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Abstract

Rank aggregation systems collect ordinal preferences from individuals to produce a global ranking
that represents the social preference. Rank-breaking is a common practice to reduce the com-
putational complexity of learning the global ranking. The individual preferences are broken into
pairwise comparisons and applied to efficient algorithms tailored for independent paired compar-
isons. However, due to the ignored dependencies in the data, naive rank-breaking approaches can
result in inconsistent estimates. The key idea to produce accurate and consistent estimates is to
treat the pairwise comparisons unequally, depending on the topology of the collected data. In this
paper, we provide the optimal rank-breaking estimator, which not only achieves consistency but
also achieves the best error bound. This allows us to characterize the fundamental tradeoff between
accuracy and complexity. Further, the analysis identifies how the accuracy depends on the spectral
gap of a corresponding comparison graph.
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1. Introduction

In several applications such as electing officials, choosing policies, or making recommendations, we
are given partial preferences from individuals over a set of alternatives, with the goal of producing
a global ranking that represents the collective preference of the population or the society. This
process is referred to as rank aggregation. One popular approach is learning to rank. Economists
have modeled each individual as a rational being maximizing his/her perceived utility. Parametric
probabilistic models, known collectively as Random Utility Models (RUMs), have been proposed
to model such individual choices and preferences (McFadden, 1980). This allows one to infer the
global ranking by learning the inherent utility from individuals’ revealed preferences, which are
noisy manifestations of the underlying true utility of the alternatives.

Traditionally, learning to rank has been studied under the following data collection scenarios:
pairwise comparisons, best-out-of-k comparisons, and k-way comparisons. Pairwise comparisons
are commonly studied in the classical context of sports matches as well as more recent applications
in crowdsourcing, where each worker is presented with a pair of choices and asked to choose the more
favorable one. Best-out-of-k comparisons data sets are commonly available from purchase history
of customers. Typically, a set of k alternatives are offered among which one is chosen or purchased
by each customer. This has been widely studied in operations research in the context of modeling
customer choices for revenue management and assortment optimization. The k-way comparisons are
assumed in traditional rank aggregation scenarios, where each person reveals his/her preference as
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a ranked list over a set of k items. In some real-world elections, voters provide ranked preferences
over the whole set of candidates (Lundell, 2007). We refer to these three types of ordinal data
collection scenarios as ‘traditional’ throughout this paper.

For such traditional data sets, there are several computationally efficient inference algorithms
for finding the Maximum Likelihood (ML) estimates that provably achieve the minimax optimal
performance (Negahban et al., 2012; Shah et al., 2015a; Hajek et al., 2014). However, modern
data sets can be unstructured. Individual’s revealed ordinal preferences can be implicit, such as
movie ratings, time spent on the news articles, and whether the user finished watching the movie
or not. In crowdsourcing, it has also been observed that humans are more efficient at performing
batch comparisons (Gomes et al., 2011), as opposed to providing the full ranking or choosing the
top item. This calls for more flexible approaches for rank aggregation that can take such diverse
forms of ordinal data into account. For such non-traditional data sets, finding the ML estimate can
become significantly more challenging, requiring run-time exponential in the problem parameters.

To avoid such a computational bottleneck, a common heuristic is to resort to rank-breaking.
The collected ordinal data is first transformed into a bag of pairwise comparisons, ignoring the
dependencies that were present in the original data. This is then processed via existing inference
algorithms tailored for independent pairwise comparisons, hoping that the dependency present in
the input data does not lead to inconsistency in estimation. This idea is one of the main motivations
for numerous approaches specializing in learning to rank from pairwise comparisons, e.g., (Ford Jr.,
1957; Negahban et al., 2014; Azari Soufiani et al., 2013). However, such a heuristic of full rank-
breaking defined explicitly in (1), where all pairwise comparisons are weighted and treated equally
ignoring their dependencies, has been recently shown to introduce inconsistency (Azari Soufiani
et al., 2014).

The key idea to produce accurate and consistent estimates is to treat the pairwise comparisons
unequally, depending on the topology of the collected data. A fundamental question of interest to
practitioners is how to choose the weight of each pairwise comparison in order to achieve not only
consistency but also the best accuracy, among those consistent estimators using rank-breaking. We
study how the accuracy of resulting estimate depends on the topology of the data and the weights
on the pairwise comparisons. This provides a guideline for the optimal choice of the weights, driven
by the topology of the data, that leads to accurate estimates.

Problem formulation. The premise in the current race to collect more data on user activities
is that, a hidden true preference manifests in the user’s activities and choices. Such data can be
explicit, as in ratings, ranked lists, pairwise comparisons, and like/dislike buttons. Others are more
implicit, such as purchase history and viewing times. While more data in general allows for a more
accurate inference, the heterogeneity of user activities makes it difficult to infer the underlying
preferences directly. Further, each user reveals her preference on only a few contents.

Traditional collaborative filtering fails to capture the diversity of modern data sets. The sparsity
and heterogeneity of the data renders typical similarity measures ineffective in the nearest-neighbor
methods. Consequently, simple measures of similarity prevail in practice, as in Amazon’s “people
who bought ... also bought ...” scheme. Score-based methods require translating heterogeneous
data into numeric scores, which is a priori a difficult task. Even if explicit ratings are observed,
those are often unreliable and the scale of such ratings vary from user to user.

We propose aggregating ordinal data based on users’ revealed preferences that are expressed in
the form of partial orderings (notice that our use of the term is slightly different from its original
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use in revealed preference theory). We interpret user activities as manifestation of the hidden
preferences according to discrete choice models (in particular the Plackett-Luce model defined
in (1)). This provides a more reliable, scale-free, and widely applicable representation of the
heterogeneous data as partial orderings, as well as a probabilistic interpretation of how preferences
manifest. In full generality, the data collected from each individual can be represented by a partially
ordered set (poset). Assuming consistency in a user’s revealed preferences, any ordered relations
can be seamlessly translated into a poset, represented as a Hasse diagram by a directed acyclic
graph (DAG). The DAG below represents ordered relations a > {b,d}, b > ¢, {¢,d} > e, and e > f.
For example, this could have been translated from two sources: a five star rating on a and a three
star ratings on b, c,d, a two star rating on e, and a one star rating on f; and the item b being
purchased after reviewing c¢ as well.
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Figure 1: A DAG representation of consistent partial ordering of a user j, also called a Hasse

diagram (left). A set of rank-breaking graphs extracted from the Hasse diagram for the separator
item a and e, respectively (right).

