourcing settings where the worker must perform a “task”
comprising multiple questions. We assume that each question is objective, meaning that it
has exactly one correct answer. In addition to eliciting the answers that the worker thinks

a s this the Golden Gate Bridge? b Is this the Golden Gate Bridge?

O Yes
O No

O I'm not sure

O Yes
O No

C Is this the Golden Gate Bridge?

Yes O Moderately sure O Absolutely sure
No O Moderately sure O Absolutely sure
O I'm not sure

Figure 7.1: An interface to elicit the answer and the worker’s (quantized) confidence level: (a)
standard interface used in crowdsourcing, (b) skip-based interface of Chapter |§| which forms a
special case of the setting of this chapter, and (c) the confidence-based interface considered in this
chapter.
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are correct, we also wish to elicit the worker’s confidence for each question; see Figure
for an illustration. For every question, the worker is asked for a quantized confidence level
associated to the answer that he/she provides — for instance, by asking the worker to indicate
whether he/she has a mild, moderate, or high confidence for his/her answer as illustrated in
Figure [7.1]c). We term this setting as a “confidence-based” setting.

The goal is to design payment mechanisms that are “incentive compatible”, that is,
incentivize the worker to report the answer they think is most likely to be correct and their
own confidence level honestly. In general, there may be many mechanisms which may be
incentive compatible, we wish to choose a mechanism for deployment in a principled manner,
and to that end, we propose a mild and natural “no-free-lunch” requirement on any payment
mechanism. We then design a mechanism that takes a “multiplicative” form and show that
our mechanism is the only mechanism that is possible.

For the reader who read Chapter[6] let us also provide a brief comparison with the setting
of the skip-based setting considered therein. In Chapter [0 we considered an interface where
the worker may answer any question if his/her confidence is high enough, or skip it otherwise.
Given that we are asking the worker to make decisions based on his/her confidence, in this
chapter we aim to directly elicit the confidence of the worker. The no-free-lunch axiom of
this chapter is even weaker than that of Chapter [6} the no-free-lunch axiom of this chapter
requires the minimum possible payment only if the worker indicates the highest confidence
level for all the questions she attempts and if all these responses are incorrect.

Organization. The organization of this chapter is as follows. We present the formal
problem setting in Section [7.2] In Section [7.3] we construct a mechanism for the confidence-
based setting, which takes a multiplicative form, and prove its uniqueness. In Section
we present experiments using data from Amazon Mechanical Turk to evaluate the potential
of our setting and algorithm to work in practice. We present a concluding discussion in
Section Finally, in Section we provide proofs of our theoretical results.

7.2 Problem setting

We retain all of the notation and terminology from Chapter [ which we reproduce here for
completeness; we extend the formulation of Chapter [6] from the skip-based to a confidence-
based setting.

General setting and terminology

In the crowdsourcing setting that we consider, one or more workers perform a task, where
a task consists of multiple questions. The questions are objective, by which we mean, each
question has precisely one correct answer. Examples of objective questions include multiple-
choice classification questions such as Figure [7.1] questions on transcribing text from audio
or images, etc.
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For any possible answer to any question, we define the worker’s confidence about an
answer as the probability, according to her belief, of this answer being correct. In other
words, one can assume that the worker has (in her mind) a probability distribution over all
possible answers to a question, and the confidence for an answer is the probability of that
answer being correct. As a shorthand, we also define the confidence about a question as the
confidence for the answer that the worker is most confident about for that question. We
assume that the worker’s confidences for different questions are independent.

Let N denote the total number of questions in the task. Among these questions, we
assume the existence of some “gold standard” questions, that is, a set of questions whose
answers are known to the requester. Let G (1 < G < N) denote the number of gold
standard questions. The GG gold standard questions are assumed to be distributed uniformly
at random in the pool of N questions (of course, the worker does not know which G of
the N questions form the gold standard). The payment to a worker for a task is computed
after receiving her responses to all the questions in the task. The payment is based on the
worker’s performance on the gold standard questions. Since the payment is based on known
answers, the payments to different workers do not depend on each other, thereby allowing
us to consider the presence of only one worker without any loss in generality.

Confidence-based setting

In the confidence-based setting that we consider in this chapter, for each question, the worker
can either ‘skip’ the question or provide an answer, and in the latter case, indicate her
confidence for this answer as a number in {1,..., L}. We term this indicated confidence as
the ‘confidence-level’. Here, L represents the highest confidence-level, and ‘skip’ is considered
to be a confidence-level of 0. For instance, the interface of Figure has L = 3. [[] Note
that we do not solicit an answer if the worker indicates a confidence-level of 0 (skip), but
the worker must provide an answer if she indicates a confidence-level of 1 or higher.

The reader who has read Chapter [6] will see from the aforementioned definition that the
confidence-based setting is a generalization of the skip-based setting. The skip-based setting
corresponds to L = 1.

The goal is to ensure that for a given set of intervals that partition [0, 1], for every
question the worker is incentivized to indicate ‘skip’ or choose the appropriate confidence-
level when her confidence for that question falls in the corresponding interval. We specify
these intervals by means of a set of “threshold” parameters {S;, T;}/-, that determine the
confidence-levels that the workers should indicate. We assume that these thresholds are
specified to us, and will use them to design the payment mechanism in a principled manner.
In particular, we will require specification of two reference points for each confidence level,
and this specification generalizes the skip-based setting.

"'When the task is presented to the workers, the word ‘skip’ or the numbers {1,..., L} are replaced by

9 [43 9 “

more comprehensible phrases such as “I don’t know”, “moderately sure”, “absolutely sure”, etc.
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e The first set of thresholds specifies a comparison of any confidence level with the skip-
ping option as a fixed reference. To this end, recall that in the skip-based setting, the
threshold T specified when the worker should skip a question and when she should
attempt to answer. This is generalized to the confidence-based setting where for ev-
ery level [ € [L], a fixed threshold S, specifies the ‘strength’ of confidence-level I: If
restricted to only the two options of skipping or selecting confidence-level [ for any
question, the worker should be incentivized to select confidence-level [ if her confidence
is higher than S; and skip if her confidence is lower than .S;.

e The second set of thresholds specifies a comparison of any confidence level with its
neighbors. If a worker decides to not skip a question, she must choose one of multiple
confidence-levels. A set {T;}~, of thresholds specify the boundaries between different
confidence-levels. In particular, when the confidence of the worker for a question lies
in (T;_1,T;41), then the worker must be incentivized to indicate confidence-level (I —1)
if her confidence is lower than 7; and to indicate confidence-level [ if her confidence is
higher than 7;. This includes selecting level L if her confidence is higher than T}, and
selecting level 0 if her confidence is lower than 7;.

We will call a payment mechanism as incentive-compatible if it satisfies the two requirements
listed above, and also incentivizes the worker to select the answer that she believes is most
likely to be correct for every question for which her confidence is higher than T7.

The problem setting inherently necessitates certain restrictions in the choice of the thresh-
olds. Since we require the worker to choose a higher level when her confidence is higher,
the thresholds must necessarily be monotonic and satisfy 0 < S; < Sy < --- < Sp < 1 and
0<T)y <Ty <--- < T, < 1. Also observe that the definitions of S; and T} coincide, and
hence S; = T;. Additionally, we can show (see Appendix that for incentive-compatible
mechanisms to exist, it must be that 7; > S; V1 € {2,...,L}. As a result, the thresholds
must also satisfy Ty} = 51, Ty > So, ..., T, > Sp. These thresholds may be chosen based on
various factors of the problem at hand, for example, on the post-processing algorithms, any
statistics on the distribution of worker abilities, budget constraints, etc. In this chapter, we
will assume that these values are given to us.

Payment function

Let x4,...,x¢c denote the evaluations of the answers that the worker gives to the G' gold
standard questions, and let f denote the scoring rule, i.e., a function that determines the
payment to the worker based on these evaluations z1, ..., xzq.

We let any answer i € [G] take values in the set x; € {—L,...,+L}. Here, we set x; =0
if the worker skipped the question, and for [ € {1,..., L}, we set x; = [ if the question was
answered correctly with confidence | and x; = —I if the question was answered incorrectly
with confidence I. The function f : {—L,...,+L}“ — R specifies the payment to be made
to the worker.
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As before, the payment is further associated to two parameters, ., and ap;,. The
parameter ay,., denotes the budget, i.e., the maximum amount that is paid to any individual
worker for this task:

Ifna?vic flz1,...,26) = Omax-
The amount o,y is thus the amount of compensation paid to a perfect worker for her work.
Further, one may often also have the requirement of paying a certain minimum amount to
any worker. The parameter o, (< @max) denotes this minimum payment: the payment
function must also satisfy

min  f(z1,...,2g) > Qumin-
L1,y TG
For instance, crowdsourcing platforms today allow payments to workers, but do not allow
imposing penalties: this condition gives ap,, = 0.

We assume that the worker attempts to maximize her overall expected payment. In
what follows, the expression ‘the worker’s expected payment’ will refer to the expected
payment from the worker’s point of view, and the expectation will be taken with respect
to the worker’s confidences about her answers and the uniformly random choice of the G
gold standard questions among the N questions in the task. A payment function f is called
incentive compatible if the expected payment of the worker under this payment function is
strictly maximized when the worker answers in the manner desired ]

Incentive compatibility

In the remainder of this section, we formally define the concepts of the worker’s expected
payment and incentive compatibility; the reader interested in understanding the chapter at
a higher level may skip directly to the next section without loss in continuity.

Let € denote the set of options for each question. We assume that {2 is a finite set, for
instance, the set {Yes, No} for a task with binary-choice questions, or the set of all strings
of at most a certain length for a task with textual responses. Let Q € [0, 1]¥*" denote the
beliefs of a worker for the NV questions asked. Specifically, for any question i € [N] and any
option w € €2, let @), ; represent the probability, according to the worker’s belief, that option
w is the correct answer to question 7. Then from the law of total probability, any valid @)
must have ) o Q. = 1 for every i € [N]. The value of () is unknown to the mechanism.

Let us first define the notion of the expected payment (from the worker’s point of view)
for any given response of the worker to the questions. For any question i € [IN], suppose the
worker indicates the confidence-level §; € {0,...,L}. For every question i € [N] such that
& # 0, let w; € Q denote the option selected by the worker; whenever & = 0, indicating
a skip, we let w; take any arbitrary value in 2. Furthermore, let p; = @), denote the
probability, according to the worker’s belief, that the chosen option w; is the correct answer

2Such a notion of incentive compatibility is also called a strictly proper scoring rule.
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to question i. For notational purposes, we also define a vector E = (ey,...,eq) € {—1,1}¢.
Then for the given responses, for the worker beliefs ), and under payment mechanism f,
the worker” expected payment T'g s : ({0,..., L} x Q)Y — R is given by the expression:

Fny(gla Wi, -, gNa C‘-)N)

= % Z Z (f(elgjw R engG) H(pji) 1J;Ei (1 - pjz') 12€i> : (71)
(

G/ (j1,-dq) Be{-1,1}¢ i=1
c{1,..N}

In the expression , the outermost summation corresponds to the expectation with respect
to the randomness arising from the unknown positions of the gold standard questions. The
inner summation corresponds to the expectation with respect to the worker’s beliefs about
the correctness of her responses. Note that the right hand side of implicitly depends
on (wi,...,wy) through the values (pi,...,py). Also note that for every question i such
that & = 0, the right hand side of does not depend on the values of w; and p;; this is
because the choice & = 0 of skipping question ¢ implies that the worker did not select any
particular option.

We will now use the the definition of the expected payment of the worker to define the
notion of incentive compatibility. To this end, for any valid probabilities @, let A(Q) C
({0,..., L} x Q)" denote an associated set of “desired” responses. By this we mean that
every a € ({0,..., L} x Q)" represents a possible response to the set of N questions, and
the goal is to incentivize the worker to provide any one response in the set A(Q). Then a
mechanism f is termed incentive compatible if

Lo sla) >Tg (a’) for every a € A(Q), every a’ ¢ A(Q), and every valid Q.

The goal is to design mechanisms that are incentive compatible, that is, incentivize the
workers to respond in a certain manner. The specific choice of “desired responses” for the
skip-based and the confidence-based settings are discussed subsequently in their respective
sections. We begin with the skip-based setting.

7.3 Main results

In this section we present the main theoretical results of this chapter. This makes the case of

having only a ‘skip’ as considered in Chapter [6]a special case of this setting, and corresponds
to L =1.

7.3.1 No-free-lunch axiom

We now present a simple and natural requirement that we impose on any payment mechanism
in order to enable us to narrow down on a good mechanism.
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Axiom 2 (Generalized-no-free-lunch axiom). If all the answers attempted by the worker
in the gold standard are selected as the highest confidence-level (level L), and all of them turn
out to be wrong, then the payment is aun,. More formally, we require the mechanism f to
satisfy f(x1,...,2c) = Qmin for every evaluation (x1,...,xq) that satisfies 0 < Zszl 1{x; #

0} =0, 1{a; = —L}.

Observe that the no-free-lunch axiom for the confidence-based setting introduced here is
even weaker than that considered for the skip-based setting in Chapter [6] It reduces to the
no-free-lunch axiom of the skip-based setting when L = 1, but more generally, is applicable
only when the worker has selected the highest confidence level for every attempted question.

7.3.2 Payment mechanism

The proposed payment mechanism is described in Algorithm [2]

Algorithm 2 Incentive mechanism for the confidence-based setting
e Inputs:

» Thresholds Sy,...,Sr and T3,..., T}
» Budget parameters ap., and i,
» Evaluations (z1,...,2¢) € {—L,...,+L}“ of the worker’s answers to the G gold stan-
dard questions
e Set a_p,...,ap as

_ 1 _
>OéL—§,Oé,L—O

» Forle{L—-1,... 1},

(1= S) T + (1= S)(1 = Tis)a—gsy — (1 = Tip) 1 =51
and o_; =

Tiy1 — S5 1-.5

ap =

>C¥0:1

e The payment is

el
where kK = (Qmax — Qmin) <i> .

The following theorem shows that this mechanism indeed incentivizes a worker to select
answers and confidence-levels as desired.
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Theorem 18. The mechanism of Algorithm[d is incentive-compatible and satisfies the generalized-
no-free-lunch axiom.

Remark 2. The mechanism of Algorithm [J also ensures a condition stronger than the
‘boundary-based’ definition of the thresholds {T;}icr) given earlier. Under this mechanism,
for every | € [L — 1] the worker is incentivized to select confidence-level | (over all else)
whenever her confidence lies in the interval (1, T;4+1), select confidence-level 0 (over all else)
whenever her confidence is lower than T, and select confidence-level L (over all else) when-
ever her confidence is higher than T},

7.3.3 Uniqueness of this mechanism

We prove that the mechanism of Algorithm [2]is unique, that is, no other incentive-compatible
mechanism can satisfy the generalized-no-free-lunch axiom.

Theorem 19. The payment mechanism of Algorithm [J is the only incentive-compatible
mechanism that satisfies the generalized-no-free-lunch axiom.

The proof of Theorem [19|is conceptually similar to that of the skip-based setting con-
sidered in the previous chapter, but involves resolving several additional complexities that
arise due to elicitation from multiple confidence levels.

7.4 Experiments

In this section, we review experiments conducted in [235] on the Amazon Mechanical Turk
crowdsourcing platform to evaluate the performance of the new skip-based (Chapter [f]) and
confidence-based (this chapter) interfaces and mechanisms in real-world scenarios. The data
collection procedure is described in detail in Appendix B of paper [235].

There are nine experiments (tasks) ranging from image annotation to text and speech
recognition. All experiments involve objective questions, and the responses elicited were
multiple choice in five of the experiments and freeform text in the rest. For each experiment,
three settings were tested: (i) the baseline conventional setting (Figure[7.1h) with a mecha-
nism of paying a fixed amount per correct answer, (ii) our skip-based setting (Figure [7.1p)
with our multiplicative mechanism, and (iii) our confidence-based setting (Figure [7.1¢) with
our confidence-based mechanism. For each mechanism in each experiment, 35 workers inde-
pendently performed the task, thus amounting to a total of 945 worker-tasks.

Results: Raw data Figure plots, for the baseline, skip-based and confidence-based
mechanisms for all nine experiments, the (i) fraction of questions that were answered in-
correctly, (ii) fraction of questions that were answered incorrectly among those that were
attempted, (iii) the average payment to a worker (in cents), and (iv) break up of the answers
in terms of the fraction of answers in each confidence level. The payment for various tasks
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Figure 7.2: The error-rates in the raw data and payments in the nine experiments indexed as
(a)—(i). Each individual bar in the plots corresponds to one mechanism in one experiment and is

generated from 35 distinct workers (this totals to 945 worker-tasks).
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(a) Identify the Golden Gate Bridge (b) Identify breed of dogs (c) Identify heads of countries

o N & O ®

28 B[ | ez}
5 7 9 11
Number of workers Number of workers Number of workers

(d) Identify the continent from flags (e) Identify texture in images

Legend:
[ ] conventional
Skip-based multiplicative

Confidence-based multiplicative

3 5 7 9 11
Number of workers Number of workers

Figure 7.3: Error-rates in the aggregated data in the five experiments involving multiple-choice
tasks.

plotted in Figure is computed as the average of the payments across 100 (random) selec-
tions of the gold standard questions, in order to prevent any distortion of the results due to
the randomness in the choice of the gold standard questions.

The figure shows that the amount of errors among the attempted questions is much lower
in the skip and the confidence-based settings than the baseline setting. Also observe that in
the confidence-based setting, as expected, the answers selected with higher confidence-levels
are more correct. The total money spent under each of these settings is similar, with the skip
and the confidence-based settings faring better in most cases. We also elicited feedback from
the workers, in which we received several positive comments (and no negative comments).
Examples of comments that were received are: “I was wondering if it would possible to
increase the maximum number of HITs I may complete for you. As I said before, they were
fun to complete. I think I did a good job completing them, and it would be great to complete
some more for you.”; “I am eagerly waiting for your bonus.”; “Enjoyable. Thanks.”

Results: Aggregated data We saw in the raw data that under the skip-based setting,
the amount of error among the attempted questions was significantly lower than the amount
of error in the baseline setting. However, the skip-based setting was also associated, by
design, to lesser amount of data by virtue of questions being skipped by the workers. A
natural question that arises is how the baseline and the skip-based mechanisms will compare
in terms of the final data quality, i.e., the amount of error once data from multiple workers
is aggregated.