There are n users or agents, and each agent j provides his/her ordinal evaluation on a subset
S; of d items or alternatives. We refer to S; C {1,2,...,d} as offerings provided to j, and use
kj = |S;] to denote the size of the offerings. We assume that the partial ordering over the offerings
is a manifestation of her preferences as per a popular choice model known as Plackett-Luce (PL)
model. As we explain in detail below, the PL model produces total orderings (rather than partial
ones). The data collector queries each user for a partial ranking in the form of a poset over Sj.
For example, the data collector can ask for the top item, unordered subset of three next preferred
items, the fifth item, and the least preferred item. In this case, an example of such poset could
be a < {b,c,d} < e < f, which could have been generated from a total ordering produced by the
PL model and taking the corresponding partial ordering from the total ordering. Notice that we
fix the topology of the DAG first and ask the user to fill in the node identities corresponding to
her total ordering as (randomly) generated by the PL model. Hence, the structure of the poset
is considered deterministic, and only the identity of the nodes in the poset is considered random.
Alternatively, one could consider a different scenario where the topology of the poset is also random
and depends on the outcome of the preference, which is out-side the scope of this paper and provides
an interesting future research direction.

The PL model is a special case of random utility models, defined as follows (Walker and Ben-
Akiva, 2002; Azari Soufiani et al., 2012). Each item i has a real-valued latent utility 6;. When
presented with a set of items, a user’s reveled preference is a partial ordering according to noisy
manifestation of the utilities, i.e. i.i.d. noise added to the true utility 6;’s. The PL model is a special
case where the noise follows the standard Gumbel distribution, and is one of the most popular model
in social choice theory (McFadden, 1973; McFadden and Train, 2000). PL has several important
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properties, making this model realistic in various domains, including marketing (Guadagni and
Little, 1983), transportation (McFadden, 1980; Ben-Akiva and Lerman, 1985), biology (Sham and
Curtis, 1995), and natural language processing (Mikolov et al., 2013). Precisely, each user j, when
presented with a set S; of items, draws a noisy utility of each item 7 according to

u = 6;+2;,

where Z;’s follow the independent standard Gumbel distribution. Then we observe the ranking
resulting from sorting the items as per noisy observed utilities u;’s. Alternatively, the PL model is
also equivalent to the following random process. For a set of alternatives S;, a ranking o; : [|S]] = S
is generated in two steps: (1) independently assign each item i € S; an unobserved value Xj,
exponentially distributed with mean e~%:; (2) select a ranking o; so that X(,j(l) < XU].(Q) <. <
Xoy(1551)-

The PL model (i) satisfies Luce’s ‘independence of irrelevant alternatives’ in social choice the-
ory (Ray, 1973), and has a simple characterization as sequential (random) choices as explained
below; and (i) has a maximum likelihood estimator (MLE) which is a convex program in 6 in the
traditional scenarios of pairwise, best-out-of-k and k-way comparisons. Let P(a > {b, ¢, d}) denote
the probability a was chosen as the best alternative among the set {a, b, ¢, d}. Then, the probability
that a user reveals a linear order (a > b > ¢ > d) is equivalent as making sequential choice from
the top to bottom:

Pla>b>c>d) = P(a>{bcd}) P(b>{cd}) P(c>d)
eda e efe
(efa + eP + efc + efa) (efb + efc + efa) (efe + eba)

We use the notation (a > b) to denote the event that a is preferred over b. In general, for user j
presented with offerings S;j, the probability that the revealed preference is a total ordering o; is
P(oj) = Hi€{17.“7,{j_1}(690‘1(i>)/(2f,j:i ega‘l(i’>). We consider the true utility 0* € €, where we
define € as

0 = {eeRd] S " 0;,=0,10;] < b for all i € [d] }
1€[d]

Note that by definition, the PL model is invariant under shifting the utility 6;’s. Hence, the
centering ensures uniqueness of the parameters for each PL model. The bound b on the dynamic
range is not a restriction, but is written explicitly to capture the dependence of the accuracy in our
main results.

We have n users each providing a partial ordering of a set of offerings S; according to the PL
model. Let G; denote both the DAG representing the partial ordering from user j’s preferences.
With a slight abuse of notations, we also let G; denote the set of rankings that are consistent
with this DAG. For general partial orderings, the probability of observing G; is the sum of all total
orderings that is consistent with the observation, i.e. P(G;) =) . P(o). The goal is to efficiently
learn the true utility 8* € p, from the n sampled partial orderings. One popular approach is to
compute the maximum likelihood estimate (MLE) by solving the following optimization:

n
maximize Z log P(G;) .
j=1

0,
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This optimization is a simple convex optimization, in particular a logit regression, when the struc-
ture of the data {G;} e[y is traditional. This is one of the reasons the PL model is attractive.
However, for general posets, this can be computationally challenging. Consider an example of
position-p ranking, where each user provides which item is at p-th position in his/her ranking.
Each term in the log-likelihood for this data involves summation over O((p — 1)!) rankings, which
takes O(n (p —1)!) operations to evaluate the objective function. Since p can be as large as d, such
a computational blow-up renders MLE approach impractical. A common remedy is to resort to
rank-breaking, which might result in inconsistent estimates.

Rank-breaking. Rank-breaking refers to the idea of extracting a set of pairwise comparisons
from the observed partial orderings and applying estimators tailored for paired comparisons treating
each piece of comparisons as independent. Both the choice of which paired comparisons to extract
and the choice of parameters in the estimator, which we call weights, turns out to be crucial as we
will show. Inappropriate selection of the paired comparisons can lead to inconsistent estimators
as proved in Azari Soufiani et al. (2014), and the standard choice of the parameters can lead to a
significantly suboptimal performance.

A naive rank-breaking that is widely used in practice is to apply rank-breaking to all possible
pairwise relations that one can read from the partial ordering and weighing them equally. We refer
to this practice as full rank-breaking. In the example in Figure 1, full rank-breaking first extracts
the bag of comparisons C = {(a > b), (a > ¢), (a > d),(a > €),(a > f),...,(e > f)} with 13 paired
comparison outcomes, and apply the maximum likelihood estimator treating each paired outcome
as independent. Precisely, the full rank-breaking estimator solves the convex optimization of

0 € arggré%f Z (Gi —log (eei + 691.,)) ) (1)
(i>i")eC

There are several efficient implementation tailored for this problem (Ford Jr., 1957; Hunter, 2004;
Negahban et al., 2012; Maystre and Grossglauser, 2015a), and under the traditional scenarios, these
approaches provably achieve the minimax optimal rate (Hajek et al., 2014; Shah et al., 2015a). For
general non-traditional data sets, there is a significant gain in computational complexity. In the
case of position-p ranking, where each of the n users report his/her p-th ranking item among s
items, the computational complexity reduces from O(n (p—1)!) for the MLE in (1) to O(np (k—p))
for the full rank-breaking estimator in (1). However, this gain comes at the cost of accuracy. It is
known that the full-rank breaking estimator is inconsistent (Azari Soufiani et al., 2014); the error
is strictly bounded away from zero even with infinite samples.

Perhaps surprisingly, Azari Soufiani et al. (2014) recently characterized the entire set of con-
sistent rank-breaking estimators. Instead of using the bag of paired comparisons, the sufficient
information for consistent rank-breaking is a set of rank-breaking graphs defined as follows.

Recall that a user j provides his/her preference as a poset represented by a DAG G;. Consistent
rank-breaking first identifies all separators in the DAG. A node in the DAG is a separator if one
can partition the rest of the nodes into two parts. A partition Ag,p which is the set of items that
are preferred over the separator item, and a partition Apoitom Which is the set of items that are
less preferred than the separator item. One caveat is that we allow Ao, to be empty, but Apgttom
must have at least one item. In the example in Figure 1, there are two separators: the item a and
the item e. Using these separators, one can extract the following partial ordering from the original
poset: (a > {b,c,d} > e > f). The items a and e separate the set of offerings into partitions, hence
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the name separator. We use /; to denote the number of separators in the poset G; from user j. We
let pj o denote the ranked position of the a-th separator in the poset G;, and we sort the positions
such that p;1 < pja < ... <pjys. The set of separators is denoted by P; = {pj1.pj2,- - ,pM].}.
For example, since the separator a is ranked at position 1 and e is at the 5-th position, ¢; = 2,
pja =1, and p;» = 5. Note that f is not a separator (whereas a is) since corresponding Apottom is
empty.

Conveniently, we represent this extracted partial ordering using a set of DAGs, which are called
rank-breaking graphs. We generate one rank-breaking graph per separator. A rank breaking graph
Gja = (Sj,Ej,) for user j and the a-th separator is defined as a directed graph over the set of
offerings S;, where we add an edge from a node that is less preferred than the a-th separator to
the separator, i.e. Ej, = {(i,7') |4 is the a-th separator, and aj_l(z') > pja}. Note that by the
definition of the separator, E; , is a non-empty set. An example of rank-breaking graphs are shown
in Figure 1.

This rank-breaking graphs were introduced in Azari Soufiani et al. (2013), where it was shown
that the pairwise ordinal relations that is represented by edges in the rank-breaking graphs are
sufficient information for using any estimation based on the idea of rank-breaking. Precisely, on
the converse side, it was proved in Azari Soufiani et al. (2014) that any pairwise outcomes that
is not present in the rank-breaking graphs G ,’s lead to inconsistency for a general §*. On the
achievability side, it was proved that all pairwise outcomes that are present in the rank-breaking
graphs give a consistent estimator, as long as all the paired comparisons in each G, are weighted
equally.

It should be noted that rank-breaking graphs are defined slightly differently in Azari Soufiani
et al. (2013). Specifically, Azari Soufiani et al. (2013) introduced a different notion of rank-breaking
graph, where the vertices represent positions in total ordering. An edge between two vertices iy
and i denotes that the pairwise comparison between items ranked at position i1 and 49 is included
in the estimator. Given such observation from the PL model, Azari Soufiani et al. (2013) and
Azari Soufiani et al. (2014) prove that a rank-breaking graph is consistent if and only if it satisfies
the following property. If a vertex iy is connected to any vertex io, where io > i1, then 4; must be
connected to all the vertices i3 such that i3 > i1. Although the specific definitions of rank-breaking
graphs are different from our setting, the mathematical analysis of Azari Soufiani et al. (2013) still
holds when interpreted appropriately. Specifically, we consider only those rank-breaking that are
consistent under the conditions given in Azari Soufiani et al. (2013). In our rank-breaking graph
G.q, a separator node is connected to all the other item nodes that are ranked below it (numerically
higher positions).

In the algorithm described in (33), we satisfy this sufficient condition for consistency by re-
stricting to a class of convex optimizations that use the same weight \;, for all (k — p;,) paired

comparisons in the objective function, as opposed to allowing more general weights that defer from
a pair to another pair in a rank-breaking graph G .

Algorithm. Consistent rank-breaking first identifies separators in the collected posets {G;} je[n]
and transform them into rank-breaking graphs {G}; a}ge [n).a€lt;] as explained above. These rank-
breaking graphs are input to the MLE for paired comparisons, assuming all directed edges in the
rank-breaking graphs are independent outcome of pairwise comparisons. Precisely, the consistent
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rank-breaking estimator solves the convex optimization of maximizing the paired log likelihoods

n 4
L@ = > naf Y (6r—10g ()} (2)

j=1a=1 (4,4")€E),q

where F;,’s are defined as above via separators and different choices of the non-negative weights
Aja’s are possible and the performance depends on such choices. Each weight \;, determine how
much we want to weigh the contribution of a corresponding rank-breaking graph G;,. We define

the consistent rank-breaking estimate 0 as the optimal solution of the convex program:

§ € argmax Lrp(0). (3)
0e8,

By changing how we weigh each rank-breaking graph (by choosing the A;,’s), the convex program
(3) spans the entire set of consistent rank-breaking estimators, as characterized in Azari Soufiani
et al. (2014). However, only asymptotic consistency was known, which holds independent of the
choice of the weights \; ,’s. Naturally, a uniform choice of \; , = A was proposed in (Azari Soufiani
et al., 2014).