To this end, we considered the five experiments that consisted of multiple-choice ques-
tions. We let a parameter num workers take values in {3, 5, 7, 9, 11}. For each of the five
experiments and for each of the five values of num_workers, we perform the following actions
1,000 times: for each question, we choose num_workers workers and perform a majority vote
on their responses. If the correct answer for that question does not lie in the set of options
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given by the majority, we consider it as an accuracy of zero. Otherwise, if there are m
options tied in the majority vote, and the correct answer is one of these m, then we consider
it as an accuracy of 1%0% (hence, 100% if the correct answer is the only answer picked by
the majority vote). We average the accuracy across all questions and across all iterations.

We choose majority voting as the means of aggregation since (a) it is the simplest and still
most popular aggregation method, and (b) to enable an apples-to-apples comparison design
since while more advanced aggregation algorithms have been developed for the baseline
setting without the skip (see, for instance, Chapter , design of analogous algorithms for
the new skip-based setting hasn’t been explored yet.

The results are presented in Figure [7.3] We see that in most cases, our skip-based mech-
anism induces a lower labelling error at the aggregate level than the baseline. Furthermore,
in many of the instances, the reduction is two-fold or higher.

All in all, in the experiments, we observe a substantial reduction in the error-rates while
expending the same or lower amounts and receiving no negative comments from the workers,
suggesting that these mechanisms can work; the fundamental theory underlying the mecha-
nisms ensures that the system cannot be gamed in the long run. Our proposed settings and
mechanisms thus have the potential to provide much higher quality labeled data as input to
machine learning algorithms.

7.5 Discussion

We conclude this chapter with a discussion on an important open problem — the choice of
the number of confidence levels L. In the chapter we assume that the number of confidence
levels L is specified to us, and we provide mechanisms for any given choice of L, but assume
that the value of L is provided to us. There are at least two effects that one must account
for when making this choice. An increase in the value of L is good because we may obtain
additional nuanced information about the workers’ beliefs. However, on the other hand,
workers would now require a greater time and effort in order to provide select the confidence
level, and moreover, the multitude of options may make their answers more noisy. In other
words, both the “signal” and the “noise” in the data increase with an increase in the value
of L, and lead to an interesting trade-off. It is also of interest to design means of choosing
the thresholds {5, T}, once the value of L is set.

7.6 Proofs

In this section, we prove the claimed theoretical results whose proofs are not included in the
main text of the chapter.

The property of incentive-compatibility does not change upon any shift of the mechanism
by a constant value or any scaling by a positive constant value. As a result, for the purposes
of these proofs, we can assume without loss of generality that au,;, = 0.
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7.6.1 Proof of Theorem : Working of Algorithm

We first state three properties that the constants {a;}X ; defined in Algorithm [2| must
satisfy.

Lemma 34. For everyl € {0,...,L— 1}
Tiprougr + (1 =T ) oy = Tipoq + (1= Tigr)ag (7.2)

and
S + (1= Sp)a_gry =ap=1. (7.3)

Lemma 35. o, >a;_1>--->a_r =0.

Lemma 36. For anym € {1,...,L}, any p > T, and any z < m,

P + (1 —pla_, > pa, + (1 —pla_, , (7.4)
and for anym € {0,..., L — 1}, any p < Tph1 and any z > m,

P, + (1 —pla_, > pa, + (1 —pla_, . (7.5)

The proof of these results are available at the end of this section. Given these lemmas,
we now complete the proof of Theorem

The choice of a_; = 0 made in Algorithm [2| ensures that the payment is zero whenever
any answer in the gold standard evaluates to —L. This choice ensures that the no-free-lunch
axiom is satisfied. One can easily verify that the payment lies in the interval [0, apax]. It
remains to prove that the proposed mechanism is incentive-compatible.

Define £ = (e1,...,6¢) € {—1,1} and E\; = (€,...,€q). Suppose the worker has
confidences py, ..., py for her N answers. For some (s(1),...,s(N)) € {0,..., L} suppose
i € (Tsiy, Tsy41) Vi € {1,...,N}, ie., s(1),...,s(N) are the correct confidence-levels
for her answers. Consider any other set of confidence-levels s'(1),...,s (V). When the
mechanism of Algorithm [2[is employed, the expected payment (from the point of view of the
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worker) on selecting confidence-levels s(1), ..., s(NV) is

Flbe) = <) > > H% o) T (1 =py) 7 (7.6)

(J1seemrjc) Be{-1,1}G i=1
c{1

20ty

]. €4 1€
:@ > > (prasgy + L=pi)as H% i) T (L —p;) 2

(J1,-mdc) B\1e{-1,1}¢-1
g{177N}

() Z H Pi s + (1= i) o) (7.7)

(]17 »JG) i=1
C{17 7N}

G
1
™Y D Os' (i) ~ P )5 (Gi)
>( ) > TI¢ + (1 =p;) )
G

(J15-da) =1
g{177N}

which is the expected payment under any other set of confidence-levels s'(1),...,s' (V). The
last inequality is a consequence of Lemma

An argument similar to the above also proves that for any m € {1,..., L}, if allowed to
choose between only skipping and confidence-level m, the worker is incentivized to choose
confidence-level m over skip if her confidence is greater .S,,, and choose skip over level m if if
her confidence is smaller than S,,. Finally, from Lemma |35 we have af, > --- > a_p =0. It
follows that the expected payment is strictly increasing in each of the values py, ..., py.
Thus the worker is incentivized to report the answer that she thinks is most likely to be
correct.

Proof of Lemma

Algorithm [2[ states that av_; = %fglsl for all [ € [L]. A simple rearrangement of the terms in

this expression gives ([7.3)).
Towards the goal of proving (7.2), we will first prove an intermediate result:

a>1>a  Vie{L,...,1}. (7.8)

The proof proceeds via an induction on [ € {L,...,2}. The case of [ = 1 will be proved

separately. The induction hypothesis involves two claims: a; > 1 > a_; and Tjoq + (1 —
T))a_; > 1. The base case is [ = L for which we know that aj = é >1>0=oa_g
i

and Tioy + (1 — T))ay = 5 > L Now suppose that the induction hypothesis is true for
(I+1). Rearranging the terms in the expression defining «; in Algorithm [2| and noting that



CHAPTER 7. ELICITING CONFIDENCES 219

1>Tq > 5), we get

(1=8) (Tiyr0041 + (1 = Tin)a—ggny) — (1 — Trpa)

o (1-5)~ (- T) )
0-S)-(-T)
(15— (1T
=1.

From ([7.3) we see that the value 1 is a convex combination of o; and a_;. Since oy > 1 and
S; € (0,1), it must be that a_; < 1. Furthermore, since T; > S; we get

Tiog + (1 - Tl)Oé,l > S + (1 - Sl)Oé,l
=1.

This proves the induction hypothesis. Let us now consider [ = 1. If L = 1 then we have
ap = S—IL > 1> 0 = a_; and we are done. If L > 1 then we have already proved that
ag > 1> a5 and Toas + (1 — Ty)a_s > 1. An argument identical to onwards proves
that a; > 1 > a_1.

Now that we have proved a; > a_;V | € [L], we can rewrite the expression defining a_;

in Algorithm [2] as

1—a_
g = -

o — g ‘

Substituting this expression for S; in the definition of a; in Algorithm [2] and making some
simple rearrangements gives the desired result ([7.2]).

Proof of Lemma

We have already shown ([7.8)) in the proof of Lemma [34] above that a; > 1> a_; V1 € [L].
Next we will show that a;41 > oy and a_41) < a_; VI > 0. First consider [ = 0, for
which Algorithm 2] sets ap = 1, and we have already proved that a; > 1 > «a_;.
Now consider some [ > 0. Observe that since Sy + (1 — S))a; = 1 (Lemma ,
Sie1 > 5 and o > oy, it must be that

Sipioq+ (1= Si)ay > 1. (7.10)
From Lemma [34], we also have
Siy1041 + (1 = Sppr)a—gry =1 (7.11)
Subtracting from we get

Sl+1(ocl+1 - oq) + (1 - Sl-i—l)(a—(l-&-l) - Oé_l) <0. (712)
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From Lemma [34] we also have

Trougr + (1= Tigr)a— gy = Tigaon + (1 = Tig) oy (7.13)
= Ty — o) + (1= Tia) (e —ag) =0 (7.14)

Subtracting ((7.12) from ([7.14)) gives
(D1 = Sien)[(qur — ar) + (@ — a—41))] > 0. (7.15)

Since Tj11 > Si41 by definition, it must be that
Quyr — 0 > Q_(141) — O . (7.16)
Now, rearranging the terms in gives
(p1 — )Ty = —(a—(l+1) —a)(1=Ty) (7.17)
Since Tj1q € (0,1), it follows that the terms (a1 — o) and (a—g41) — a—;) have opposite
signs. Using we conclude that a;41 —a; > 0 and a_gq11y) —a_; <0,
Proof of Lemma
Let us first prove . First consider the case z = m — 1. From Lemma |34| we know that
Tnom+ (1 =Th)a—m-1y = Tnom+ (1 —Ty)a y,,
and with some rearrangement,

0 = Tm<am - Oémfl) + Tm(a—(m—l) - Oéfm) - (a—(m—l) - Oé,m)
< D~ ) + POty — o) — (Onr) — ) (7.18)
where (7.18)) is a consequence of p > T,, and Lemma A simple rearrangement of the
terms in ((7.18)) gives (7.4]). Now, for any z < m, recursively apply this result to get
pam + (L =pla—m > pam—1+ (1 —pla_m-1)
> POp—2 + (]— - p)a—(m—Z)

> pa, + (1 _p>a7z .
Let us now prove ([7.5)). We first consider the case z = m + 1. From Lemma |34] we know
that
Tm+1a’m + (1 - Terl)Oéfm = Tm+105m+1 + (1 - Tm+1>a—(m+1)
= 0 = Tm—l—l(am—i-l - am) + Tm+1 (O-/—m - O[f(m+1)) - (a—m - Oéf(erl))

> plamsr — am) + plaem = a—mr1)) = (@em — A—(ntn)) , (7.19)
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where ([7.19)) is a consequence of p < T,,+1 and Lemma . A simple rearrangement of the
terms in ((7.19) gives (7.5)). For any z > m, applying this result recursively gives

POm + (1 - p)a—m > POm+1 + (1 - p)()é,(m+1)
> Plmya + (1 — P)Oé—(m+2)

> pa,+ (1—pla_,

7.6.2 Proof of Theorem : Uniqueness of Algorithm

We will first define one additional piece of notation. Let g : {—L,..., L} — R, de-
note the expected payment given an evaluation of the N answers, where the expectation
is with respect to the (uniformly random) choice of the G gold standard questions. If
(x1,...,2n5) € {=L,...,L}" are the evaluations of the worker’s answers to the N questions
then the expected payment is

g(T1, . aN) = > JACT R (7.20)

(G) (i1,eig)C{1,...,N}

Notice that when G = N, the functions f and g are identical.

The proof of uniqueness is based on a certain condition necessitated by incentive-compatibility
stated in the form of Lemma[7]below. Note that this lemma does not require the generalized-
no-free-lunch axiom, and may be of independent interest.

Lemma 37. Any incentive-compatible mechanism must satisfy, for every question 1 €
{17 ceey G}7 every (yla s Yi-1, Y1, - - 7yG) S {_L7 sy L}G717 and every m € {]-a s 7L}7

Tmf(yl, e Y1, My Yig 1, - - )yG) + (1 - Tm)f(y17 s Yim1, T Yig 1, - - ayG)

= mf(y17 ceey Yim1, M — 17yl'+17 s 73/6') + (1 - Tm)f<y1, <oy Yi-1, _(m - 1)7yi+17 s 7yG>
(7.21a)

and

Smf(y17 CIC 7yi717m7yi+17 cee ,Z/G) + (1 - Sm)f(yh e Y1, _m7yi+17 s 7yG)
= [y ¥i-1,0, Y41, - -, YG) - (7.21b)

Note that and coincide when m = 1, since 77 = S by definition. See the
end of this section for a proof of this lemma.

We first prove that any incentive compatible mechanism that satisfies the no-free-lunch
axiom must give a zero payment when one or more questions are selected with a confidence
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L and turn out to be incorrect. Let us assume for now that in the G questions in the
gold standard, the first question is answered incorrectly with a confidence of L, the next
(G —1—95) questions are answered by the worker and have arbitrary evaluations, and the
remaining S questions are skipped. The proof proceeds by an induction on S. If S =G —1,
the only attempted question is the first question and this is incorrect with confidence L. The
no-free-lunch axiom necessitates a zero payment in this case, thus satisfying the base case
of our induction hypothesis. Now we prove the hypothesis for some S under the assumption
that the hypothesis is true for every S’ > S. From Lemma [33| with m = 1, we have

Tif(=L,y2, ..., yg-5-1,1,0,...,0) + (1 =11 f(—=L,ya, ..., yg-s-1,—1,0,...,0)
=T f(=L,y, .. ¥6-5-1,0,0,...,0) + (1 =T1)f(=L,¥2,...,¥c-5-1,0,0,...,0)
= f(=L,y2,...,Y6-5-1,0,0,...,0)
~0, (7.22)

where the final equation is a consequence of our induction hypothesis given the fact
that f(—L,ya,...,Y6-5-1,0,0,...,0) corresponds to the case when the last (S+1) questions
are skipped and the first question is answered incorrectly with confidence L. Now, since the
payment f must be non-negative and since 7" € (0, 1), it must be that

f(_L7y27‘"JyG’—S—lalaO?"'aO):0

and
f(—L,y27. .. 7yG—S—17_170; . ,0) = 0 .

Repeatedly applying the same argument to m = 2, ..., L gives that for every value of m, it
must be that f(—L,ys,...,Y¢-5-1,m,0,...,0) = f(=L,y2,...,y6-5-1,—m,0,...,0) = 0.
This completes the proof of our induction hypothesis. Observe that each of the aforemen-
tioned arguments hold for any permutation of the G questions, thus proving the necessity of
zero payment when any one or more answers are incorrect.

We now prove that when no answers in the gold standard are incorrect with confidence
L, the payment must be of the form described in Algorithm [I] Let x denote the payment
when all G questions in the gold standard are skipped, i.e.,

k= f(0,...,0).

Now consider any S € {0,...,G — 1} and any (yi,...,yg-s—1,m) € {—L,...,L}%5.
The payments {f(y1,...,Yg-s-1,m,0,...,0)}_ , must satisfy the (2L — 1) linear con-
straints arising out of Lemma and must also satisfy f(v1,...,y6-s-1,—L,0,...,0) =
0. This comprises a total of 2L linearly independent constraints on the (2L + 1) values
{f(y1,- -, ye—s5-1,m,0,...,0)}2_ ;. The only set of solutions that meet these constraints
are

f<y17"’7yG—S—17m707"'70) :amf(y17'"JyG—S—170707“'70)7
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where the constants {a,,}2_ ; are as specified in Algorithm . Applying this argument G
times, starting from S =0to S = G — 1, gives

G
f(y17"'7yG) :K’Hayj .
j=1

Finally, the budget requirement necessitates amax = K (« L)G, which mandates the value of

G
to be apax (i) . This is precisely the mechanism described in Algorithm .

Proof of Lemma Necessary condition for any incentive-compatible
mechanism

First consider the case of G = N. For every j € {1,...,i—1,i+1,...,G}, define

_— 1—p;, if ;>0
! Dj if yj<0.

Define E\; = {e1,...,€-1,€i41,...,€c}. Forany [ € {—L,... L} let A; € Ry denote the
expected payment (from the worker’s point of view) when her answer to the i*" question
evaluates to [:

1—ej I4e;

A= Z flyrer, .o yici€i1, L yii€iga, - Yaea) H Ty’ (1—r;)
B\;e{-1,1}6-1 JelG\{i}

(7.23)

Consider a worker who has confidences {p1,...,pi_1,Pis1,---,pa} € (0,1)971 for ques-
tions {1,...,i—1,i+1,...,G} respectively, and for question i suppose she has a confidence
of g € (Ty-1, Tiny1). For question 4, we must incentivize the worker to select confidence-level
m if ¢ > T, and to select (m — 1) if ¢ < T,,,. This necessitates

q<Tm
A +(1—gA S A+ (1 =)Aoy - (7.24)

q>Tm

Also, for question ¢, the requirement of level m having a higher incentive as compared to
skipping when ¢ > S,,, and vice versa when ¢ < .S,, necessitates

q<Sm

q>Sm

Now, note that for any real-valued variable ¢, and for any real-valued constants a, b and c,

g<c
aq S b = ac=b.
g>c
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Applying this fact to ([7.24) and (7.25) gives
(T A + (1 =T)A ) — (TN + (1 = Ti)A_(im—1)) = 0, (7.26)

(S + (1 — Sp)A_yn) — Ag =0 . (7.27)

From the definition of A; in , we see that the left hand sides of and are
both polynomials in (G — 1) variables {r;},cic) iy and take a value of zero for all values
of the variables in a (G — 1)-dimensionall solid ball. Thus, each of the coefficients (of the
monomials) in both polynomials must be zero, and in particular, the constant terms must
also be zero. Observe that in both these polynomials, the constant term arises only when
¢, =1V j e [G]\{i} (which makes the exponent of r; to be 0 and that of (1 —r;) to be 1).
Thus, setting the constant term to zero in the two polynomials results in

Tmf(ylu e Y1, My Yiga, - - 7yG) + (]‘ - Tm)f(yla s Yie1, =ML Y1, - 7yG)
= mf(yh ey Yi1, M — 171/i+17 s 7Z/G) + (1 - Tm)f(yl, e Yie1, _(m - 1>7yi+17 s 7yG)
(7.28)

and

Smf(y17 CICS 7yi717m7yi+17 ce. ,Z/G) + (1 - Sm)f(yh e Yi-1, _m7yi+17 s 7yG)
:f(ylv'"7yi—1707yi+17"'7yG) (729)

thus proving the claim for the case of G = N.