Note that this can be efficiently solved, since this is a simple convex optimization, in particular
a logit regression, with only O(Z?Zl ! k;) terms. For a special case of position-p breaking, the
O(n(p — 1)!) complexity of evaluating the objective function for the MLE is now significantly
reduced to O(n (k — p)) by rank-breaking. Given this potential exponential gain in efficiency, a
natural question of interest is “what is the price we pay in the accuracy?”. We provide a sharp
analysis of the performance of rank-breaking estimators in the finite sample regime, that quantifies
the price of rank-breaking. Similarly, for a practitioner, a core problem of interest is how to choose
the weights in the optimization in order to achieve the best accuracy. Our analysis provides a
data-driven guideline for choosing the optimal weights.

Contributions. In this paper, we provide an upper bound on the error achieved by the rank-
breaking estimator of (3) for any choice of the weights in Theorem 8. This explicitly shows how
the error depends on the choice of the weights, and provides a guideline for choosing the optimal
weights A;,’s in a data-driven manner. We provide the explicit formula for the optimal choice
of the weights and provide the the error bound in Theorem 2. The analysis shows the explicit
dependence of the error in the problem dimension d and the number of users n that matches the
numerical experiments.

If we are designing surveys and can choose which subset of items to offer to each user and also
can decide which type of ordinal data we can collect, then we want to design such surveys in a
way to maximize the accuracy for a given number of questions asked. Our analysis provides how
the accuracy depends on the topology of the collected data, and provides a guidance when we do
have some control over which questions to ask and which data to collect. One should maximize
the spectral gap of corresponding comparison graph. Further, for some canonical scenarios, we
quantify the price of rank-breaking by comparing the error bound of the proposed data-driven rank-
breaking with the lower bound on the MLE, which can have a significantly larger computational
cost (Theorem 4).

Notations. Following is a summary of all the notations defined above. We use d to denote the
total number of items and index each item by i € {1,2,...,d}. 6 €  denotes vector of utilities
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associated with each item. 6* represents true utility and 9 denotes the estimated utility. We use n
to denote the number of users/agents and index each user by j € {1,2,...,n}. S; C {1,...,d} refer
to the offerings provided to the j-th user and we use k; = |S;| to denote the size of the offerings.
G; denote the DAG (Hasse diagram) representing the partial ordering from user j’s preferences.
P; = {pj1,pj2, - ,pj,gj} denotes the set of separators in the DAG G;, where pj1,---,pjy, are
the positions of the separators, and ¢; is the number of separators. Gj, = (Sj, Ej,) denote the
rank-breaking graph for the a-th separator extracted from the partial ordering G; of user j.

For any positive integer N, let [N] = {1, .-, N}. For a ranking o over S, i.e., o is a mapping
from [|S]] to S, let 0~! denote the inverse mapping.For a vector z, let ||x||2 denote the standard
l> norm. Let 1 denote the all-ones vector and 0 denote the all-zeros vector with the appropriate
dimension. Let S? denote the set of d x d symmetric matrices with real-valued entries. For
X € 8% let \(X) < Aa(X) <--- < A\g(X) denote its eigenvalues sorted in increasing order. Let
Tr(X) = Z;i:l Ai(X) denote its trace and || X || = max{|A1(X)], | a(X)|} denote its spectral norm.
For two matrices X,Y € S¢, we write X > Y if X —Y is positive semi-definite, i.e., AM(X=Y)>0.
Let e; denote a unit vector in R¢ along the i-th direction.

2. Comparisons Graph and the Graph Laplacian

In the analysis of the convex program (3), we show that, with high probability, the objective
function is strictly concave with Ao(H(0)) < —Cpy A2(L) < 0 (Lemma 11) for all § € €, and the

gradient is bounded by [[VLrp(0")|2 < Cpy/logd 3~ e ¢ (Lemma 10). Shortly, we will define v

and A\a(L), which captures the dependence on the topology of the data, and C} and Cj, are constants
that only depend on b. Putting these together, we will show that there exists a 6 € ), such that

AVL(O)2 V8 s
AVLRBO)2 - o |

e(H®B) = 72 (L)

Here Ao(H(0)) denotes the second largest eigenvalue of a negative semi-definite Hessian matrix
H(0) of the objective function. The reason the second largest eigenvalue shows up is because the
top eigenvector is always the all-ones vector which by the definition of €2, is infeasible. The accuracy
depends on the topology of the collected data via the comparison graph of given data.

16— 67|z

Definition 1. (Comparison graph H). We define a graph H([d], E) where each alternative corre-
sponds to a node, and we put an edge (i,1') if there exists an agent j whose offerings is a set S;
such that i,7" € Sj. FEach edge (i,1') € E has a weight A;;r defined as

/.
A = Z —
J€n]:i,i' €S F‘:j(l‘ij o 1)

where kj = |S;| is the size of each sampled set and {; is the number of separators in S; defined by
rank-breaking in Section 1.