Now consider the case when G < N. In order to simplify notation, let us assume i = 1
without loss of generality (since the arguments presented hold for any permutation of the
questions). Suppose a worker’s answers to questions {2,...,G} evaluate to (ys,...,yq) €
{—L,...,L}¢1 and further suppose that the worker skips the remaining (N —G) questions.
By going through arguments identical to those for G = N, but with f replaced by g, we get
the necessity of

ng(m7y27"'7yG707"'aO)+(1_Tm)g(_m’y%'"7yG70a"'70)
=Tngm—1,y2,...,95,0,...,0)+ (1 = T,,)g(—(m — 1), v2,...,9c,0,...,0) (7.30)

and

Smg(m,ya, .. Ye,0,...,0) + (1 = Sp)g(—m, ya, ..., ys, 0,...,0) = g(0, 92, . .., ¥5,0,...,0) .
(7.31)

We will now use this result in terms of function g to get an equivalent result in terms of
function f. For some S € {0,...,G — 1}, suppose yg_s+1 = 0,...,yc = 0. The remaining
proof proceeds via an induction on S. We begin with S = G — 1. In this case, ([7.30)

and (7.31)) simplify to
Tng(m,0,...,0)+ (1 —T,,)g9(—m,0,0,...,0)
=Tng(m—1,0,...,0)+ (1 = T,,,)g(—(m — 1),0,...,0)
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and
Smg(m,0,...,0)+ (1= .5,)9(—m,0,...,0) =¢(0,0,...,0) .
Applying the definition of function g from ([7.20)) leads to

T (1 f(m,0,...,0) + c2f(0,0,...,0)) + (1 = T),) (c1.f(—=m,0,...,0) + c2f(0,0,...,0))
=T, (c1f(m—1,0,...,0) 4+ c2f(0,0,...,0))
+(1_Tm)(clf(_(m_1)707--'70)+C2f<0707'--70))7

and

S (e1f (0, .., 0) + 2f(0,0.....,0)) + (1 = S,) (1 f(=m,0,....,0) + 2 (0.0, .., 0))
= (le(o, 0, ceey 0) + Cgf(o, 0, e ,0))
for constants ¢; > 0 and c; > 0 that respectively denote the probabilities that the first

question is picked and not picked in the set of G gold standard questions. Canceling out the
common terms on both sides of the equation, we get the desired results

Tonf(m,0,...,0)+ (1 ="T,)f(—m,0,...,0)
=Tnf(m—1,0,...,0)+ (1 =T, f(—(m —1),0,...,0)

and
S f(m,0,...,0)+ (1 =S,,)f(=m,0,...,0) = f(0,0,...,0) .

Next, we consider the case of a general S € {0,...,G — 2} and assume that the result is
true when yg_s =0,...,y¢ = 0. In and , the functions g decompose into a sum
of the constituent f functions. These constituent functions f are of two types: the first where
all of the first (G — S) questions are included in the gold standard, and the second where
one or more of the first (G —.S) questions are not included in the gold standard. The second
case corresponds to situations where there are more than S questions skipped in the gold
standard, i.e., when y5_s = 0, ..., ye = 0, and hence satisfies our induction hypothesis. The
terms corresponding to these functions thus cancel out in the expansion of and .
The remainder comprises only evaluations of function f for arguments in which the first
(G — S) questions are included in the gold standard: since the last (N — G + S) questions
are skipped by the worker, the remainder evaluates to

Toesf(yi, - Y1, My Vi1, - -5 ¥a) + (L= Tn)esf(yr, o, Yiet, =M, Yir1s - - -, Yar)

=Tmesf(yry -y, m — Ly, ye) + (L= To)esf(yrs -y yic1, —(m — 1), Yiv1y - -, Ya)
SmCsf(yt, - Yimt, My Yirt, -, Ye) + (L= Sw)esf (i, -+, Yic1, =M, Yivty - -+, Ya)

=c3f(yi -5 %ie1, 0, Wiv1, -, ¥a)
for some constant ¢z > 0. Dividing throughout by c3 gives the desired result.

Finally, the arguments above hold for any permutation of the first G questions, thus
completing the proof.
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7.A Appendix: Necessity of T; > 5; for the problem to
be well defined

We now show that the restriction 7; > S; was necessary when defining the thresholds in

Section [7.3]

Proposition 12. Incentive-compatiblity necessitates T, > S,V I € {2,...,L}, even in the
absence of the generalized-no-free-lunch axiom.

First observe that the proof of Lemma [37] did not employ the generalized-no-free-lunch
axiom, neither did it assume 7; > S;. We will thus use the result of Lemma [37| to prove our
claim.

Suppose the confidence of the worker for all but the first question is lower than 77 and
that the worker decides to skip all these questions. Suppose the worker attempts the first
question. In order to ensure that the worker selects the answer that she believes is most
likely to be true, it must be that

£(1,0,...,0) > f(=1,0,...,0) Viel[L].

We now call upon Lemma [37| where we set i =1, m =1, yo = ..., yg = 0. Using the fact
that T, > T,y Yl € {2,..., L}, we get

T f(1,0,...,0) + (1 —T3) f(—1,0,...,0)
=T f(1—1,0,...,0)+ (1 =T f(—(1—1),0,...,0)
>T 1 f(1—1,0,...,0) + )f(—(
=T f(1—2,0,...,0)+ (1 = T_) f(—=( — 2),0,...,0)
>Ti_of (1 —2,0,...,0) + ) F(—(

- T1f(1,0,...,0) + (1 —T1)f(=1,0,...,0)
= £(0,...,0)
= Sif(1,0,...,0) + (1 — 8)f(~1,0,...,0).

Since f(1,0,...,0) > f(=1,0,...,0), we have our desired result.
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Chapter 8

Approval Voting

“Give them many options, give them many paths, give
them the freedom that they may ask.”

— Ada Lovelace

8.1 Introduction

In the big data era, with the ever increasing complexity of machine learning models such as
deep learning, the demand for large amounts of labeled data is growing at an unprecedented
scale. These labeling tasks used to be done by domain experts. It is not hard to imagine
that the limited pool of experts would limit the size of the datasets. In the modern day,
these massive labeling tasks are performed through commercial web services such as Amazon
Mechanical Turk, where millions of crowdsourcing workers or annotators perform tasks in
exchange for monetary payments [211]. Unfortunately, the data obtained via crowdsourcing
is typically highly erroneous [119} 260, 261] due to the lack of expertise of workers, lack
of appropriate incentives, and often the lack of an appropriate interface for the workers to
express their knowledge. The typical crowdsourcing labeling task consists of a set of items
such as images to be labeled, and each item is associated with a set of exclusive categories.
Each worker is required to select the category that she believes is most likely to be correct.
More formally, it involves eliciting the mode of the worker’s belief. Such a “single-selection”
crowdsourcing setting has been studied extensively, both empirically and theoretically.

In this chapter, we consider an alternative “approval-voting” means of eliciting labels
from the workers. Approval voting [21, [120, (185, 264] is a form of voting in which each
voter can “approve of” (that is, select) multiple candidates. No further preferences among
these candidates is specified by the voter. In our context of crowdsourcing, the approval
voting interface allows workers to select multiple options for every question.[] See Figure

!The literature on psychology often refers to approval voting as “subset selection”.
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Identify the animal Select ALL options that could
in this image be the animal in this image.
177 @ Cheetah

- /) Cheetah

O Lion O Lion
-~ O Tiger O Tiger
-~ (O Leopard " U Leopard
—— (O Jaguar ; O Jaguar
(O Puma ~ OPuma

(a) (b)

Figure 8.1: Illustration of a task with (a) the standard single selection interface, and (b) an approval-
voting interface.

for an example. Approval voting is known to have many advantages over single-selection
systems in psychology and social choice theory 49, b1, 89, [103, [140]. First, an
approval voting interface is easy to understand . Approval voting provides workers more
flexibility to express their beliefs, for instance, allowing the worker to express any confusion
between multiple options, instead of being forced to select one of the options. Approval
voting also utilizes the expertise of workers with partial knowledge more effectively. For
instance, Coombs posits that “It seems to be a common experience of individuals taking
objective tests to feel confident about eliminating some of the wrong alternatives and then
guess from among the remaining ones.” Further, Coombs argues that “Individuals taking
the test should be instructed to cross out all the alternatives which they consider wrong.”
This is precisely what we intend to do in this chapter.

Under this approval-voting interface, we require a worker to select the options that she
feels are “quite likely” to be correct (we formalize this in subsequent sections). In the setting
of crowdsourcing, as compared to single-selection, selecting multiple options would allow for
obtaining more information about the partial knowledge of these non-expert workers. This
additional information is particularly valuable for difficult labeling questions, allowing for
the identification of the sources of difficulty.

Let us illustrate the utility of this setting in crowdsourcing by means of an example
illustrated in Figure 8.1 The question requires the worker to identify the animal in the
image — a leopard in this case. Suppose there are two workers. The first worker believes
the true label to be either “Cheetah” or “Leopard”, but certainly not any other option;
the second worker is confused about some other aspect of the image, and believes the true
label to be either “Jaguar” or “Leopard”, but certainly none of the others. If each worker is
allowed to select only a single answer (Figure [8.1)(a)), and if the workers choose one of the
two options they are confused about uniformly at random, there is a 25% chance that the
first worker selects “Cheetah” and the second worker selects “Jaguar”. Moreover, there is
a 50% chance that one worker chooses “Leopard” and the other chooses some other option.
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In each of these cases, their responses will thus not provide any definitive answer about
the true label. In contrast, under the approval voting interface (Figure B.1b)), we allow
the worker to select both the options that they are confused about, that is, (“Cheetah”,
“Leopard”) from the first worker and (“Jaguar”, “Leopard”) from the other worker, then
“Leopard” becomes a clear winner. Indeed, “Leopard” is the language in Figure 8.1} For
our second example, we continue to consider the question in Figure 8.1} Now suppose that
one worker knows the correct answer to be “Leopard” for sure, while the second worker
is completely confused between “Cheetah”, “Jaguar” and “Leopard.” In a single-selection
setting, the second worker may select one of the other three options at random, and in
the case “Cheetah” is not selected, it provides an inconclusive set of answers from the two
workers comprising two different options. On the other hand, in the approval voting setting,
the second worker is allowed to communicate her confusion by selecting all three options
under consideration, that allows for inference of “Leopard” as the correct answer.

Despite the flexibility it offers in eliciting partial knowledge, approval voting alone may
not suffice for high quality crowdsourcing. A worker may have no incentive to truthfully
disclose her knowledge on the crowdsourcing question. For instance, an immediate concern
with the approval voting setup is that a (spammer) worker may simply choose all provided
options for each question such that the correct answer is then guaranteed to lie in the set of
selected optionsE] In order to incentivize the workers to report their answers truthfully, we
need to couple approval voting with an appropriate payment mechanism that is a strictly
proper scoring rule, such that a worker receives her maximum expected payment if and only
if she truthfully discloses her partial knowledge (that is, the support of her belief) on the
crowdsourcing question. Moreover, we want the mechanism to be “frugal”, that is, to pay
as little as possible for poor-quality work.

In crowdsourcing tasks comprising objective questions, it is a standard practice [83] to
include “gold standard questions,” that is, questions to which the system designer (or, the
principal in game-theoretic terms) already knows the answers. The gold standard ques-
tions are mixed at random within the actual questions, and the worker is unaware of which
questions are the gold standard. These gold standard questions are employed to verify the
answers provided by the workers, and form the basis of the payments made to the workers.
The gold standard questions are typically generated by experts (who are often much more
expensive than crowdsourcing workers), or are obtained as an aggregate of the answers of a
large number of crowdsourcing workers. In this chapter, we will not concern ourselves with
the source of these gold standard questions, but only assume that we have access to a set of
gold standard questions to which we know the correct answers.

The framework of scoring rules [24, 94, |137, 216] considers the design of payment mech-
anisms (that is, scoring rules) to elicit predictions about an event whose actual outcome
will be observed in the future. The payment is a function of the agent’s response and the
outcome of the event. The payment is called a “strictly proper scoring rule” if its expecta-

2In fact, we received questions regarding precisely this action in several of our initial presentations on
this work.
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tion, with respect to the belief of the agent about the event, is strictly maximized when the
agent reports her true beliefﬁ Within this context, the first goal of the chapter, in informal
terms, is to design strictly proper scoring rules that incentivize the worker to select only
those options which she thinks are relatively more likely to be correct. While proper scoring
rules have previously been studied under quite generic settings, this general theory provides
a very broad class of scoring rules, and does not specify any particular scoring rule for use. In
the application of crowdsourcing, we have a budget issue in reality. This leads to the second
goal of the chapter — choose the strictly proper scoring rule which is optimal in terms of
frugality.

Summary of results and organization

We consider two settings in the context of incentivizing the worker, for each question, to
select options which she thinks are “quite likely” to be correct. The two settings differ in
the precise meaning of the term “quite likely”: The second setting is a generalization of the
first, but this added generality allows for only weaker guarantees. We now describe these
settings and summarize our results at a higher level.

The first setting we consider involves eliciting every option which she believes could
possibly be correct. Mathematically, we formulate this problem as eliciting the support
of the beliefs of workers for each question under a certain “coarse beliefs” assumption. As
mentioned above, this setup coincides with the existing psychology studies on multiple-choice
tests. We propose a scoring rule that we show is strictly proper for eliciting the support of
the beliefs. Along the lines of our second goal, we then prove that our proposed scoring
rule has several useful properties: (1) it makes the minimum payment under a spamming or
low-quality work, as compared to any possible strictly proper scoring rule; (2) it is the only
strictly proper scoring rule that can satisfy a simple and intuitive condition which we term
“no-free-lunch”; (3) it is robust in the sense that, even when the coarse beliefs assumption
is violated, the scoring rule does not break down, but continues to incentivize workers to act
in a certain desirable manner.

In the second part of the chapter, we consider a general setting that is associated with a
given parameter o, and for each question, involves eliciting the set of options whose likelihood
of correctness is more than o according to the worker’s belief. This setting is more general
than the first setting since: (1) the first setting turns out to be a special case corresponding
to o = 0; and (2) we do not make the coarse beliefs assumption. We design a scoring rule for
this setting and show that it is strictly proper. In addition, we also prove that under certain
restricted conditions, our proposed rule is the only possible strictly proper scoring rule.

The rest of the chapter is organized as follows. We begin with a description of the formal
problem setting and the goals of the chapter in Section [8.2l We present our main theoretical

3In this chapter, we use the term “strictly proper scoring rule” instead of using “(strictly) incentive
compatible” as in Chapter [6] and Chapter [7] in order to remain consistent with our paper associated to
the results of this chapter. In the context of our work, the two terms mean the same and can be used
interchangably.
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results in Section [8.3] Here, in Section we present theoretical results on the problem of
eliciting the support of the worker, and in Section we present theory on the problem of
eliciting options whose belief-probabilities exceed a given threshold. We conclude the main
text of the chapter with a discussion on empirical evaluations and future work in Section [8.4]

8.2 Problem setting

Consider N > 1 questions, each of which has B options (2 < B < o0) to choose from.
For each option, exactly one of the B options is correct. We assume that these N questions
contain G (1 < G < N) “gold standard” questions, that is, questions to which the mechanism
designer knows the answers a priori. These gold standard questions are assumed to be mixed
uniformly at random among the N questions, and the worker is evaluated based on her
performance on these G' questions. For every individual question, we assume that the worker
has, in her mind, a distribution over the B options representing her beliefs of the probabilities
of the respective options being correct. We assume that these belief-distributions of a worker
are independent across questions [89).

8.2.1 Payment function (scoring rule)

As mentioned earlier, the worker’s performance is evaluated based on her responses to the
gold standard questions. For any question in the gold standard, we denote the evaluation
of the worker’s performance on this question by a value in the set {—(B — 1),..., B}: the
magnitude of this value represents the number of options she had selected, and the sign is
positive if the correct answer was in the set of selected options and negative otherwise. For
instance, if the worker selected four options for a certain gold standard question but none
of them was correct, then the evaluation of this response is denoted as “—4”; if the worker
selects two options for a gold standard question and one of them turns out to be the correct
option then the evaluation of this response is denoted as “+2”.

We will assume that the payments are bounded, that is, any payment must lie in the
interval [min, Omax], for some values i, and max > @min. The choice of the two parameters
Qmin and ap., may be made keeping various factors in mind, such as guidelines of the
crowdsourcing platform used, the budget constraints, and the minimum wage. We will
assume that the values of the two parameters are given to us.

Let

f:{=(B-1),...,B}° = [otmin, ¥max]

denote the payment function. We will use the terms “payment function” and “scoring rule”
interchangeably throughout the chapter. It is this function f which must be designed in
order to incentivize the worker. In order to bring all possible scoring rules on an equal
footing, we fix ., as the payment for the best possible outcome, which is when the worker
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selects exactly the correct option (and nothing else) for each question in the gold standard:

F(L. 1) = Q. (8.1)

Throughout the chapter, we assume all scoring rules to satisfy , along with the require-
ment to lie in the interval [Qmin, Cmax)-

In the sequel, we use the notation f* and f# to denote the two scoring rules proposed
in this chapter, and f to denote any general scoring rule. We will say that the worker has
“not attempted” a certain question if the worker selects all the B options for that question.

8.2.2 Expected payment

A quantity central to our analysis is the expected payment, where the expectation is from
the point of view of the worker, and is taken over the randomness in the choice of the G
gold standard questions among the N questions, and over the N probability distributions
representing her beliefs for the N questions. Let us formalize this notion. Suppose that
for question ¢ € [N], the worker has selected some y; € [B] of the B options. Further,
let s; € [0,1] denote the probability, under the worker’s beliefs, that the correct answer to
question ¢ lies in this set of y; selected options. In other words, s; denotes the sum of the
beliefs for the y; options selected by the worker (consequently, the sum of the beliefs for the
options not selected is (1 —s;)). Then from the worker’s point of view, her expected payment
for this selection is
1 < .

@, > > (Fawn o eap) [T - si)He= 15100 (822)

G J15e-JG) E[N] (61,‘..,6G)€{71,1}G =1

The outer summation in corresponds to the expectation with respect to the random
distribution of the GG gold standard questions in the N total questions. The inner summation
in corresponds to the expectation with respect to the worker’s beliefs of her choices
being correct. In more detail, the values €1, ..., €g iterate over all possible events regarding
whether or not the correct answer lies in the selected set of options for each of the G' gold
standard questions, and the term [[,(1 — sji)l{ei:_l}sjl-i{e’:l} represents the probability
(according to the worker’s beliefs) of the occurrence of each such event. For instance, if the
worker selects all options (y; = B) for every question ¢ € [N], then the correct answer must
necessarily lie in the set of selected options (that is, s; = 1 for every i € [G]), and then the
payment evaluates to exactly f(B,..., B).

Given the presence of gold standard questions, the performance of any worker can be
verified based on only her own answers (without depending on the answers of other workers).
The payments made to different workers thus do not depend on each other, and hence we
consider only one worker without loss of generality.

In this chapter, we assume that the worker aims to maximize her expected reward, where
the expectation is taken over the randomness in the choice of the G standard questions, and
in terms of the beliefs of the worker regarding the correctness of various options for each
question.
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8.2.3 Goal

At a higher level, our goal is to incentivize the worker, for each question, to select all options
that she believes are quite likely to be correct. The chapter is split into two parts, depending
on the specifics of this goal, as detailed below.

First setting: Eliciting support of beliefs

The first part of the chapter (Section addresses the goal of eliciting, for every question,
the support of the worker’s distribution over the B options. In other words, we wish to
incentivize the worker such that for each question, the worker should select the smallest
subset of the set of options such that the correct answer according to her belief lies in the
selected subset. Such a requirement is motivated by studies such as [51] discussed earlier,
and also due to its virtue of being quite simple to describe to the workers.

Formally, suppose that for any question i € [N], the worker believes that the probability
of option b € [B] being correct is pj, for some non-negative values p;1, ..., p;p that sum to
one. Then the goal is to incentivize the worker, for each question ¢ € [N], to select precisely
the set of options

{b € [B] | pi # 0}. (8.3)

The worker is incentivized to do so by means of a payment mechanism that forms a strictly
proper scoring rule.

Definition 8 (Strictly proper scoring rule for support elicitation). A payment function is a
strictly proper scoring rule for the problem of eliciting the support of beliefs if the expected
payment from the worker’s point of view is strictly maximized when she selects all
options for which her belief is non-zero.

As we show in Appendix [8.A.1] there is no strictly proper scoring rule for this goal in
the absence of any additional assumptions. To this end, we make a certain assumption
of “coarse beliefs” that is motivated by various findings in psychology that are similar in
spirit. There is an extensive literature in psychology establishing the coarseness of processing
and perception in humans. For instance, Miller’s celebrated paper [169] establishes the
information and storage capacity of humans, that an average human being can typically
distinguish at most about seven states. This granualrity of human computation is verified
in many subsequent experiments [212, 238|. The paper [114] establishes the ineffectiveness
of finer-granularity response elicitation. Mullainathan et al. [174] hypothesize that humans
often group things into categories; this hypothesis is experimentally verified in the paper [240]
in a specific setting. In the same spirit of coarseness of human processing, we make the
following assumption.

Consider some (fixed and known) value p > 0, and assume that the probability of any
option for any question, according to the worker’s belief, is either zero or greater than
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,0E| Since one must necessarily take into account situations when a worker is totally clueless
about a question, that is, when her belief is distributed uniformly over all options, we restrict
p < %. To summarize, we make the following “coarse belief” assumption.

Definition 9 (Coarse belief assumption). The worker’s belief for any option for any question
lies in the set {0} U (p, 1] for some (fized and known) value p € (0, %).

Our first set of results (Section address the goal of designing strictly proper scoring
rules for support elicitation under the coarse beliefs assumption. In general, there may be
many such strictly proper scoring rules possible, and hence importantly, we also show that
our designed mechanism is strictly “optimal” in the sense of a certain notion of frugality
and “unique” in that it is the only mechanism that satisfies a simple and intuitive additional
requirement. We present this mechanism, along with the precise definitions and statements
of uniqueness and optimality in Section [8.3.1}

Second setting: Eliciting thresholded beliefs

Our second set of results (Section consider a more general setting that also does
not make the coarse beliefs assumption. We assume to be given the value of a parameter
o € (0,1). For any question i € [N], let p;, denote the probability of option b € [B] being
correct according to the worker’s belief. Here, p;1,...,p;p are non-negative values that sum
to one. Then for each question i € [N], we want the worker to select precisely the set of
options

{be[B]|pp > o}, (8.4a)
while not selecting the options
{be[B]|pw <o} (8.4b)

Then the goal is to design payment mechanisms that are strictly proper scoring rules that
incentivize this behavior.

Definition 10 (Strictly proper scoring rule to elicit thresholded beliefs). A payment function
18 a strictly proper scoring rule if the expected payment from the worker’s point of view
18 strictly maximized when she selects all options for which her belief is more than o
and does not select all options for which her belief is lower than o.

We note that the worker is allowed to act either way for options for which her belief is
exactly 0. We do not impose a requirement from the scoring rule when the worker’s belief

equals o for any option since this is a boundary case that is impossible to incentivize; see
Appendix for a proof of this claim.

“The impossibility shown in Appendix|[8.A.1] discussed earlier in Section pertains to the case p = 0.
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In Section we provide a payment mechanism that forms a strictly proper scoring
rule for eliciting thresholded beliefs, along with additional results on its “uniqueness”. We
remark that the absence of additional assumptions (such as that of coarse beliefs), the results
on uniqueness/optimality are weaker than that established towards elicitation of the support

in Section B.3.11

8.3 Main results

We present our main results in this section. In Section we consider the requirement
of eliciting the full support of the beliefs of the worker. Under a “coarse beliefs” assump-
tion regarding on the beliefs of people, we design a strictly proper scoring rule and show
strong guarantees associated to it. Subsequently in Section [8.3.2] we forgo this coarse beliefs
assumption and design strictly proper scoring rules that elicit options with beliefs above a
chosen (strictly positive) threshold.

8.3.1 Eliciting support under a coarse beliefs assumption

In this section, we address the goal of eliciting the full support of the workers’ beliefs,
assuming a coarseness of belief that assigns a value of zero to very low probability categories,
as detailed in Section Since the support of the belief distribution must necessarily
contain at least one item, we will mandate the worker to select at least one option for each
question. Consequently, the scoring rules considered in this section are functions mapping
the set {—(B —1),...,—1,1,..., B} to the interval [amin, Qmax]-

In what follows, we first present our proposed strictly proper scoring rule for this problem,
and subsequently derive certain motivating properties for our scoring rule.

Proposed strictly proper scoring rule

We begin by presenting our proposed scoring rule, denoted by f*, as Scoring rule [3] Here,
the function 1 : {True, False} — {0, 1} is the indicator function, defined as 1{z} = 1 if =
is true, and 1{z} = 0 otherwise.

The payment is based only on the evaluation of the worker’s responses to the gold stan-
dard questions. It is easy to describe the mechanism in words: The payment is au,;, plus

(i) 0 if the correct answer is not selected for one or more questions, otherwise
(ii) &* reduced by (100p)% for each option selected.

Part (i) of the payment rule is a result of the indicator function 1{x; > 1} in the description
of Scoring rule . Part (ii) arises due to the term (1 — p)l*il. The term x* is only used to
ensure that the (umax, min)-conditions are satisfied.

Observe that our proposed scoring rule takes a very interesting “multiplicative” structure.
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Scoring rule 3 Strictly proper scoring rule to elicit support of beliefs in approval voting
e Input: Evaluations of the worker’s answers to the G gold standard questions
(x1,...,2q)

e Output: The worker’s payment

f(x,...,2g) = K" <(1 —p)leil 1{z; > 1}) + i,

=1

where k* = “max—Smin
(1-p)¢

Theorem 20. Under the coarse-beliefs assumption, Scoring rule[3 is strictly proper.

Our multiplicative scoring rule is thus theoretically guaranteed to work.

Frugality

As discussed earlier, popular crowdsourcing platforms suffer from the problem of low-quality
data, often due to the presence of spammers and the like. To this end, it is imperative to have
scoring rules that make a low payment for such work, while retaining a high-enough payment
for good workers. Such a scoring rule will ensure that, first, there is minimal expenditure
on such spamming behavior, and second, that the low payment will deincentivize spammers
from taking up the task. With this motivation, we study such frugality properties of our
proposed scoring rules, and contrast them with all other strictly proper scoring rulesE]

Consider the problem of eliciting the support of the worker’s beliefs for each question
under the coarse beliefs assumption. Recall our proposed payment function f* described in
Scoring rule Also, recall the condition f(1,...,1) = amax and f(z) € [aumin, Mmax) for every
x imposed on any scoring rule considered here. Then we have the following guarantees on
our scoring rule f* as compared to any other strictly proper scoring rule.

Theorem 21. For any N > G, among all strictly proper scoring rules, our scoring rule f*
spends the strictly minimum possible amount to a worker who does not attempt any question,
that s,

f(B,....B) > f*(B,...,B),

for every strictly proper scoring rule f.

9

5In this chapter, the term “frugality” is used only in a colloquial sense, although the connotation here is
similar in spirit to other formal notions of frugality |6l 249] that address the amount of over-payment by a
mechanism.
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Theorem addresses the most concerning spamming behavior — that of skipping all
questions — and shows that our proposed strictly proper scoring rule pays a strictly smaller
amount under such a behavior as compared to any other strictly proper scoring rule. In
accordance with our earlier discussion, this result is important in practice since a system
using our strictly proper scoring rule will waste he minimum amount of money on such
spamming behavior, and moreover, the lower payment may serve to deincentivize spammers
from taking up tasks that employ our strictly proper scoring rule.

The proof of Theorem [21] first shows that any strictly proper scoring rule f must satisfy
f(B,...,B) > f*(B,...,B). The proof then goes on to show that any strictly proper
scoring rule f with f(B,...,B) = f*(B,..., B) must necessarily satisfy f(z) = f*(z) for
every argument x, that is, must be identical to Scoring rule . This claim is proved via (thee
levels of) induction on z.

The following theorem now proves more properties of our scoring rule.

Theorem 22. (a) When N = G, for any (x1,...,2q) € {—(B—1),...,—1,1,..., B}“, we
have

flz,... xg) > f*(21,...,2q).

(b) For any N > G, consider any value y € [G]. Consider any strictly proper scoring rule f
such that

flz,...,zq) = f(x1,...,26)

for every (x1,...,2g) € {—=(B—1),...,—1,1,..., B}“ that satisfies ZZG:1 {z; =1} > .
Then 1t must be that

flzd's . xd’) > ff(x, .. xg)

for every (z(',...,25") € {—=(B —1),...,—1,1,...,B}C that satisfies Zill{m/ =1} >
v —1.

Let us parse the two parts of the theorem. Part (a) of Theorem [22| demonstrates that
our scoring rule is pointwise the most frugal among all strictly proper scoring rules under
the setting NV = GG. While the setting of N = G is not directly useful for our crowdsourcing
setting in practice, it is important since it forms the basis for all the theoretical guarantees.
Part (b) then goes on to show that any other strictly proper scoring rule that pays the
same amount as Scoring rule |3| for a certain quality of work, must pay at least as much as
our scoring rule for a worse quality. The notion of quality in the statement of this part is
determined by the number of questions to which the worker chose only the correct answer
Sy s = 1},

Each of the three parts follow from one or more applications application of the following
lemma.
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Lemma 38. Consider some y,y € [B]™ and some T C [N] such that y; = y. + 1 for all
i€, and y; =y for alli ¢ . Then any strictly proper scoring rule f must necessarily
satisfy

. > O P S (= p)EUdtp ) (8.5)

N N
(G) (f1-3c) CN] (G> (J15-3G)E[N]

Furthermore, a necessary condition for the above inequality to be satisfied with equality is

f(El?J;‘N ey GG?J}G) = Omin (86)
for all (ji,...,jg) € [N], and all {(ey,. .., eq) € {—1,1}\{1}9 | ¢, = 1 whenever j; ¢ T}.

The lemma derives lower bounds on the payment made by any strictly proper scoring
rule under any evaluation y as compared to another evaluation ¢’ that differs from y only in
the questions in some set Z. In particular, the left hand side of is simply the expected
payment under a strictly proper scoring rule f under an evaluation y. The right hand side is
a rescaling of the expected payment under the evaluation y’, where the payment is rescaled
by a factor (1 — p) for every additional option selected in ¢ as compared to y.

The second part of the lemma then shows that any strictly proper scoring rule that
achieves with equality must make a minimum payment whenever any of the questions
in the set Z does not have the correct answer selected.

Robustness to the coarse beliefs assumption: Incentives with finer beliefs

In the earlier subsections, we made the “coarse belief” assumption that the worker’s belief
for any option, when non-zero, is at least p. We then designed a strictly proper scoring rule,
Scoring rule (3], with respect to eliciting the supports of the beliefs of the worker. A natural
question then arises is: How does this scoring rule perform if the coarse beliefs assumption
is violated? We address this issue in the present section, showing that our scoring rule does
not break down, but rather continues to incentivize workers to act in a certain desirable way.
In more detail, if Scoring rule 3| (for a certain value of p) is encountered by a worker who
may have arbitrary beliefs, the scoring rule incentivizes the worker to select all options for
which the relative belief of the worker is high enough.

Theorem 23. Under Scoring rule[3, for any question, a worker with beliefs 1 > p; > ... >
pp > 0 for the B options is incentivized to select options {1,...,m} for that question, where

m = arg max (L > p)
celB] \2_j1Di

It is not hard to interpret this incentivized action. The worker selects options one by one
in decreasing order of her beliefs as long as the selected option contributes a fraction more
than p to the total belief of the selected options.
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In order to understand the result of Theorem [23| slightly better, let us perform a sanity
check and verify that the earlier result of Theorem [20|for “coarse beliefs” is indeed a special
case of Theorem [23] To this end, suppose the beliefs of the worker for any particular question
are p1 >+ Py > P > Pmi1 = - -+ = pp = 0 for some m € [B]. Then we have

» 0
P = =0<p for all z >m +1,

Zj:l pl B Z::l pl

and

P >&>p for all z < m.

>iapi 1
It follows that under the result of Theorem a worker with “coarse beliefs” will be incen-
tivized to select precisely the support of her beliefs.
The proof of Theorem [23| proof first computes the expected payment under the response
described in Theorem and then by means of some careful algebraic arguments, shows
that any other answer will lead to a strictly lower payment.

An axiomatic derivation

We conclude this section with an alternative axiomatic derivation of our mechanism when
accommodating workers with arbitrary beliefs. The derivation involves a “no-free-lunch
axiom” similar to that considered in Chapter [6] and Chapter [7} which when adapted to our
approval-voting based setting is defined as follows. Recall from Section that we say that
a worker has “not attempted” a certain question if the worker selects all the B options for
that question; otherwise we say that the worker attempted that question. We will also say
that the response of a worker to a question is “wrong” if the correct option does not lie in
the set of options that the worker selected for that question.

Definition 11 (No-free-lunch axiom). If the response to every attempted question in the
gold standard turns out to be wrong, then the worker gets the minimum payment, namely,

flzr, .. 2¢) = min YV (21,...,7¢) € {—(B—1),...,—1, B}°\{B}“.

First, observe that the no-free-lunch axiom is a very mild condition. For instance, even if a
worker selects g options uniformly at random for each question, there is only a 2% chance
that the no-free-lunch axiom will come into play. Second, the axiom is quite intuitive: the
only condition where the axiom applies is when for every question, the worker either does
not attempt or provides the incorrect answer, in which case the worker is providing no useful
information.

The no-free-lunch axiom is quantitatively different from the notions of frugality we stud-

ied earlier in Section [8.3.1, However, both these notions have the same qualitative goal,
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namely to minimize the expenditure when no useful data is obtained, while providing higher
payments to workers providing better data. Interestingly, as we show below, both these
notions lead to the same (unique) strictly proper scoring rule under our setting of approval
voting.

Theorem 24. Consider no assumptions on the minimum value of the belief, and suppose the

workers must be incentivized to select options {1, ..., m} where m = arg max, ST > p)
=17

Then, Scoring rule [3 is the one and only strictly proper scoring rule that satisfies the no-
free-lunch axiom.

The proof of Theorem [24|relies on the following lemma, which provides another necessary
condition (in addition to Lemma that must necessarily be satisfied by any strictly proper
scoring rule (that may or may not satisfy no-free-lunch).

Lemma 39. Any strictly proper scoring rule f must satisfy

flzy, . oz, o+ L2, .. 26)
= (1 - p)f(xb sy Li—1s Ly Lit1s - - - 7xG) +pf(l'17 sy Li—1y T Xgy L1y - - - axG)a
for every i € [G] and (zy,...,7_1,%i41,...,06) € {—(B—1),...,—1,1,..., B}, 2, €
(B —1].

Note that the lemma does not use the no-free-lunch condition. In words, the lemma
considers any arbitrary evaluations of the answers to the gold standard questions {1,...,i—
1,7+ 1,G}. Fixing the evaluations of these questions, it says that the payment under any
strictly proper scoring rule for the evaluation (z;1; + 1) of question ¢ must be a convex
combination of the payments under the evaluations x; and —z; for question i. Moreover, the
coefficient in that convex combination must precisely equal the parameter p.

The proof of this lemma is provided in Appendix A repeated application of this
lemma, along with the no-free-lunch axiom, leads to the result of Theorem [24]

8.3.2 Eliciting options with beliefs above a threshold

In this section, we consider the setting of incentivizing the worker to select all options for
which her belief is strictly greater o, for some fixed parameter o € (0,1), as detailed in
Section [8.2.3] We do not assume the restriction of coarseness of the beliefs.

Before proceeding ahead, we must specify certain pedantic details of the problem setting.
Let us define two integers Spin and Spax as Spmin = 1{0 < %} and Spax = min{ (ﬂ —1,B}.
Consider any question. Observe that if if o < % then it is meaningless to let the worker
select zero options since the belief for at least one option must be % or higher. Also observe
that for any value of o € (0, 1), it is meaningless to allow the worker to select E] or more
options, since it is mathematically impossible for those many options to have probabilities
more than o. As a result, we will mandate the worker to select at least sy, and at most Syax
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options for any question. The goal remains to design the payment function f(z1,...,z¢q)
when |z;| € {Smin, - - -, Smax} for every i € [G].

Finally, we note some special cases which we exclude from the subsequent analysis. The
case of 0 = 0 degenerates to the impossibility result of eliciting the support in the absence of
the course beliefs assumption (Appendix discussed earlier in Section [8.2.3] If B = 2
or if o > %, the setting degenerates to the “skip-based” single-selection setting studied in
Chapter @ Hence we focus on the case of B > 3 and o € (0, %) in the rest of this section.