Define a diagonal matrix D = diag(A1), and the corresponding graph Laplacian L = D — A,
such that

L = ZKJ Z (ei—eir)(ei—ei/)—r. (4)

=1 (5 = 1) i<i'€S;
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Let 0 = A\ (L) < A2(L) < -+ < Ag(L) denote the (sorted) eigenvalues of L. Of special interest is
A2(L), also called the spectral gap, which measured how well-connected the graph is. Intuitively,
one can expect better accuracy when the spectral gap is larger, as evidenced in previous learning to
rank results in simpler settings (Negahban et al., 2014; Shah et al., 2015a; Hajek et al., 2014). This
is made precise in (4), and in the main result of Theorem 2, we appropriately rescale the spectral
gap and use « € [0, 1] defined as

q = -1 _ X(l)d-1) 5)

Tx(L) N7
The accuracy also depends on the topology via the maximum weighted degree defined as Dyax =
max;eq Dii = maXiE[d]{Zj:ieSj ¢j/k;j}. Note that the average weighted degree is ) . Dj;/d =
Tr(L)/d, and we rescale it by Dpax such that
Tr(L) d i1t

P WDuwe D ©

We will show that the performance of rank breaking estimator depends on the topology of the
graph through these two parameters. The larger the spectral gap « the smaller error we get with
the same effective sample size. The degree imbalance 5 € [0, 1] determines how many samples are
required for the analysis to hold. We need smaller number of samples if the weighted degrees are
balanced, which happens if 3 is large (close to one).

The following quantity also determines the convexity of the objective function.

' [2¢20] -2
nymin{(l—%) } (7)
J€[n] Ry

Note that ~ is between zero and one, and a larger value is desired as the objective function becomes
more concave and a better accuracy follows. When we are collecting data where the size of the
offerings k;’s are increasing with d but the position of the separators are close to the top, such that
kj = w(d) and p; ., = O(1), then for b = O(1) the above quantity v can be made arbitrarily close to
one, for large enough problem size d. On the other hand, when pj ;. is close to r;, the accuracy can
degrade significantly as stronger alternatives might have small chance of showing up in the rank
breaking. The value of v is quite sensitive to b. The reason we have such a inferior dependence on
b is because we wanted to give a universal bound on the Hessian that is simple. It is not difficult
to get a tighter bound with a larger value of v, but will inevitably depend on the structure of the
data in a complicated fashion.

To ensure that the (second) largest eigenvalue of the Hessian is small enough, we need enough
samples. This is captured by n defined as

Kj

= max{7n;},  where = ' °
n , n]{%} i max{l;, Kj — pje; } .

J€l

Note that 1 < n; < k;/¢;. A smaller value of 7 is desired as we require smaller number of samples,
as shown in Theorem 2. This happens, for instance, when all separators are at the top, such that
pje; = {; and n; = K;/(k; — £;), which is close to one for large ;. On the other hand, when all
separators are at the bottom of the list, then 1 can be as large as ;.

We discuss the role of the topology of data captures by these parameters in Section 4.
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3. Main Results

We present the main theoretical results accompanied by corresponding numerical simulations in
this section.

3.1 Upper Bound on the Achievable Error

We present the main result that provides an upper bound on the resulting error and explicitly shows
the dependence on the topology of the data. As explained in Section 1, we assume that each user
provides a partial ranking according to his/her position of the separators. Precisely, we assume the
set of offerings S, the number of separators £;, and their respective positions P; = {pj1,..., pj,gj}
are predetermined. Each user draws the ranking of items from the PL model, and provides the
partial ranking according to the separators of the form of {a > {b,c,d} > e > f} in the example
in the Figure 1.

Theorem 2. Suppose there are n users, d items parametrized by 0* € €y, each user j is presented
with a set of offerings S; C [d], and provides a partial ordering under the PL model. When the
effective sample size E?:l l; is large enough such that

211618bn10g(€max + 2)2
>t o275 dlogd (9)

where b = max; 07| is the dynamic range, {max = maxjcp,) lj, @ is the (rescaled) spectral gap defined
in (5), B is the (rescaled) mazximum degree defined in (6), v and n are defined in Eqs. (7) and (8),
then the rank-breaking estimator in (3) with the choice of

1
Ng = ——— 10
o = e (10
for all a € [¢;] and j € [n] achieves
1 4v/2e*(1+ e®)? | dlogd
Lig-g), < 2O [dlogd )
Vd ary > =1

with probability at least 1 — 3e3d 3.

Consider an ideal case where the spectral gap is large such that « is a strictly positive constant
and the dynamic range b is finite and max;¢,) pje; /#; = C for some constant C' < 1 such that v is
also a constant independent of the problem size d. Then the upper bound in (11) implies that we
need the effective sample size to scale as O(dlogd), which is only a logarithmic factor larger than
the number of parameters to be estimated. Such a logarithmic gap is also unavoidable and due to
the fact that we require high probability bounds, where we want the tail probability to decrease at
least polynomially in d. We discuss the role of the topology of the data in Section 4.

The upper bound follows from an analysis of the convex program similar to those in (Negahban
et al., 2012; Hajek et al., 2014; Shah et al., 2015a). However, unlike the traditional data collection
scenarios, the main technical challenge is in analyzing the probability that a particular pair of items
appear in the rank-breaking. We provide a proof in Section 8.1.
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Figure 2: Simulation confirms ||6* — §||% x 1/(¢n), and smaller error is achieved for separators that
are well spread out.

In Figure 2 , we verify the scaling of the resulting error via numerical simulations. We fix
d = 1024 and k; = k = 128, and vary the number of separators ¢; = ¢ for fixed n = 128000 (left),
and vary the number of samples n for fixed ¢; = ¢ = 16 (middle). Each point is average over 100
instances. The plot confirms that the mean squared error scales as 1/(¢n). Each sample is a partial
ranking from a set of k alternatives chosen uniformly at random, where the partial ranking is from
a PL model with weights 6* chosen i.i.d. uniformly over [—b,b] with b = 2. To investigate the
role of the position of the separators, we compare three scenarios. The top-£-separators choose the
top £ positions for separators, the random-£-separators among top-half choose ¢ positions uniformly
random from the top half, and the random-¢-separators choose the positions uniformly at random.
We observe that when the positions of the separators are well spread out among the k offerings,
which happens for random-£-separators, we get better accuracy.

The figure on the right provides an insight into this trend for £ = 16 and n = 16000. The
absolute error |0 — é;] is roughly same for each item ¢ € [d] when breaking positions are chosen
uniformly at random between 1 to k — 1 whereas it is significantly higher for weak preference score
items when breaking positions are restricted between 1 to k/2 or are top-¢. This is due to the fact
that the probability of each item being ranked at different positions is different, and in particular
probability of the low preference score items being ranked in top-¢ is very small. The third figure
is averaged over 1000 instances. Normalization constant C' is n/d? and 103¢/d? for the first and
second figures respectively. For the first figure n is chosen relatively large such that nf is large
enough even for £ = 1.