Proposed scoring rule

Our proposed scoring rule for the setting of this section is provided as Scoring rule 4 For
convenience of notation, we denote this scoring rule as f#.

Scoring rule 4 Incentive mechanism for the alternative problem formulation
e Input: Evaluations of the worker’s answers to the G gold standard questions (z1,...,zqg)

e Output: The worker’s payment

fF(xy,...,0q) = &7 ((B — |@i| =)o+ 1{z; > 1}) + Qmin,

=1

h r # _ Omax —Omin
where K ((B_Smin_l)a+1{8mi“21})c

For any question i € [G], the component ((B — |z;] — 1) + 1{z; > 1}) of the scoring
rule f# penalizes the selection of an incorrect option by ¢ and rewards the selection of the
correct option by 1. The overall payment is then a product of these components over all
gold standard questions. The constant s simply serves to scale the payment in order to
accommodate the (Qumin, Mmax )-requirements.

The following theorem now proves guarantees associated to our scoring rule.

Theorem 25. Consider any o € (0, %), N > G >1 and B > 3. Then Scoring rule |4| is a
strictly proper scoring rule.

The proof of this result first computes the expected payment in case of honest responses,
and then via some algebraic arguments shows that every other response must lead to a
strictly smaller payment.

Uniqueness

In this section, we address our second goal of choosing a strictly proper scoring rule among
many possible options. In particular, we show that the core structure of Scoring rule |4 must
necessarily be a part of any strictly proper scoring rule.
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Theorem 26. Consider any o € (0, %) and any B > 3. When G =1, our proposed scoring
rule, Scoring rule[4, is the one and only possible strictly proper scoring rule upto a constant
shift and positive scaling.

The proof of this result shows that any strictly proper scoring rule f must necessarily
satisfy the following four sets of equations (when G = 1):

fm+1)=(1—0)f(m)+of(—m) for all m € {1,..., Smax — 1},
fm+2)=(1-20)f(m)+20f(—m) for all m € {1,..., Smax — 2},
)
) =

( Smax f(smax) - f(smax - 1) + f(—(SmaX - 1)), and
f0) = o f(1)+ (1 =a)f(=1).

These four sets of conditions together leave only two degrees of freedom for the choice of the
payment function f, and hence uniquely characterize the scoring rule upto a constant shift
and scale.

While we do not have a complete answer as to what the “best” or “unique” mechanism is
for general values of N and G, but going by the results in Section [8.3.1], we conjecture that
Scoring rule 4] may also possess some more attractive properties along the lines of Scoring
rule [3]

8.4 Discussion

Our goal is to deliver high quality labels for machine learning applications, at low costs,
by means of incentive mechanisms or aggregation algorithms or both. In this chapter, we
pursue the former approach. We take an approval-voting based means of gathering labeled
data from crowdsourcing. We design an incentive mechanism via a principled theoretical
approach, and prove appealing properties of optimality and uniqueness of our proposed
mechanism. Preliminary experiments conducted on Amazon Mechanical Turk corroborate
the usefulness of this mechanism for practical scenarios. Our mechanism may also draw more
experts to the crowdsourcing platform since their compensation will be significantly higher
than that of mediocre workers, unlike most compensation mechanisms in current use.

Experiments performed on Amazon Mechanical Turk in [237] reveal that (a) workers to
make judicious use of the flexibility offered by the approval voting interface, (b) the presence
of a strictly proper scoring rule does make a statistically significant difference as compared to
a scoring rule that is not strictly proper, and (c) the workers did not have any real objections
to the approval voting interface or the multiplicative mechanism.

We conclude this chapter with a discussion on closely related topics that merit investi-
gation in the future.

Aggregation of labels. For the traditional single-selection setting, there is a long line
of work on statistical methods to aggregate redundant noisy data from multiple workers;
see Chapter [4] for more details. An open problem is the design of aggregation algorithms
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for approval-voting-based data: algorithms that can exploit the specific structure of the re-
sponses that arise as a result of the approval voting interface and the proposed mechanism.
There is indeed work on aggregation algorithms [22} 37, (160, |189] and probabilistic mod-
els [66, (74} 1159, 207| for approval-voting in the context of social choice theory; their objective,
however, is primarily of fairness and strategy-proofing of the voting procedure, as opposed
to our goal of denoising data obtained from multiple heterogeneous workers as required for
labeling tasks in crowdsourcing.

Choosing the right interface. There are tradeoffs between various interfaces for crowd-
sourcing. For instance, the approval voting interface elicits the support of the belief whereas
the single selection interface elicits the mode. Choosing among these two interfaces would
depend on the application under consideration, and moreover, one may adaptively switch
between the two depending on the data obtained. A natural question that one may further
ask is, why not elicit the entire belief distribution itself? While the entire belief distribu-
tion seems to supercede the support and the mode, stating the distribution will also require
much more time and effort from the workers, and often also suffer from a higher noise. These
tradeoffs must be taken into account when choosing the interface for the application at hand.

The coarse beliefs parameter. One may wish to evaluate the value of p by explicitly
asking workers on the crowdsourcing platform for this value. However, it is noted in the
literature (e.g., see the paper [220] for experiments on Amazon Mechanical Turk) that the
cardinal representations that humans provide are not always consistent with their respective
mental beliefs, and are far noisier. This phenomenon suggests the requirement of developing
alternative methods of evaluating this parameter. Indeed, measurement is considered one of
the most difficult parts of behavioral research.

8.5 Proofs

In this section, we present proofs of the various theoretical results presented in the chapter.

8.5.1 Proof of Lemma |38: The workhorse lemma

Consider any arbitrary strictly proper scoring rule f satisfying the (oupin, umax) conditions.
Without loss of generality let oy, = 0.
Consider a real number py € (p, %), whose precise value will be specified later. Consider

1=po for
yi—1

each of the last (y; — 1) options. For every question i ¢ Z, her belief is uniformly distributed
among the first y; options. Note that this satisfies the coarse beliefs assumption since

a worker such that for every question ¢ € Z, her belief is py for the first option and

— (@)1 — i) 1 — L iii
1—po J 1—po (>) 5 Zl(>),0,
Y — 1 B-1 B—-1 B

where the inequality (i) follows from the fact that y; < B, inequality (i7) follows from the
assumption py < %, and inequality (i77) is an assumption on p (see Definition @
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If this worker selects precisely the support of her beliefs for every question then her
expected payment ¥, is

v, = (T Z f(yj17"'7ij>' (87)

G) (J1,-3c)CIN]

We will compare the aforementioned action to another action, where for each question i € Z,
the worker selects only the last y, = (y; —1) options but not the first option; for each question
i ¢ T, the worker selects the support of her belief. Under this action, the expected payment
U, equals

1

Vo= > > Wl e =1} STH(1 — po) UM p e ey,

(G’) (J15er3G) (€1,es6G)
Q[N] E{flfl}c

(8.8)

In the expression , the outer summation represents the expectation over the random
choice of the G gold standard questions among the N questions. The inner summation
represents the expectation with respect to the correctness or incorrectness of the answers
to the G' gold standard questions: for any question i, ¢, = 1 captures the event where the
i'" question in the gold standard is answered correctly and ¢; = —1 represents the event of
this question being answered incorrectly. The term 1{{j; | ¢, = —1} C Z} ensures that only
the questions in Z can be wrong, since it is only these questions for which the worker has
selected a subset of her belief’s support.
Since f(x) > 0 for every valid argument z, we can lower bound W, as

1 o
Uy > ™ ST (1= po)EedeH gy, (8.9)
G/ (j1,--da)C[N]

A strictly proper scoring rule must incentivize the worker to perform the first action (over

the second), i.e, must have ¥y > U,. Thus from (8.7) and (8.9), we get

Z f(yju s 7ij> > Z (1 - pO)lzm{jhm’jGHf(y;l’ ce 7y;'G>‘ (810)

(]177]G)Q[N] (]177]G)Q[N]

Note that (8.10)) must hold for all py > p. The left hand side of (8.10) does not involve pg
whereas the right hand side is continuous in py. It follows that

Do fWheyie) = Y (L= p)PUISF (). (8.11)

(15-3c)CIN] (J15--da)CIN]

This proves the first part (8.5)) of the lemma.
We now move on to prove the second part of the lemma. We prove the claimed result
by means of a contradiction argument. Suppose that f(e1yj ..., €qy),) is strictly positive
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for some (j1,...,ja) C [N], {(e1,...,eq) € {—1,1}\{1}“ | ¢, = 1 whenever j; ¢ Z}. Then
using the fact that f(x) > 0 for all z, from (8.8, we obtain the inequality

. . . €= A ‘i €i:_1
T, > Z (1— p0)|Iﬂ{J1,...,JG}|f<y;1’ o 7%@) +(1— p0>|Im{31| 1}|pg Nl }‘f(ely;l, o ,EGy}G)‘

(J1,--Ja)CIN]

Note that this inequality is the equivalent of in the first part of the lemma, but also
accounts for the additional strictly positive term. Following arguments identical to those in
the first part, we have the following tighter version of (8.11):

Z f(yjp o 7yjc) > Z (1 _ p)\Iﬂ{h,...JG}\f(y;l’ o ’y;G)

(J1-5dc)C[N] (J1-dc)C[N]
+ (1 _ p)\Iﬂ{ﬁ\€i=1}\p\lﬂ{]i|€i=—1}|f(ely;_1’ . ecy;-G)-

Since f(e1y,, - -,€ayj,) > 0, we then have

Do Wy > Y, (=) ),

(J15-3a) EIN] (J15---3a) CIN]

thereby contradicting the hypothesis of the equality in (8.5) assumed in the second part of
the lemma, and hence proving the claimed result.

8.5.2 Proof of Theorem : Working of our scoring rule

Without loss of generality, we may assume that au,;, = 0 since in our setting, the property
of being strictly proper is invariant to any constant shift and positive scale of the payment.
We adopt the succinct notation of a0 : = apax — amin. We also remind the reader that the
“expected payment” always refers to the expectation with respect to the worker’s beliefs
regarding the correctness of various options, and the randomness in the choice of the G' gold
standard questions in the N questions.

First consider the case N = G' = 1. In this case, Scoring rule [3| reduces to

J*(@) = a(l = p) I 1{ay > 1),

Pm > P > Dmy1 = -+ = pp = 0 for some m € [B]. A strictly proper scoring rule must
strictly maximize the worker’s expected payment when she selects the support of her belief,
that is, when she selects exactly the options {1,...,m}. The expected payment, ¥y, under
this selection is

Suppose without loss of generality that the worker’s beliefs for the B options are p; > --- >

Vo=a) pi(l—p™!
=1

=a(l —p)™ 1.
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Instead, now suppose the worker selects some other set of options {o1,...,0,} C [B],
{01,...,00} # [m]. Then her expected payment, ¥y, under the proposed mechanism for this
selection is

14
Wy = O‘Zpoz-(l -p)!
i=1

l
<ad (- (3.12)
i=1

where the final inequality is a result of the ordering p; > --- > pg. If £ = m then the
inequality in (8.12)) is strict since p; < p; for all (j > m, i < m). Thus the expected payment
under the choice ¢ = m but with a selection different from the support is strictly smaller than
W,. Also observe that the expected payment when ¢ > m is upper bounded by a(1 — p)*!,
which is strictly smaller than Wy. Let us now consider the remaining case of ¢ < m. Since
pi > p for all i € [m], we have

U, <« (Z]gZ — (m — £)p> (1-— p)e’1

=a(l—(m—20p)(1—p"
Ca(l— ot p!
== \IIOa

where inequality (i) follows from the algebraic fact that (1 —aw) < (1 —w)® for every a > 1
and every w € [0, 1]. This completes the proof for the case N = G = 1.

Let us now consider the case of N = G > 1. By our assumption of the independence of
the beliefs of the worker across the questions, the expected payment equals

G

[TE e —p)1{a; > 13],

=1

where the expectation pertains to the randomness in the signs of z1,...,zg. Since the
payments are non-negative, if each individual component in the product is maximized then
the product is also necessarily maximized. Each individual component simply corresponds
to the setting of N = GG = 1 discussed earlier. Thus calling upon our earlier result, we get
that the expected payment for the case N = G > 1 is strictly maximized when the worker
acts as desired for every question.

Let us finally consider the case of N > G > 1. Recall from that the expected
payment for the general case is a cascade of two expectations: the outer expectation is with
respect to the uniformly random distribution of the G gold standard questions among the N
total questions, while the inner expectation is taken over the worker’s beliefs of the different
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questions conditioned on the choice of the gold standard questions. The arguments above
for the case N = G prove that every individual term in the inner expectation is maximized
when the worker acts as desired. The expected payment is thus maximized when the worker
acts as desired.

8.5.3 Proof of Theorem : Minimum pay if all questions
skipped

Without loss of generality, assume that ay,;, = 0 since in our setting, the property of incentive
compatibility is invariant to any constant shift and positive scale of the payment. We adopt
the succinct notation of « : = appax — min- Consider any strictly proper scoring rule f such
that f(1,...,1) = a. The proof uses Lemma [38 which was stated earlier at the end of
Section [8.3.1] and is proved in Section [8.5.1]

First, a non-strict inequality: Consider any xy € [B — 1]. Applying Lemma with y =
(xo+1,...,20+ 1), ¥ = (zo,...,70) and Z = [G] gives

flzo+1,...,00+1)> (1= p)f(zo,...,20)

A repeated application of this inequality for every xy € [B — 1] gives

f(B,....B)>(1-=p)°f(B=1,...,.B=1)>---> (1—p) BV, ... 1)
= (1-p) ¥ V.

Scoring rule [3] achieves this lower bound on f(B, ..., B) with equality, thereby completing
the proof.

Strict inequality: In the remainder of the proof, we show that any strictly proper scoring
rule that achieves

f(B,....B) = (1- )% a

must be identical to our Scoring rule [3] In other words, we show that such a scoring rule f
must satisfy f(z) = f*(x) for every evaluation x. We partition the rest of the proof into two
cases, depending on whether z4 > 0 or x¢ < 0.

In what follows, we only consider the set of evaluations x whose elements are non-
decreasing, that is, x1 > x9 > .-+ > xg. The proof for any other ordering of the elements
follows in an identical manner.

Case of xg > 0: We first consider any x such that z¢ > 0. Then due to the monotonicity of
the entries of x, we must have that z; > --- > x5 > 0. We define the following notation
that we will subsequently use for our induction arguments.

e Let vy(z) denote the number of distinct entries in z:

G-1
V(z) =1+ Z H{z; # zipa }
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e Let o(x) denote the size of the last jump in x:

o(z) =2 — T where j = arg[Gm%X T # Ti
1e|G—

e Let f(x) denote the numeric value of x in a B-ary number system:
G
B(x):=> B (x; - 1).
i=1

For example, if B =5, G = 5 and x = (5,5,4,1,1) then v(z) = [{5,4,1}| = 3, o(x) =
4—1=23 (where j =3),and B(z) =4-5"+4-5°+3-524+0-5' +0-5° = 3075. The proof
involves three nested levels of induction: on «, on ¢ and then on f.

Base case for induction on v: We first induct on . The base case is the set {z|y(z) = 1},
that is, the set of vectors which have the same value for all its components. We now show
that f(z) = f*(x) for every = such that y(x) = 1. To this end, observe that from the
definition of 7, the only values of x that have v(z) = 1 are those that have all elements
identical. Consider any xy € [B — 1]. Applying Lemma 38 with y = (zg+ 1,..., 20+ 1) and

y' = (xo,..., o) gives

flzo+1,...,m0+1) > (1—p)f(zo,...,20)

Since this inequality is true for every xy € [B — 1], we have the sandwich inequalities
J(B.....B) > (1— p)E0 f(zg . wg) > (1— p)BVEf(L, 1),

Setting f(B,...,B) = (1 — p)#"Y% and f(1,...,1) = « implies that each of the above
inequalities is in fact an equality, thereby proving the base case

fxo, ... 20) = (1 = p)™Cf(1,...,1) = f*(zo,...,20).

Induction step for induction on «: Now suppose our hypothesis of f(x) = f*(x) is true for
all {z|y(z) < 740 — 1} for some 79 € {2,...,B}. We will now prove that the hypothesis
f(z) = f*(x) is also true for all {z|y(z) = 70}. Towards this goal, we now induct on o, that
is, we prove the hypothesis separately for every value of o.

Base case for induction on o: Observe the following set-relation {z|y(x) = v—1} = {z|y(z) =
Y0,0 = 0}. Due to the assumed induction hypothesis f(x) = f*(x) for every {z|y(z) =
70 — 1}, we have f(z) = f*(x) for every {z|y(x) = 70,0 = 0}, thereby proving the base case
of o0 =0.

Induction step for induction on ¢: Now suppose that the hypothesis is true for all {z|y(z) =
Y0, o(z) < o¢g — 1} for some oy € [B — 1]. We will prove that the hypothesis remains true
for all {z|y(x) = v, o(x) = 00}. We prove this statement is true for all values of § via an
induction on f3.
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Base case for induction on 3: Recall that we have restricted our attention to those x which
have their elements in a descending order. Observe that the element with the minimum value
of B in the set {z|y(x) =0, o(z) =00} is (o + 00— 1,...,00+ 1,1,...,1). We will prove
the hypothesis for this element as the base case for our induction on 5. Applying Lemma
withy = (yo+00—1,...,00+2,00+1,1,..., 1) and ¢/ = (yo+00—1,...,00+2,00,1,...,1)
gives the inequality
le("}/o—f—ao—1,...,00+2,00+1,1,...,1)—|—C/1f(")/0—|—0'0—1,...,0’0—|—2,1,1,...,1)

+ > (csf(s,1,1, ... 1)+ cf(s,00+1,1,...,1))
sC{vo+o0—1,...,00+2}
2Cl(l_P)f(70+00—1,---700*‘2’00717-‘-»1)+C/1f(70+00—1,-"700"‘271717'--,1)
+ Z (Csf(S,].,l,...,].)+C,S<1_p)f(S,O'(),l,...,l)), (813)

sC{y0+00—1,...,00+2}

for some positive constants ¢y, ¢}, ¢s, ¢, (which represent the probabilities of the respective
set of G questions being chosen as the G gold standard questions). Now, for any s C {7y +
oo—1,...,00+2}, observe that y(s,00+1,1,...,1) <7y —1and ¥(s,00,1,...,1) < 09— 1.
Thus we have

7

—~
~

f(s,o0+1,1,...,1) = f*(s,00+1,1,...,1)

(1—=p)f*(s,00,1,...,1)
(id)

= (1-=p)f(s,00,1,...,1), (8.14)
where equations (i) and (i7) follow from our induction hypothesis. Also, y(yo+00—1, ..., 00+
2,00,1,...,1) =9 and o(yo+ 00— 1,...,00+2,00,1,...,1) = 09 — 1. Consequently, our
induction hypothesis yields
f(’)/0+0'0—1,...,0’0+2,0‘0,1,...,1) :f*("yo—l—a'o—1,...,0‘0—{—2,00,1,...,1)
— (1 _ ,O)WOJ'_UO_2+m+00+1+00_10(. (815)
Substituting (8.14)) and (8.15]) in (8.13)) and canceling out common terms yields the inequality
f(’)/() + 09 — 1, ...,00+ 2, oo + 1, 1, ceey 1) > (1 - p)70+0072+...+00a
:f*(")/0+00—1,...,0’0+2,0’0+1,1,...,1).
(8.16)

We now derive a matching upper bound on f(yo+ 09— 1,...,00 4+ 2,00+ 1,1,...,1).
Applying Lemmawithy =(+oo—1,...,00+1,2,....2)and ¥/ = (yo+00—1,...,00+
1,1,...,1) gives

caf(votoo—1,...,00+1,2,...,2)+ Z csf(s,2,...,2)

sC{y0+0o0—1,...,00+1}

ch(l_p)Gi’y+1f<70+O-0_17-"7UO+1717"'71)+ Z Cs(l_p>G7‘S|f<S717"'71>7

sC{yo+o0—1,...,00+1}

(8.17)
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for some positive constants ¢1, ¢s. Now, for any s C {79+ 09 — 1,...,00 + 2}, observe that
v(s,2,...,2) <79 —1and v(s,1,...,1) < 09— 1. Thus we have

where equations (i) and (i7) follow from our induction hypothesis. Also note that (v +
oo—1,...,00+1,2,...,2) <yand o(yy+o9—1,...,00+1,2,...,2) = gp — 1, which allows
us to apply our induction hypothesis to get

f(’)/o—{—a()—1,...,00+1,2,...,2) :f*(’}/()—i-o‘o—1,...,00+1,2,...,2)
— (1 _ p)70+00—2+--.+00+G'—’Y+104' (819)

Substituting (8.22)) and (8.19) in (8.17)) and canceling out common terms yields the upper
bound

f(o+oo—1,...,00 +2,00+1,1,...,1) < (1 — p)rotoo-2t-tooy
:f*(’yO—FO'O—1,...700+2,00+1,1,...,1)
(8.20)
The bounds (8.16) and (8.20) in conjunction imply that the hypothesis is true for x =
(vo+oo—1,...,00+ 2,00+ 1,1,...,1), which is the base case for our induction on £.

Induction step for induction on 3: Now consider some z* such that v(z*) = 7, o(z*) = g9
and S(z*) = [y, for some fy. One can verify that any such x* must necessarily take the form

* * * * * * *
= (", ...,z 00 +x6", ..., 00+ xc", 26", . x6T), (8.21)
N -~ 7
mi

with z1* > 2" > -+ > x,,* > 09 + 25" for some m >0, m; > 1, m+m; < G.

Suppose the hypothesis f(z) = f*(z) is true for every {z|y(z) = v, o(x) = 00, f(x)
Bo — 1}. In what follows, we show that we must have f(x) = f*(z) for every {z|y(z)
Yo, 0(x) =09, B(z) = Po}-

Applying Lemma [38 to f with the choices

I IA

* * * * * *
y:(wl,...,xm,g0+xg,...,ao—|—:vgj,xg,...,xg), and
m
/ * * * * * *
Yy =(1",...,¢en" 00+ xc" —1,...,00+ 2¢ —];,{Eg,...,x(;)

mi
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gives the inequality

le($1*7 s 7xm*7 0o + xG*a s, 00+ xGi7 Q?G*, B 7$G*)
m

+ Z csf(s, g™, ..., xa5")

sC{z1*,...,em*,00+xa",....00+zc*}

mi
>c(1—p)™f(x",.. . xn 00+ xe" —1,...,00 + 26" — L, z6", ..., 25")
m

+ Z co(1 — p)zittsimootec™ 1 f(g go* xg"), (8.22)

sG{z1*,.xm*,00+2g* —1,...,00+xc" —1}

~"~
mi

for some positive constants c1, ¢;. Recall that z* takes the form (8.21) and has y(z*) = o,
o(x*) = o¢ and B(z*) = Fy. Thus we have

’70—]_ if0'0:1

* * * * * *
y(x*, o T, ,go—l—xg —1,...,00+2¢ —l,a:G ,...,xg):{
m

Yo otherwise,

and hence the induction hypothesis is satisfied in the first case of 09 = 1. In the second case
of oy # 1, we have

* * * * * *
o(x™, ..., T, ,o0tag —1,...,00 +x¢" — 1 a¢ oo, xg") =09 — 1,

~~
mi

and hence the induction hypothesis is satisfied in the second case as well. Thus we have

flz™ . o ey 00 +ae™ —1,...,00 +x¢" — L, 26", ..., 25")
N - _
= f"(z" ..,z 00+ — 1, . 00+ gt — Lag, ..., x6")
- _
=(1- p)zﬁl(fﬂi*—l)-i-ml(Uo+wc*—2)+(G—m1—m)(rc*—l)a‘ (8.23)
Consider any s C {z%,... ,xm*,go +aog"—1,...,00 +x5" — l} We claim that the induc-

mi

tion hypothesis is satisfied for (s, zg*, ..., zg*). To this end, define the quantity m;(s) as
my(s) 1= Z 1{s; = 00 + 25" — 1}.

Observe that if my(s) > 0 then it must either be that v(s, z¢*, ..., 2¢") <y — 1 or it must
be that o(s,zg", ..., z¢*) < 0o — 1; if my(s) = 0 then y(s,z¢*,...,26") < v — 1. Now for
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any value s C {z1*,...,2,%, 00 + g%, ...,00 + 5"}, also define the quantity m;(s) as
my

my(s) := Z 1{s; = 00 + 25" }.

)

Observe that if my(s) > 0 then either v(s,zg*, ..., 2¢*) < v — 1 or B(s,zg",...,25%) <
Bo — 1; if my(s) = 0 then ~(s,zg*, ..., 2¢*) < 70 — 1. Consequently from our induction
hypothesis we have the series of equations

* *
E csf(s,xa™, ..., xg")
sC{z1* ., om™*,00+xa*,....,00+ra*}

m1

= Z Csf*(87xG*7"‘7xG*>

sC{z1*,....xm*,00+2G",....,00+Tc" }

my
- Z 68(1 - p)ZZ 1{8i:UO+IG*_1}f*(Sa IL'G’*, s ,.Z’G*)
sg{xl*,...,:cm*,gg-l—:rzg*—1,...,0’0+xg*—£}
my
= Z cs(1 — p)Xitlsimootec™ =l ¢(g g o* 0 xg").
sg{fﬂl*,...,(Em*,Uo—‘r(EG*—1,.‘.,0'0+$G*—£}
m
(8.24)
Substituting (8.23) and (8.24) in (8.22)) and canceling out common terms gives
f(x1*7 .. axm*7£70 + xG*u ..., 00 + xGi) $G*7 .. 7IG*)
m
> (1 - P)m1f<$1*a cee 7$m*7g0 +Z'G* - 17- -5, 00 +.TG* - 1),376'*,. . 7xG*)
m
=(1-0p) i1 (zi* =1)+mi(oo+zc” —1)+H(G—mi—m)(zc"~1) (8.25)

We now employ Lemma [38| to derive a matching upper bound to (8.25). Setting

* * * * * *
y=(1",...,Tm ,00+2¢", ..., 00+ 26", 06" +1,..., 3¢ +1),and
m1
!/ * * * * * *
y—(xl,~--,xm,gO‘i‘xG,--~,UO+$G1,~TG,~--,$G)

mi
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in Lemma (38 yields the inequality

clf(xl*,...,mm*,ao+xg*,...,ao+xg’i,xc* +1,...,26"+1)
my
+ Z csf(s,zg™+1,...,26" + 1)
sC{z1*,....em*,00+txc*,....00+zc*}
——— —
mi
Z Cl(l - p)mlf(l‘l*a s 7$m*a\0-0 + 'IG*7 -5 00 + xGia ,.'EG*, s 7$G*)
m
+ Z cs(1=p) 7B f (s, 26, ... xa"), (8.26)
sC{z1*,....em*,00+Tc",....00+Tc*}
—_———
my

for some positive constants c;, ¢s. Observe that

y(z*, .y 00+ 26", o0+ ae xet + 1, xgt + 1) =
mi1

{%—1 if g = 1

Yo otherwise,

and that the induction hypothesis is satisfied in the first case of ¢ = 1. In the second case
of 0 # 1, we have

* * * * * *
O'(i[)l N ,(3’0—|—$G ,...,O'O—F.I'Gjl’g +1,...,.I'G —|—1):O’0—1,

v~
mi

and hence the induction hypothesis is satisfied in this case as well. Thus from our induction
hypothesis, we have

flx™ . xn™ 00 + 26", .. .,00 g xg"+ 1, ., xg" + 1)
m
= f*<x1*,...,l’m*70'0 +axc", .. .,o0+xc",xg"+ 1, x5" + 1)
m
= (1 — p) =@ —DFm(ootee™ 1) +H(Gmi—m)(@c"=2) (8.27)
Now consider any s C {z1*,...,2,* 00 + 25", ...,00 + x5"}. We now show that our
mi

induction hypothesis is satisfied for (s, z¢*,...,x5") as well as (s,z¢* +1,..., 26"+ 1). To

this end, recall our notation of my(s) := >, 1{s; = og +x¢*}. If 5o = 1 or if my(s) = 0 then
v(s,xg*+1,. .. xg*+1) < yp—1;if o > 1 and my(s) > 0 then (s, z6*+1,...,2¢"+1) <
and o(s,z¢* + 1,...,26" + 1) < 09 — 1. If my(s) = 0 then y(s,z¢*,...,26") < v — 1,
otherwise v(s,zg*, ..., z¢*) < Y, o(s,x¢%,...,26") = 0o and B(s,zg", ..., 2¢*) < o — 1.
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These terms thus satisfy our induction hypothesis and hence we have

fls,xzg™+ 1, 26"+ 1) = f*(s,xzg"+1,...,26" + 1)
= (1 - p)G_|S|f*<S7xG*7 s ,I‘G*)

= (1—p)%Flf(s,ze", ... xa"). (8.28)
Substituting (8.27)) and (8.28]) in (8.26]) gives us an upper bound
g g
fla™, ... ,$m*,(3'0 + x5, ...,00+ :Jc(;i, rg", ..., x6")
™
<(1-p) i1 (zi" =1)+mi(oo+ze” —1)+H(G—mi—m)(zc"~1) ,,
= f*(z.%, ... ,xm*,go +xg",...,00+ a:Gi, xG", .., xag"). (8.29)
mi

The matching bounds and together complete the proof of induction on f.
Moving back up in our nesting of inductions, this also completes the proof for {z|z; >
0VielG]}.

Case of x5 < 0: We now address the remaining case of {z | min;eq #; < 0}, and show that
f(xz) = f*(x) = 0 for all such z. The arguments above for the case {z | minyciqx; > 0}
imply that for any strictly proper scoring rule f, the inequality in the statement of
Lemma |38 must be satisfied with an equality. This allows us to employ the second part of
Lemma , and we do so in the following manner. For every i € [G], let y; = ¢, = z; if x; > 0,
and y; — 1 = y. = |x;| otherwise; set y; =y, = B for alli € {G+1,...,N}. Then in
the statement of Lemma |38 yields f(z1,...,z¢) = 0, thus completing the proof.

8.5.4 Proof of Theorem : Minimal expenditure under f*

In this section, we prove that our Scoring rule 4| makes a minimal payment as compared to
any other strictly proper scoring rule. The proof uses Lemma |38, which was stated earlier
in Section and is proved in Section [8.5.1]

Proof of part (a)

We assume without loss of generality that a,;, = 0.
First consider the case of any « such that z; < 0 for some i € [G]. For this case we have

f(z) = 0= f"(z),

thereby proving our claim.
Now consider the remaining case where z; > 0 for every i € [G]. For the setting N = G
under consideration, the inequality (8.5) simplifies to

e ye) = (L= p) P ft, . ye),



CHAPTER 8. APPROVAL VOTING 255

for any set Z € [G], and any y,y’ € [B]“ such that y; = y, + 1 for every i € Z and y; = v/
otherwise. A repeated application of this inequality yields the bound

G G (o .
fly, . ye) > (1 — p)ziﬂ(yz 1)f(l, L) =01 p)zﬁl(yl Davgay = v, 96),

for any y € [B]“, thereby proving the claimed result.

Proof of part (b)

We assume without loss of generality that a.,;, = 0. Also assume that N > G, since the
case of N = G follows directly from Theorem 21|a).
First consider the case of any x such that x; < 0 for some ¢ € [G]. For this case we have

f(z) = 0= f(z),

thereby proving our claim.
Now consider the remaining case where z; > 0 for every i € [G]|. Define a function
v:[B]Y —{0,...,G} that measures the number of entries equaling 1 in the input, that is,

G
v(r) =Y 1{x; =1},

=1

for every z € [B]°.

First suppose that v(z) = G. In this case, we must have z = (1,...,1). Consequently,
we have f(x) = amax = f*(2).

Now for some value vy € [G], suppose that f(z) = f*(z) for every {x | v(z) > 1}, as in
the statement of the theorem. In what follows, we show that any x satisfying v(z) = vy — 1
must also satisfy f(z') > f*(2).

Consider any x € [B]¢ such that v(z) = 1 — 1. We assume, without loss of generality,
that x; > -+ > x¢ (> 0). Then we have zg_yy120 =+ = x¢ = 1 and zg_,,4+1 > 1. Define
a vector y = (x,1,...,1) = (x1,...,Zg-vys1, L, ..., 1). We now apply Equation from
Lemma B8 with v/ = (z1 — 1,22, ..., Zg—vy11, 1,...,1) and Z = {1} to obtain the bound

C1 Z f($17yj27"'7yjc)+02 Z f(yju"'vyjc)

(J25-0c) {2, , N} (J15+-JGc) {2, s N }
> Z (1_p)f(x1_1’yj27"'vyjc;)+c2 Z f(yj17"'aij)7
(J2,-2dG) {2, N } (J1,-23G) {2, N }

for some constants ¢; > 0 and ¢y > 0 whose values depend only on N and G. Canceling out
common terms, we are left with

> @0 Yes - 056) 2 Yoo (=p) @=Ly ye). (830

(J25--3c)C{2,...N} (J25-Jc)C{2,.... N}
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Both the left and right hand sides of this inequality involve linear combinations of the
function f evaluated at various points. For our chosen values of y and 3/, observe that
whenever {2,...,G — vy + 1} € {jo,...,jc}, we must have v(z1,Y),,...,Yj,) > Vo and
v(z1 — 1,9y, - - -, Yjo) > vo. Consequently, for any such value of (jo, ..., jg), we have

f(xlayjza"'uyjc) =
f*(xlayjza s 7ij) = (1—P)f*(ff1 - 17ij> s 7yjc) = (1_p)f($1 - 1ayj27 s 7yjc)'
For any remaining value of (jo,...,Jj¢) (such that {2,...,G — vy + 1} C {jo,...,Jc}), we

have (Yjy, .-+, ¥Yje) = (T2,...,ZG—vyt+1, 1,...,1). Substituting these relations in (8.30) and
canceling out common terms leaves us with the bound

flzy, 29, 2gpyi1s L, oo, 1) > (1= p) f(xy — 1,29, ..., Zg—pgs1s Ly ooy 1),

A repeated application of this inequality for different values of x; then yields

flzy, 20, Tapyr1, 1, .., 1) > (1= p) f(1, 20, .., Bgryr1, 1, ..., 1)
(_i) (1 — p)$1—1f*<]_7$27 . ;xG—l/o-‘y-l? 17 P ].)

= f*(SL’l,QZQ, < TG—vo+1s 1, ey 1),

as claimed, where equation (7) is a because v(1,xs,...,Tg_yys1, 1, ..., 1) > 1.

8.5.5 Proof of Theorem : Performance in absence of coarse
belief assumption

Without loss of generality, assume that a,;, = 0 since in our setting, the property of being
strictly proper is invariant to any constant shift and positive scale of the payment. We adopt
the succinct notation of o : = pmax — Omin-

First consider the case of N = G = 1. For this case, Scoring rule [3| reduces to f*(z) =
a(l —p)@=Y1{z; > 0}. Suppose without loss of generality that the worker’s beliefs for the

B options are p; > --- > pg. Define integer m as m = arg Max,c g (sz—z)p“ > p).
=1 7

Suppose a worker decides to select some ¢ of the B options, say options {0, ...,0,} C [B].
Then it is easy to see that her expected payment,

0
«Q Zpoi(l - p)£—17
i=1

is maximized when she selects options {1,...,¢}, i.e., the ¢ options that are most likely to
be correct. Under the monotonicity p; > --- > pp, it is easy to see that for any fixed choice
of ¢ € [B], the expected payment is maximized when the worker selects options {1,...,¢}.
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It remains to show that among all choices of ¢ € [B], the expected payment is maximized
when the worker selects £ = m. Let ¥, denote the expected payment when the worker selects
the first ¢ options:

¢
Uy=a) pi(l-p)!
i=1
Hence for any ¢ € {2,..., B}, we have

Uy @ZZ 1Pz( —p)? _ 1 [ P
\IJZ Q Zizl pi( - p)é_l L= p 2521 Di

We know that =— < p whenever ¢ > m, and =*— > p when ¢ = m. Furthermore,

>i—1Di D im1bi
since py decreases with E and 24_1 p; increases with € it must also be that > for all
=17
¢ < m. Thus we have g~ > 1 for all £ <m and 3~ q, - < 1 for all £ > m, or in other words,

we have
<V o <V <V, >V > W0 >

It follows that the worker is incentivized to choose ¢ = m
Let us now consider the case of N = G > 1. By our assumption of the independence of
the beliefs of the worker across the questions, the expected payment equals

G

[TE [« -9 1{z; > 0}].