3.2 The Price of Rank Breaking for the Special Case of Position-p Ranking

Rank-breaking achieves computational efficiency at the cost of estimation accuracy. In this section,
we quantify this tradeoff for a canonical example of position-p ranking, where each sample provides
the following information: an unordered set of p — 1 items that are ranked high, one item that
is ranked at the p-th position, and the rest of x; — p items that are ranked on the bottom. An
example of a sample with position-4 ranking six items {a, b, ¢, d, e, f} might be a partial ranking of
({a,b,d} > {e} > {c, f}). Since each sample has only one separator for 2 < p, Theorem 2 simplifies
to the following Corollary.

11
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Corollary 3. Under the hypotheses of Theorem 2, there exist positive constants C' and ¢ that only
depend on b such that if n > C(ndlogd)/(a?~*3) then

1, . c /dlogd
ﬁ\\e—e\b < ony’/ pan (12)

Note that the error only depends on the position p through + and 7, and is not sensitive. To
quantify the price of rank-breaking, we compare this result to a fundamental lower bound on the
minimax rate in Theorem 4. We can compute a sharp lower bound on the minimax rate, using the
Cramér-Rao bound, and a proof is provided in Section 8.3.

Theorem 4. Let U denote the set of all unbiased estimators of 0% and suppose b > 0, then

d
: ~ 1 1 1 (d—1)2
inf sup E[||6 —6*|]*] > > )
ocu 0+ €y [H ” ] 210 log(’{'max)2 zz; )\z(L) 2p log(ﬁmax)2 n

where Kmax = MaxXje(y) |Sj| and the second inequality follows from the Jensen’s inequality.

Note that the second inequality is tight up to a constant factor, when the graph is an expander
with a large spectral gap. For expanders, « in the bound (12) is also a strictly positive constant.
This suggests that rank-breaking gains in computational efficiency by a super-exponential factor of
(p — 1)!, at the price of increased error by a factor of p, ignoring poly-logarithmic factors.

3.3 Tighter Analysis for the Special Case of Top-{ Separators Scenario

The main result in Theorem 2 is general in the sense that it applies to any partial ranking data that
is represented by positions of the separators. However, the bound can be quite loose, especially
when v is small, i.e. p;g. is close to ;. For some special cases, we can tighten the analysis to get a
sharper bound. One caveat is that we use a slightly sub-optimal choice of parameters \;, = 1/k;
instead of 1/(k; — a), to simplify the analysis and still get the order optimal error bound we want.
Concretely, we consider a special case of top-£ separators scenario, where each agent gives a ranked
list of her most preferred ¢; alternatives among r; offered set of items. Precisely, the locations of
the separators are (p;j1,pj2,---,Pj¢,) = (1,2,..., ;).

Theorem 5. Under the PL model, n partial orderings are sampled over d items parametrized by
0* € (Y, where the j-th sample is a ranked list of the top-; items among the k; items offered to
the agent. If
n
912 ,6b

where b = max; i |07 — 07| and «, B are defined in (5) and (6), then the rank-breaking estimator in
(3) with the choice of \j, = 1/k; for all a € [¢;] and j € [n] achieves

N 2672
"9_9*H2 < 16(1 4 e**) dlogd (14)

1
ﬁ’ N a Dty

with probability at least 1 — 3e3d 3.
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A proof is provided in Section 8.4. In comparison to the general bound in Theorem 2, this is
tighter since there is no dependence in 7 or 7. This gain is significant when, for example, p;,; is
close to kj. As an extreme example, if all agents are offered the entire set of alternatives and are
asked to rank all of them, such that x; = d and ¢; = d — 1 for all j € [n], then the generic bound

in (11) is loose by a factor of (e4b/2\/§)d[262b]_2, compared to the above bound.

In the top-f separators scenario, the data set consists of the ranking among top-/; items of the
set Sj, i.e., [0j(1),05(2), -+ ,0;(¢;)]. The corresponding log-likelihood of the PL model is

n 4
LO)=) >, [%(m) — log (eXpwaj(m)) +exp(0s; (m+1)) + - F eXP((’aj(w)ﬂ - (19)

j=1m=1

where o;(a) is the alternative ranked at the a-th position by agent j. The Maximum Likelihood
Estimator (MLE) for this traditional data set is efficient. Hence, there is no computational gain in
rank-breaking. Consequently, there is no loss in accuracy either, when we use the optimal weights
proposed in the above theorem. Figure 3 illustrates that the MLE and the data-driven rank-
breaking estimator achieve performance that is identical, and improve over naive rank-breaking
that uses uniform weights. We also compare performance of Generalized Method-of-Moments
(GMM) proposed by Azari Soufiani et al. (2013) with our algorithm. In addition, we show that
performance of GMM can be improved by optimally weighing pairwise comparisons with A; ,. MSE
of GMM in both the cases, uniform weights and optimal weights, is larger than our rank-breaking
estimator. However, GMM is on average about four times faster than our algorithm. We choose
Aja = 1/(Kkj — a) in the simulations, as opposed to the 1/k; assumed in the above theorem. This
settles the question raised in Hajek et al. (2014) on whether it is possible to achieve optimal accuracy
using rank-breaking under the top-¢ separators scenario. Analytically, it was proved in (Hajek et al.,
2014) that under the top-f separators scenario, naive rank-breaking with uniform weights achieves
the same error bound as the MLE, up to a constant factor. However, we show that this constant
factor gap is not a weakness of the analyses, but the choice of the weights. Theorem 5 provides a
guideline for choosing the optimal weights, and the numerical simulation results in Figure 3 show
that there is in fact no gap in practice, if we use the optimal weights. We use the same settings as
that of the first figure of Figure 2 for the figure below.