=1

Since the payments are non-negative, if each individual component in the product is max-
imized then the product is also necessarily maximized. Each individual component simply
corresponds to the setting of N = G = 1 discussed earlier. Thus calling upon our earlier
result, we get that the expected payment for the case N = G > 1 is maximized when the
worker acts as desired for every question.

Let us finally consider the general case of N > G > 1. Recall from that the expected
payment for the general case is a cascade of two expectations: the outer expectation is with
respect to the uniformly random distribution of the G gold standard questions among the N
total questions, while the inner expectation is taken over the worker’s beliefs of the different
questions conditioned on the choice of the gold standard questions and restricts attention
to only these G questions. The arguments above for the case N = G prove that every
individual term in the inner expectation is maximized when the worker acts as desired. The
outer expectation does not affect this argument. The expected payment is thus maximized
when the worker acts as desired.
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8.5.6 Proof of Lemma (39; A necessary condition for any strictly
proper scoring rule

First consider the case of G = N. Consider some 7,7 € {0,...,G — 1} with n + v < G.
Suppose i = n+y+1, x1,...,x, € [B—1], xyi1, ..., T4y € —[B—1] and z4149,..., o8 = B.
For every question j € [+ 7], suppose the worker’s belief is §; € (0, p) for the last

option and 1|;j|j each for the first |2;| options. One can verify that since §; < p < % and
|z;| < B —1, it must be that 1|;—ij > 0;, and that the requirement of being a strictly proper
J

scoring rule requires incentivizing the worker to select the first |z;| options. Suppose the
worker does so. Now for every question j' € {n+ v+ 2,..., N}, suppose the belief of the
worker is uniform across all B options. The worker should be incentivized to select all B
options in this case; suppose the worker does so. Finally, for question ¢, suppose the worker’s
belief is § € (2, 22) for the last option and ﬁ each for the first |z;| options. Then the worker
must be incentivized to select the first |x;| options alone if § < p, and select the last option
along with the first |z;| options if 6 > p.

Define {r;};cip4y as rj = 6; for j € [n], and r; = 1 = 6; for j € {n+1,n+~}. Let
€:={e1,..., €64~} € {—1,1}""7. The requirement of incentivizing for question ¢ necessitates

I—¢ Ite;

__J
(1—9) Z flez1, ..., €Ty, €gi1Tyi1s - - s EnsnTptny, Tiy B, ..., B) H ri? (1—ry)2

66{71»1}7]-'» je[n""V]
1—€j 1+6j
2
+0 g flezy, ..., €Ty, €Epi1Tni1, - - - €npyTytn, — 24, B, ..., B) H ri? (I—mry)72

e{-1,1}+ JEM+A]

6>p 1_Ej 1+ej
2
6§ g fle1x, ..., €Ty, €nt1Tpits - - €gin@ntry, Ti + 1, B, ..., B) H ri? (I—r;)72
<P ee{-1,1y7+ jeln+]

The left hand side of this expression is the expected payment if the worker chooses the first
|z;| options for question (1 + v+ 1), while the right hand side is the expected payment if she
chooses the first |z;| options as well as the last option. For any real-valued variable ¢, and
for any real-valued constants a, b and c,

g<c
ag s b = ac=D.
g>c
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With ¢ =1 — ¢ in this argument, we get

l1—e,

J 1+ej
2
(1—p) g (€121, . . ., €4T0, €nr1Tygs - -« EqnTytn, Tiy B, ..., B) | | ri? (L—r;)72
e{-1,1}1t J€M+]
l—ej 1+6j
2
+p E f(e121, .., €)Tp, €nt1Tpit, -« s €nin @iy, —Ti, B, ..., B) | | ri? (L—ry)2
ee{-1,1}71t j€Mm+1

1—e€;

J 1+5j
2 —
— 5 (€171, ..., €;T0, €n1Tyi1s - - - EgirTytq, Ti+1, B, ..., B) | | r;? (1—r;) 72 |=0.
ec{—1,1}1tv JEM+]

(8.31)

The left hand side of represents a polynomial in (7 + 7) variables {r; ;7217 which
evaluates to zero for all values of the variables within an (7 + 7)-dimensional solid ball.
Thus, the coefficients of the monomials in this polynomial must be zero. In particular, the
constant term must be zero. The constant term appears when ¢; = 1V j in the summations
in . Setting the constant term to zero gives

(1 _p)f(‘r17‘"7$n+’77x77+’7+1737"'7B> +pf(x1)'"7In+’77_x7]+'7+17B7"'7B)
_f(xl,...,xn+7,xn+,},+1+1,B,...,B) :0

as desired. Since the arguments above hold for any permutation of the N questions, this
completes the proof for the case of G = N.

Now consider the case G < N. Let g : {—(B —1),...,—1,1,--- , B} — R, represent
the expected payment given an evaluation of all the N answers, when the identities of
the gold standard questions are unknown. Here, the expectation is with respect to the
(uniformly random) choice of the G gold standard questions. If (zi,...,2y) € {—(B —

1),...,—1,1,--- B}V are the evaluations of the worker’s answers to the N questions then
the expected payment is
1
g(z1,. .., x5) = ™ > F(Ty, o i) (8.32)
G/ (iy,.ig)C{1,...N}

Applying the same arguments to g as done to f above, gives

(1 - p)g(ﬂfl, .- ax77+’y’x77+’y+17Bv .- ’B) +pg(l‘17 .- 7xn+77_xn+7+17B7' .- 7B)
—g(x1,. .., Ty, Tppy1 + 1, B, ..., B) = 0.
(8.33)

The proof now proceeds via an induction on the quantity (G —n—~—1). We begin with
the case of (G—n—~—1) = G —1 which implies n = v = 0. In this case (8.31]) simplifies to

(1—p)g(x1,B,,B)—l—,og(—xl,B,,B):g(xl—i—l,B,,B)
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Applying the expansion of function g in terms of function f from (8.32)) for some z; € [B—1]
gives

(1—p)(arf(x1,B,....,B)+cf(B,B,....,B))+p(cif(—x1,B,...,B)+ e f(B,B,...,B))
:le<$1+1,B,...,B)+02f(B,B,...,B)

for constants ¢; > 0 and ¢y > 0 that respectively represent the probabilities that the first
question is picked and not picked in the set of G gold standard questions. Cancelling out
the common terms on both sides of the equation, we get the desired result

(1—=p)f(z1,B,....,B)+pf(—21,B,...,B) = f(r1 + 1,B,...,B).

Next, we consider the case when (G —n —~ — 1) questions are skipped in the gold standard,
and assume that the result is true when more than (G —n — v — 1) questions are skipped
in the gold standard. In , the functions g decompose into a sum of the constituent
f functions. These constituent functions f are of two types: the first where all of the first
(n + v+ 1) questions are included in the gold standard, and the second where one or more
of the first (n + v + 1) questions are not included in the gold standard. The second case
corresponds to situations where there are more than (G —n — v — 1) questions skipped in
the gold standard and hence satisfies our induction hypothesis. The terms corresponding to
these functions thus cancel out in the expansion of . The remainder comprises only
evaluations of function f for arguments in which the first (n +~ + 1) questions are included
in the gold standard. Since the last (N —n — v — 1) questions are skipped by the worker,
the remainder evaluates to

(1 —=pesf(z1, ..., 0y, x5, B, ..., B) + pesf(z1, ..., Xppry, —24, B, ..., B)
=cs3f(z1,...,2p4yy i +1,B,...,B)
(8.34)

for some constant c3 > 0. Dividing throughout by c3 gives the desired result.
Finally, the arguments above hold for any permutation of the first G questions, thus
completing the proof.

8.5.7 Proof of Theorem : Uniqueness under no-free-lunch

Without loss of generality, assume that a,,;, = 0 since the property of a scoring rule being
a strictly proper is invariant to any constant shift and positive scale of the payment. We
adopt the succinct notation of o : = pax — Qmin.

Consider any strictly proper scoring rule f that satisfies the no-free-lunch condition. We
first show that the mechanism must necessarily make a zero payment when one more more
questions in the gold standard are attempted incorrectly. To this end, observe that since
f >0and p € (0,1), the statement of Lemma [39| necessitates that for every i € [G] and
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(21, T, T, 76) € {—(B = 1),..., BYS~! i € [B - 1]
If f(xla"'>xi717xi+ 17xi+17"'7xG) =0
then f(ZL‘l, ey Li1, Ly Lit 1y - - - ,IG) = f(fL’l, cees L1y —Xjy Ljt1y - - - ,flfc;) =0.

A repeated application of this argument implies:

If f(l’l, ey Li1, B, Litly - - ,ﬁg) =0 then f(ZE17 ey Li1, Ly Lit 15 - - - 71’@) = 07
forall z; e {—(B—-1),...,—1,1,...,B—1}.
Now consider any evaluation (x1,...,zq) which has at least one incorrect answer. Sup-

pose without loss of generality that the first question is the one answered incorrectly, i.e.,
x1 < —1. The no-free-lunch condition then makes f(z1,B,...,B) = 0. Applying our ar-
guments from above we get that f(xy,z2,...,2g) = 0 for every value of (zo,...,25) €
{-(B-1),...,—-1,1,...,B}.

Substituting this necessary condition in Lemma [39, we get that for every question i €
{1,...,G} and every (z1,...,%i_1,Tis1, ..., 0q) € [B]97Y, 2; € [B — 1], it must be that

f(xl, ey i1, —I— 17:Bi+17 Ce ,ZL’G) = (1 — p)f(.lfl, e ,Z’i_l,l’i,iﬁi_‘r], Ce ,.TG).

Substituting f(1,...,1) = «, we obtain the claimed result f = f*.

8.5.8 Proof of Theorem : Strictly proper scoring rule to elicit
thresholded beliefs

Without loss of generality, assume that a,,;, = 0 since the property of a scoring rule being a
strictly proper is invariant to any constant shift and positive scale of the payment. We adopt
the succinct notation of & : = Quax — Qmin. Also recall that the term “expected payment”
always refers to the expectation with respect to the worker’s beliefs regarding the correctness
of various options, and the randomness in the choice of the G gold standard questions in the
N questions.

First consider the case of N = G = 1. Suppose that the worker’s beliefs for the B options
are pi,...,pg. It is easy to verify that the expected payment, ¥y, when the worker selects
the options {oy,...,0n,}, for some m, equals

B
Bo + Z(poi —0).
i=1

Consequently, the selection of any option o; such that p,, < o contributes a term p,, —o < 0
to the expected payment, whereas the selection of any option o; such that p,, > o contributes
a positive amount p,, — o > 0. It follows that the payment is strictly maximized when the
worker selects all options whose beliefs are greater than o, and does not select any option
whose belief is lower than o.

The arguments above complete the proof for the case N = G = 1. The extension
to N > G > 1 follow in a manner identical to the analogous extension in the proof of
Theorem 201
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8.5.9 Proof of Theorem : Uniqueness of Scoring rule

Let f denote any strictly proper scoring rule. Consider any m € {1,..., Spax — 1}. Consider
the set of beliefs p; = 0 + 0, ps = -+ = Pp1 = =22 and ppss = --- = pg = 0, for

some value of 9§ in the neighborhood of 0. For the values of m under consideration, one can

verify that o < 1=2 < 1. Consequently, there exists some value dpay > 0 such that for every
d € [—Omax, Omax] We have 0 <o+ <1 and 0 < %’5 < 1. In order to achieve the stated
goal, we would thus require to incentivize the worker to select options 1 through (m + 1)
if 6 > 0, and select options 2 through (m + 1) if § < 0. The scoring rule f therefore must
satisfy the pair of inequalities

Fm+1)'S (1= —8)f(m) + (o + 0)f(—m).

6>0

Since the right hand side of the expression above is linear in § but the left hand side is a
constant, we must have

fm+1)=(1—=0)f(m)+of(—m) for all m € {1,..., Smax — 1}. (8.35)

We will return to this set of equations later.

Next consider any m € {1,..., Smax — 2}. Consider the set of beliefs p; = o + 4§, ps =
o+0,p3 =" = Ppio = %5 and py3 = -+ = pg = 0, for some value of § in the
neighborhood of 0. For the values of m under consideration, one can verify that o < % <1.
Consequently, there exists some value dy,ax > 0 such that for every 0 € [—dmax, Omax] We have
0<og+d<land o < % < 1. In order to achieve the stated goal, we would thus
require to incentivize the worker to select options 1 through (m + 2) if § > 0, and select

options 3 through (m + 2) if § < 0. The mechanism f thus must satisfy

0<0
fm+2) £ (1 —-20—25)f(m)+ (20 4+ 20)f(—m).
>0
Since the right hand side of the expression above is linear in § but the left hand side is a
constant, we must have

fm+2)=(1-20)f(m)+20f(—m) forall m € {1,..., Smax — 2}. (8.36)

It follows from (8.35) and (8.36) that the values of f(m) for every m € {—(Smax —
1),...,—1,1,..., Smax — 2} can be expressed in terms of a linear combination of f(spax) and

f(Smax — 1). We will now prove that the same holds true for f(—smax) and f(0) as well,
whenever these quantities are defined.

The quantity f(—Smax) is defined only when s, < B. The reason is that when s, = B,
f(—=Smax) = f(—DB) corresponds to a scenario where all the options are selected and the
correct option is not, which is impossible. Now consider the set of beliefs p; = o + 9,
Py =0 = D, = 1"”5’16, Dspaxtl = € and ps_ 1o = -+ = pg = 0, for some values of

Smax
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€ > 0 and ¢ in the neighborhood of 0. From the definition of sy.., one can easily verify
that o < 51;% < 1 whenever s,.« > 1. Consequently, there exist some values 0. > 0
and €nax € (0,0) such that for every 6 € [—0max, Omax] and for every € € [0, €yayx|, We have
0 <o+ <1 and when s, > 1, we also have ¢ < 1;:3—;5’16 < 1. In order to achieve the

stated goal, we would thus require to incentivize the worker to select options 1 through sy,ax
if 6 > 0, and select options 2 through sy, if § < 0. The mechanism f therefore must satisfy

0<0

(1 - E)f(smaX) + Ef(_smaX) 6%0 (1 —0—0~— E)f(smax - 1) + (0 +0 + E)f(_(smax - 1))

Since the right hand side of the expression above is linear in § but the left hand side does
not depend ond, we must have

(1 =€) f(Smax) + €f(=8max) = (1 =0 — €) f(Smax — 1) + (0 + €) f(—(Smax — 1)).

Since this equation must be true for every € € [0, €ax|, We must have

—f(8max) + f(—8max) = —f(Smax — 1) + f(—(Smax — 1))-

Thus the term f(—smax), Whenever applicable, can also be written as a linear combination
of f(smax) and f(smax - 1)'

The quantity f(0) is defined only when ¢ > &. The reason is that when o < £, it is
mathematically impossible for the beliefs for all the B options to be less than or equal to
o (recall our assumption that no belief equals exactly o). Now consider the set of beliefs

pr=0+0,pp ="+ =pg = 1;‘:5, for some value of ¢ in the neighborhood of 0. One
can verify that in this case of o > %, it must be that 0 < ﬁ < 0. Consequently, there

exists some value dpax > 0 such that for every 6 € [—dmax, Omax), We have 0 < o + 6 < 1 and
0< 1;‘:‘5 < 0. In order to achieve the stated goal, we would thus require to incentivize the
worker to select option 1 if § > 0, and select no options if § < 0. The mechanism f therefore

must satisfy

6<0

(+0)f(1)+ (A -0 —0)f(-1) s f(0).

6>0

Since the left hand side of the expression above is linear in ¢ but the right hand side is a
constant, we must have

of(1)+ (1 =0)f(=1) = f(0).

Thus the term f(0), whenever applicable, can also be written as a linear combination of
f(Smax) and f(Smax — 1)-

From the arguments above, we get that the design of f has only two degrees of freedom.
Given that our claim is only up to some shift and scale, the claim is proved.
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8.A Appendix: Auxiliary negative results

In this section we present a pair of auxiliary results that were referred to in the main text
of the chapter.

8.A.1 Impossibility of support elicitation without the coarse
belief assumption

In the setting of eliciting support of beliefs (Section and Section , we made a
coarse-beliefs assumption that the probability of correctness of any option, according to the
worker’s belief, must either be zero or exceed a certain threshold p. The following proposition
shows that there exists no strictly proper scoring rule in the absence of this assumption.

Proposition 13. For any N, G and B > 2, there is no strictly proper scoring rule towards
incentivizing the worker to select precisely the support of her distribution for each question.

To put this negative result in perspective with the positive results of Section [8.3.1} observe
that p = 0 reduces Scoring rule to f*(x1,...,2q) = K* Hfil 1{z; > 1} + amin. One can
see that it no longer remains a strictly proper scoring rule: the worker is incentivized to
simply select all options for every question. The impossibility result of Theorem [13| proves
that every possible mechanism must necessarily suffer this fate.

Proof of Proposition

We assume that there indeed exists some strictly proper scoring rule f, and prove a contra-
diction.

Let us first consider the special case of N =G =1 and B = 2. Since N = G =1, there
is only one question. Let p; > 0.5 be the probability, according to the belief of the worker,
that option 1 is correct; the worker then believes that option 2 is correct with probability

When p; = 1, we need the worker to select option 1 alone. Thus we need

f(1) > fQ2).

When p; € (0.5, 1), we require the worker to select options 1 and 2, as opposed to selecting
option 1 alone. For this we need

pif(1) + (1 —p)f(—=1) < f(2)

It follows that we need

(1 =p)(f(1) = f(=1)) > f(1) = f(2). (8.37)
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However, the inequality (8.37) is satisfied only when f(1) > f(—1) and (1 —p;) > %

Thus for any given payment function f, a worker with belief (1 — p;) € (0, %) will
not be incentivized to select the support of her belief. This yields a contradiction.

We now move on to the general case of N > G > 1 and B > 2. Consider a worker who is
clueless about questions 2 through N (i.e., her belief is uniform across all options for these
questions). Suppose this worker selects all B options for these questions as desired. For the
first question, suppose that the worker is sure that options 3,..., B are incorrect. We are
now left with the first question and the first two options for this question. Letting X denote
a random variable representing the evaluation of the worker’s response to the first question,

the expected payment then is
G G

NIE[f(X,B,...,B)]+(1—N)f(B,...,B).

The expectation in the first term is taken with respect to the randomness in X. Defining

- G G
X):=—f(X,B,...,B 1-—=)f(B,...,B
FX):= S F( B, B) + (1= S)f(B,..., B)
and applying the same arguments to f as those for f for the case of N = G =1, B = 2
above gives the desired contradiction. This thus completes the proof of impossibility.

8.A.2 Impossibility of thresholded-belief elicitation when a belief
exactly equals the threshold

Recall that when defining a strictly proper scoring rule for the setting of eliciting options
with beliefs above a certain threshold o (Section [8.2.3)), we did not restrict the scoring rule
to any specific choice when the probability of the correctness of an option equaled exactly
o. This is because, as one would intuitively expect, incentivizing a certain action at the
boundary value of ¢ may not be possible. The following proposition provides a formal proof
for this claim.

Proposition 14. For any N > G > 1, there is no strictly proper scoring rule in the absence
of this assumption.

The remainder of this section is devoted to the proof of this claim.

Proof of Proposition

Let us first prove the result for the case of N = G = 1. The result of Theorem [26] implies
that if there does exist a strictly proper scoring rule for this setting, then it must be Scoring
rule 4| up to a constant shift and positive scale. Consider a worker with the belief p; =1 —o0,
po =0 and p3 = ---pg = 0. Since 0 < %, under a strictly proper scoring rule, the expected
payment must be strictly larger if the worker selects only option 1 as compared to the
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expected payment when the worker selects options 1 and 2. However, one can compute that
under Scoring rule [4 the expected payment in the two cases is identical. It follows that
under any possible strictly proper scoring rule, the expected payment must be identical in
the two following two actions of the worker (a) selecting only option 1, and (b) selecting
options 1 and 2. It follows that there is no strictly proper scoring rule.

We now move on to the general case of N > G > 1. Let f denote any strictly proper
scoring rule for the setting at hand. Consider a worker who knows the answers to questions
2 through N with a belief of 1 in each case. Suppose that for each of these (N —1) questions,
this worker selects the respective options that she thinks are correct. We are now left with
the first question. Letting X denote a random variable representing the evaluation of the
worker’s response to the first question, the expected payment from the worker’s point of view
is

G G

FESX L D+ (1= ) F(L 1),

The expectation in the first term is taken with respect to the randomness in X. Defining

G

f(X)::%f(X,l,...,l)Jr(l—N)f(l,...,l),

and applying the same arguments to f as those for f for the case of N = G = 1 above gives
the desired contradiction. This completes the proof.
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Chapter 9

Conclusions

“Please stop attributing your made up quotes to my fellow
scientists.”
— Issac Newton

Learning from people is the next frontier for data science. There are two primary chal-
lenges associated to learning from people. One challenge is to design estimation algorithms
that are robust to modeling assumptions. To address this challenge, in this thesis we propose
permutation-based models and estimators which we prove provide strong guarantees under
very little assumptions. We show that this permutation-based approach has a multitude
of benefits as compared to the classical approach involving restrictive parameter-based as-
sumptions. The second challenge is to elicit high quality data from people, and in this thesis
we design multiplicative incentives that we prove are the one and only mechanisms that can
provably guarantee that the natural requirements of crowdsourcing platforms are met. All
in all, this thesis contributes to the fundamental understanding of the problems in this area,
designs algorithms that yield notable improvements in practice, and has also had real-world
immediate impact.

The general principles of permutation-based models and estimators and unique multi-
plicative mechanisms have implications well beyond our present motivation of crowdsourc-
ing. In many applications in machine learning and statistics, one often assumes models
that are of the parameter-based form. Such models are popular partly because they are
quite intuitive to write down, and partly because they are often analytically more tractable.
However, instead if one were to consider rich enough models like permutation-based models
then one can obtain a broader perspective and richer insights into the problem that can lead
to obtain superior results. As an illustration, Appendix presents a permutation-based
generalization of the classical normal means model. Moving on to game theory and decision
theory, it is often the case that a mechanism is employed because it is incentive compatible
or because truth telling is an equilibrium. However, it is usually the case that the mechanism
employed may be just one of many possible mechanisms that has this property; it is seldom
established that there is no other mechanism that can dominate the one under consideration.
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Our simple no-free-lunch requirement and associated proof techniques are tools that can be
valuable towards this goal in many applications. For instance, in Appendix we show how
our proof techniques and ideas can be used to design unique grading schemes for objective
examinations.

There are several open problems that emanate from this thesis, and we enumerate a few
of them here. In Part [ we primarily considered a “random design” setting where the choice
of the pairs compared or questions asked or entries observed is made uniformly at random.
It remains to evaluate the performance of permutation-based models for other observation
models such as weighted random sampling, fixed design, streaming or active learning, or
biased observation models. In our paper [100], we have made progress in this front for
the problem of ranking in an active setting where the pairs to be compared can be chosen
based on outcomes of past comparisons. We show that even in this active setting, the same
story holds: the restrictive assumptions of parameter-based models offer very little help as
compared to the permutation-based models.

A second open problem is to close the gap between the error guarantees of the statistically
optimal estimators and what can be achieved by computationally efficient estimators in the
settings of Chapters [2] [ and 5. We do not know at this point whether this gap is really
fundamental or whether there exist computationally efficient estimators that can achieve
the statistically optimal rates. There are however two key exceptions on such a gap. For
the problem of minimizing the sample complexity of ranking, we know from Chapter |3| and
our paper [100] that there is no gap — the statistically optimal algorithm (up to logarithmic
factors) is also computationally efficient. On the other hand, for estimation of pairwise
comparison probabilities in a manner that can adapt to underlying smoothness in the true
probabilities, we know from our companion paper [223] that there is indeed a provable gap
(conditioned on the planted clique hardness conjecture).

In Part [[I] of this thesis, we designed incentive mechanisms that operate using some
gold standard questions in the tasks. However, it is often the case that there are no gold
standard questions available or that gold standard questions are too expensive to create. An
interesting problem is to construct mechanisms that operate in the absence of gold standard
questions, for instance, by comparing the answers of a worker to those of others in some
fashion. There is a long line of literature on this topic [57, 171} 188190, |191} [239]. However,
unlike the multiplicative mechanisms of this thesis, to the best of our knowledge none of the
incentive-compatible mechanisms for settings without gold standard questions are simple
enough to be understood by workers on crowdsourcing platforms like Amazon Mechanical
Turk. In some of our own recent work [115], we have obtained mechanisms that are simper
than the rest, but we still think there is a long way to go.

A second open problem that concerns practical deployment of incentive mechanisms is
that of choosing the hyperparameters in the various mechanisms. In this thesis, we assumed
that the threshold for skip, number and thresholds of confidence levels, the maximum pay
for a task, and the number of gold standard questions in a task are all given to us. It is not
known how to choose these values in a principled manner, possibly in a way that can adapt
across tasks.
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The final open problem we discuss is that of designing estimation and aggregation schemes
that operate mindful of the incentive mechanisms used to collect the data as well as any ad-
ditional information obtained from the interface used. For instance, the questions skipped in
the skip-based mechanism of Chapter [0] are not skipped randomly but depend on the under-
lying question itself. Likewise, the self-reported confidences in the mechanism of Chapter
and the set of selected options in the mechanism of Chapter [§] are all driven by the underly-
ing mechanism and interface. In contrast, the estimation algorithms designed in Chapter
for labeling tasks as well as in other chapters of Part [I| operate agnostic of this information.
Establishing the fundamental limits of the use of this information in the estimation process
and designing practical algorithms for this purpose remain worthwhile open problems.

We conclude with two longer-term directions of future research. The first direction is
on robust statistics and machine learning. In various problems in machine learning and
statistics, one often makes many assumptions that may not be fundamental to the problem.
These include assumptions of existence of specific parameters or utility functions or specific
priors etc. In order to remove these restrictive assumptions, it is of interest to identify the
fundamental requirements of any such problem, and design models and estimation algorithms
that provide maximal accuracy under minimal assumptions. In other words, it will be
useful to design algorithms that are provably pareto optimal in the tradeoff between the
modeling assumptions and the error under the assumed model. Secondly, in this thesis
we considered settings with structured data of the form of ranking and classification. An
important direction of future research is learning from unstructured human data. Human-
centered systems with such unstructured data have massive potential, but also face many
tall challenges. Such data arises in citizen science, healthcare, search and rescue, language
translation, as well as in artificial intelligence in terms of imitation learning. It is of interest to
approach these problems from a foundational mathematical perspective, and use the insights
obtained therein to design practical algorithms for these practically useful settings.

9.A Appendix: Permutation-based generalization of
the normal means model

In this section we consider the classical setup of the normal means model. In the normal
means model, there are d latent “means” m := [my, ..., my]T € R? that are required to be
estimated. The setting assumes to make n independent observations of each mean value, that
is, observe Y € R™*? where the entries of Y are mutually independent and Y;; ~ N'(m;, 1).
In accordance with the motivation of this section to connect with Part [, we assume
that the vector of unknown means m has entries bounded as |m[, < 1. We comment on
removing this assumption later. Then we define the normal means model Cxogrn as

Crorm : = {M € [0,1]™* | M = 1m” for some m € [~1,1]¢}.

The normal means model is useful for a variety of settings. For instance, consider the
problem of modeling and estimating the average profit due to various items in a store chain
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(such as Walmart). Here d represents the number of items, m; represents the true latent
mean of the profit due to item j € [d], and the n associated observations Y;;, . .., Y,; represent
the actual profits associated to item j in n different branches of the store.

Observe that in the example application of the store chain, the standard normal means
setting implies the assumption that for each item, every branch of the store chain has the
same latent expected profit. This assumption may often be (severely) violated, for instance,
if one branch is in a highly populated area while another is in an area with a lower population
density. In this case, it may be reasonable to assume that the relative profits of any two
items are consistent across the branches, and that the relative profits in any two branches
are consistent across the different products.

The observations above leads us to the following “permutation-based” relaxation of the
normal means model. Consider a matrix M* € R™ ¢ of the underlying means of profits
across branches and products, where [M*];; represents the latent mean profit due to product
i € [n] in branch j € [n] of the store. Formalizing the above discussion, we assume that
M* € Cpgrum, where Cpgry is defined as

Cprry i = {M € [-1,1]"|My; > My whenever 7(i) < 7(i)and o(j) < o(5),

for some permutations 7 and o}.

As before, the observation consists of a matrix Y € R™*¢ with Y;; ~ N ([M*];;,1) for every
pair (4, j), independent of all else.

It is easy to see that the permutation-based model is more general than the classical
model. The following theorem now presents bounds relating to estimation of the vector
m* € Cyorm and more generally the matrix M* € Cpgry.

Proposition 15. (a) Suppose that m* is known to follow the normal means model Cyogu,
and consider any estimator m for m*. The estimator must incur an average per-entry error
of at least

sup E [

(g )] = e
m*€CNORM J

d
=1

S

(b) Suppose that d > n. Then over the permutation-based normal means model, the average
per-entry error of the least squares estimator Mys : = arg minycc .. Y = M||F is at most

Returning to our example applications of the store-chain, the number of items d in a
typical store will generally outnumber the number of branches n. The bounds of parts (a)
and (b) are tight in this regime, showing that the average per-entry error in either case is of
the order of % A consequence of this result is that if one is fine with a possible logarithmic
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factor increase in the error, then from a statistical viewpoint, the permutation-based normal
means model may be preferable due to its added generality and comparable error.

The proof of Proposition [15(a) is standard folklore, and can be established through the
framework of Fano’s inequality that is used in most proofs of lower bounds in Part [[| this
thesis. The proof of Proposition (b) is similar to the analysis of the least squares estimator
in Theorem [I|(a) with one exception. The bound in the proof of Theorem [Ifa) relies
on the fact that the entries of the noise are bounded in the interval [—1, 1] thereby allowing
for the use of the relevant concentration bounds from [144, Theorem 5.9], [213]; in order
to accommodate the present setting with (unbounded) normally distributed noise, we must
instead use the tail bound [136, Theorem 2.2]|. Finally, one may remove the assumption that
M* is bounded by considering a an estimator that finds the least squares estimate within a
infinity norm ball of polylog(n, d) around the observed matrix Y, along with the monotonicity
constraints. Using the fact that the maximum of nd standard normal variables is at most
polylog(n, d) with high probability, the bound of Proposition (b) may be worsened by at
most logarithmic factors.

All in all, we see that even though the setting of the classical normal means model that
is not naturally connected to the theme of learning from people explored in this thesis, the
high-level uses and benefits of permutation-based models and estimators carry over naturally.

9.B Appendix: Unique grading schemes for objective
examinations

Consider the grading of a homework or an examination. Consider a given grading scheme
that evaluates every question as either “correct” or “incorrect”, and computes the score
of a student based on the evaluation of his/her answers to the set of questions asked. This
grading scheme may have been designed and revised over the years to ensure that it possesses
many appealing properties. Now suppose you wish to extend this setting to one where the
student gets an option to skip any question that she is not confident about. (The meanings
of confidence and incentivization are as defined earlier in Part ) Is there a rigorous way
to extend the original grading scheme to this new setting, while preserving the appealing
properties of the original grading scheme, and incentivizing the students to skip questions
(only) when their confidence is below a certain threshold? In this section, we answer this
question in the affirmative, and show that there is one and only one way to do so.
Consider an exam or a homework with N questions. An evaluation of an answer as
correct is denoted by +1 and as incorrect is denoted by —1. Let g : {—1,1} — R denote
the grading scheme that takes as input the evaluation of the student’s responses to the N
questions and outputs the final score. The only requirement on ¢ that we impose is that if
a student knows the answer to a question and is 100% confident about it, then the scheme
g must incentivize the student to provide the answer she thinks is correct. Note that under
this setting, a question that is skipped by a student is considered as answered incorrectly.
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Now suppose you wish to extend this setting to one where the student gets an option to
skip any question she is not sure of. In particular, we consider some threshold 7" € (0, 1) such
that we want the student to skip a question if her confidence about the answer is smaller
than T and answer if it is greater than T'. We take an axiomatic approach towards the design
of the grading scheme for this setting, and impose two simple and natural conditions on the
grading scheme. The goal is to design a grading scheme f : {—1,0,1} — R that satisfies
the two following requirements:

e Backward compatibility: When no questions are skipped, the grade should be identical
to what the grading scheme g would have given, that is, f(x1,...,2x) = g(x1,...,2N)
for every (zy,...,zyx) € {—1,1}". This requirement ensures that all the features of the
earlier grading scheme are retained.

e Skipping criterion: For a fixed threshold 7" € (0, 1), for any question, if the student’s
confidence in any answer is more than 7" then the student should be incentivized to give
that answer, otherwise the student should be incentivized to skip the question.

In what follows, we present an algorithm to obtain a grading scheme that incorporates
skipping of questions from a grading scheme without it, and prove that this is the only
scheme that is backward compatible and satisfies the skipping criterion.

Unique grading scheme

The proposed grading scheme f is constructed follows. Consider any set of evaluations
(y1,..,yn) € {—1,0,1}". For every i € {1,...,N}, let A; = {—1,1} if y;, = 0 and
A; = {y;} otherwise. Finally, set

N o o N i _
Flyn,--yn) = ) gy, .. ay) TR Homb wi=0h (] — )2 o=t w0},

(Il,...,ﬂJN)EAl XX AN

The expression for f in the proposed scheme may appear somewhat complicated at first,
but it has a quite simple interpretation. For every question that is skipped by a student, take
the convex combination of the scores for the case where the student answers that question
correctly, with a weight T, and the case where the student answers that question incorrectly,
with a weight (1 — 7'). In other words, the scheme may equivalently be written in the
following recursive form:

f(yla--'7yi—1707yi+la"'7yN)
:Tf(yl)'"7yi—1717y’i+17"'ayN> + (1 _T)f(yla"'ayi—la_layi-f-la"'ayN)‘

The following theorem proves that our proposed grading scheme is the one and only
solution.

Proposition 16. The proposed grading scheme is the one and only grading scheme that is
backward compatible and satisfies the skipping criterion.
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The proof of this result follows directly from the results established earlier in this chapter.
The proof that it satisfies the skipping criterion follows by simply evaluating the expected
score under various actions as done in the proof of Theorem [I6] The uniqueness follows from
a recursive application of Lemma (33|

Finally, we note that the proposed unique grading scheme f is as simple or complex as
the original scheme g. For instance, the range of scores provided under the new scheme is
identical to the range under the original scheme. The following pair of important subclasses
illustrate additional interesting properties.

Homogeneous grading scheme: Let us consider a popular subclass where the original
grading scheme ¢ puts an equal weight on every question, that is, g(z1,...,2xy) = §(r,w)
where 7 = SN 1{x; = 1} is the number of right answers and w = S | 1{z; = —1} is the
number of wrong answers.

Proposition then implies that the one and only grading scheme f that meets the
skipping criterion and is backward compatible is as follows:

firow, s) = Z (Z) T = T) *g(r + k,w+ s — k),

k=0

where s = YN | 1{x; = 0} is the number of skipped questions. Observe that this scheme is
also homogeneous, that is, the final score depends only on the number of right, wrong, and
skipped answers.

Let us first interpret this resulting scheme. Consider some values of r, w and s. If the
student had attempted and answered all the s skipped questions incorrectly then her score
would have been ¢(r,w + s). On the other hand, if the student had attempted answered all
the s skipped questions correctly then her score would have been g(r+s,w). The score in the
case when the student skips these s questions is simply a convex combination of these two
terms and all the terms in between. In particular, our provably unique scheme when applied
to r correct and s skipped answers, simply equals the expected value of the score under the
original scheme g¢ if each skipped question was actually attempted and each provided answer
independently had a probability T" of being correct.

Additive grading scheme: Next we consider a subclass in which each question is allowed
to be evaluated in a different manner, but the final score is a sum of the scores in each
individual question, that is, g(x1,...,2n) = Go + Zf\il Gi(z;), for some constant gy € R and
functions gy,...,g95 : {—1,1} = R.

Proposition then implies that the one and only grading scheme f that meets the
skipping criterion and is backward compatible is:

N
f . yn) = fo+ Zfi(%’)?
i=1
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where fo = §o, and for every i € {1,..., N},

) ai(w) if y; € {—1,1}
fily) = {Tgi(l) + (1 —=T)gi(—1) otherwise.

The additive nature of the original scheme is thus retained.
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