Top-£ separators
0.1

GMM —o—

naive rank-breaking —&—
modified GMM —8—
data-driven rank-breaking —O—
MLE —e—

Cramer-Rao

C 116 — 6713

0.01

32 64 127

number of separators £

Figure 3: The proposed data-driven rank-breaking achieves performance identical to the MLE, and
improves over naive rank-breaking with uniform weights.
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To prove the order-optimality of the rank-breaking approach up to a constant factor, we can
compare the upper bound to a Cramér-Rao lower bound on any unbiased estimators, in the following
theorem. A proof is provided in Section 8.5.

Theorem 6. Consider ranking {o;(i)}icje,) revealed for the set of items S, for j € [n]. Let U
denote the set of all unbiased estimators of 8% € Qp. If b > 0, then

¢ -1 q
: > I & 1 1 (d—1)?
inf sup E[||0 —6%|?] > [1-— : > - ) 16
inf sup BJ7— "] ( o 2 ,gmax_m) Yo 2 v

where lmax = maXjc,) j and Kmax = Maxjc),) ;. The second inequality follows from the Jensen’s
inequality.

Consider a case when the comparison graph is an expander such that « is a strictly positive
constant, and b = O(1) is also finite. Then, the Cramér-Rao lower bound show that the upper
bound in (14) is optimal up to a logarithmic factor.

3.4 Optimality of the Choice of the Weights

We propose the optimal choice of the weights A; ;,’s in Theorem 2. In this section, we show numerical
simulations results comparing the proposed approach to other naive choices of the weights under
various scenarios. We fix d = 1024 items and the underlying preference vector #* is uniformly
distributed over [—b, b] for b = 2. We generate n rankings over sets S; of size « for j € [n] according
to the PL model with parameter §*. The comparison sets S;’s are chosen independently and
uniformly at random from [d].

Naive rank-breaking ---@ -
data-driven rank-breaking —6—

Cllo—6%3

0.01

1000 10000 . 100000
sample size n

Figure 4: Data-driven rank-breaking is consistent, while a random rank-breaking results in incon-
sistency.

Figure 4 illustrates that a naive choice of rank-breakings can result in inconsistency. We create
partial orderings data set by fixing k = 128 and select ¢ = 8 random positions in {1,...,127}.
Each data set consists of partial orderings with separators at those 8 random positions, over 128
randomly chosen subset of items. We vary the sample size n and plot the resulting mean squared
error for the two approaches. The data-driven rank-breaking, which uses the optimal choice of
the weights, achieves error scaling as 1/n as predicted by Theorem 2, which implies consistency.
For fair comparisons, we feed the same number of pairwise orderings to a naive rank-breaking
estimator. This estimator uses randomly chosen pairwise orderings with uniform weights, and is
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generally inconsistent. However, when sample size is small, inconsistent estimators can achieve
smaller variance leading to smaller error. Normalization constant C' is 103¢/d?, and each point is
averaged over 100 trials. We use the minorization-maximization algorithm from Hunter (2004) for
computing the estimates from the rank-breakings.

Even if we use the consistent rank-breakings first proposed in Azari Soufiani et al. (2014), there
is ambiguity in the choice of the weights. We next study how much we gain by using the proposed
optimal choice of the weights. The optimal choice, Aj, = 1/(k; —pj,a), depends on two parameters:
the size of the offerings ~; and the position of the separators p;,. To distinguish the effect of these
two parameters, we first experiment with fixed x; = x and illustrate the gain of the optimal choice
of \j.4’s.

Top-1 and bottom-(¢ — 1) separators

S

Figure 5: There is a constant factor gain of choosing optimal A;,’s when the size of offerings are
fixed, i.e. k; = K (left). We choose a particular set of separators where one separators is at position
one and the rest are at the bottom. An example for £ = 3 and x = 10 is shown, where the separators
are indicated by blue (right).

consistent rank-breaking with uniform weights ---®---
data-driven rank-breaking —€—

C |6 - 6*|13

0.1

0.01

2

10 100
number of separators £

Figure 5 illustrates that the optimal choice of the weights improves over consistent rank-breaking
with uniform weights by a constant factor. We fix k = 128 and n = 128000. As illustrated by a
figure on the right, the position of the separators are chosen such that there is one separator at
position one, and the rest of £ — 1 separators are at the bottom. Precisely, (p;1,pj.2,053:---,Pj¢) =
(1,128 = 0+ 1,128 — ¢ + 2,...,127). We consider this scenario to emphasize the gain of optimal
weights. Observe that the MSE does not decrease at a rate of 1/¢ in this case. The parameter 7
which appears in the bound of Theorem 2 is very small when the breaking positions p;, are of the
order k; as is the case here, when ¢ is small. Normalization constant C' is n/d>.

The gain of optimal weights is significant when the size of S;’s are highly heterogeneous. Figure
6 compares performance of the proposed algorithm, for the optimal choice and uniform choice of
weights Aj , when the comparison sets S;’s are of different sizes. We consider the case when nq
agents provide their top-£1 choices over the sets of size k1, and ng agents provide their top-1 choice
over the sets of size ky. We take n; = 1024, ¢; = 8, and ny = 10n1¢;. Figure 6 shows MSE
for the two choice of weights, when we fix k1 = 128, and vary ks from 2 to 128. As predicted
from our bounds, when optimal choice of A;, is used MSE is not sensitive to sample set sizes
ko. The error decays at the rate proportional to the inverse of the effective sample size, which is
nil1 + naly = 11n1f;. However, with \;, = 1 when k3 = 2, the MSE is roughly 10 times worse.
Which reflects that the effective sample size is approximately n1£1, i.e. pairwise comparisons coming
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consistent rank-breaking with uniform weights ---@---
data-driven rank-breaking —€—

1

2 10 64
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Figure 6: The gain of choosing optimal \;,’s is significant when &;’s are highly heterogeneous.

from small set size do not contribute without proper normalization. This gap in MSE corroborates
bounds of Theorem 8. Normalization constant C' is 103 /d>.

4. The Role of the Topology of the Data

We study the role of topology of the data that provides a guideline for designing the collection
of data when we do have some control, as in recommendation systems, designing surveys, and
crowdsourcing. The core optimization problem of interest to the designer of such a system is to
achieve the best accuracy while minimizing the number of questions.

4.1 The Role of the Graph Laplacian

Using the same number of samples, comparison graphs with larger spectral gap achieve better
accuracy, compared to those with smaller spectral gaps. To illustrate how graph topology effects
the accuracy, we reproduce known spectral properties of canonical graphs, and numerically compare
the performance of data-driven rank-breaking for several graph topologies. We follow the examples
and experimental setup from Shah et al. (2015a) for a similar result with pairwise comparisons.
Spectral properties of graphs have been a topic of wide interest for decades. We consider a scenario
where we fix the size of offerings as x; = k = O(1) and each agent provides partial ranking with
¢ separators, positions of which are chosen uniformly at random. The resulting spectral gap « of
different choices of the set S;’s are provided below. The total number edges in the comparisons
graph (counting hyper-edges as multiple edges) is defined as |F| = (’2'“) n.

e Complete graph: when |E]| is larger than (g), we can design the comparison graph to be a
complete graph over d nodes. The weight A;; on each edge is n{¢/(d(d — 1)), which is the
effective number of samples divided by twice the number of edges. Resulting spectral gap
is one, which is the maximum possible value. Hence, complete graph is optimal for rank
aggregation.

e Sparse random graph: when we have limited resources we might not be able to afford a
dense graph. When |E| is of order o(d?), we have a sparse graph. Consider a scenario where
each set S; is chosen uniformly at random. To ensure connectivity, we need n = €(logd).
Following standard spectral analysis of random graphs, we have « = ©(1). Hence, sparse
random graphs are near-optimal for rank-aggregation.
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e Chain graph: we consider a chain of sets of size x overlapping only by one item. For example,
S1 =A{1,...,k} and S2 = {k,k + 1,...,26 — 1}, etc. We choose n to be a multiple of
7 =(d—1)/(k — 1) and offer each set n/7 times. The resulting graph is a chain of size s
cliques, and standard spectral analysis shows that o = ©(1/d?). Hence, a chain graph is
strictly sub-optimal for rank aggregation.

e Star-like graph: We choose one item to be the center, and every offer set consists of this
center node and a set of kK — 1 other nodes chosen uniformly at random without replacement.
For example, center node = {1}, S; ={1,2,...,k} and So = {1,k +1,k+2,...,2k — 1}, etc.
n is chosen in the way similar to that of the Chain graph. Standard spectral analysis shows
that & = ©(1) and star-like graphs are near-optimal for rank-aggregation.

e Barbell-like graph: We select an offering S = {5,4,j}, |S'| = £ — 2 uniformly at random
and divide rest of the items into two groups Vi and Vo. We offer set S nk/d times. For each
offering of set S, we offer d/k — 1 sets chosen uniformly at random from the two groups {V1, i}
and {V4, j}. The resulting graph is a barbell-like graph, and standard spectral analysis shows
that o = ©(1/d?). Hence, a chain graph is strictly sub-optimal for rank aggregation.

Figure 7 illustrates how graph topology effects the accuracy. When 6* is chosen uniformly at
random, the accuracy does not change with d (left), and the accuracy is better for those graphs
with larger spectral gap. However, for a certain worst-case 8%, the error increases with d for the
chain graph and the barbell-like graph, as predicted by the above analysis of the spectral gap. We
use £ =4, k = 17 and vary d from 129 to 2049. & is kept small to make the resulting graphs more
like the above discussed graphs. Figure on left shows accuracy when 6* is chosen i.i.d. uniformly
over [—b, b] with b = 2. Error in this case is roughly same for each of the graph topologies with chain
graph being the worst. However, when 6* is chosen carefully error for chain graph and barbell-like
graph increases with d as shown in the figure right. We chose 6* such that all the items of a set
have same weight, either ; = 0 or 6; = b for chain graph and barbell-like graph. We divide all the
sets equally between the two types for chain graph. For barbell-like graph, we keep the two types
of sets on the two different sides of the connector set and equally divide items of the connector set
into two types. Number of samples n is 100(d — 1)/(k — 1) and each point is averaged over 100
instances. Normalization constant C' is nf/d>.

* *
Random 60 Worst-case 6
Chain graph ---+--- Chain graph ---+--+
Barbell-like graph ---X--- Barbell-like graph ---X---
Star-like graph -« Star-like graph -«
Sparse random graph ---& -~ Sparse random graph ---&--
100
4 I R e T +
.
C’||¢979*H§' * -
60 >
______________ B S NRRAREELTEPR SEERPRTTRITEEE + -
-------- 40
e , .
-------------- E}Dé{
1

129 513 2049 129 513 2049

graph size d graph size d

Figure 7: For randomly chosen 6* the error does not change with d (left). However, for particular
worst-case 0* the error increases with d for the Chain graph and the Barbell-like graph as predicted
by the analysis of the spectral gap (right).
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4.2 The Role of the Position of the Separators

As predicted by theorem 2, rank-breaking fails when ~ is small, i.e. the position of the separators
are very close to the bottom. An extreme example is the bottom-¢ separators scenario, where each
person is offered x randomly chosen alternatives, and is asked to give a ranked list of bottom ¢
alternatives. In other words, the ¢ separators are placed at (pj1,...,pje) = (kj —¢,...,k —1).
In this case, v ~ 0 and the error bound is large. This is not a weakness of the analysis. In fact
we observe large errors under this scenario. The reason is that many alternatives that have large
weights 0;’s will rarely be even compared once, making any reasonable estimation infeasible.

Figure 8 illustrates this scenario. We choose ¢ = 8, k = 128, and d = 1024. The other settings
are same as that of the first figure of Figure 2. The left figure plots the magnitude of the estimation
error for each item. For about 200 strong items among 1024, we do not even get a single comparison,
hence we omit any estimation error. It clearly shows the trend: we get good estimates for about
400 items in the bottom, and we get large errors for the rest. Consequently, even if we only take
those items that have at least one comparison into account, we still get large errors. This is shown
in the figure right. The error barely decays with the sample size. However, if we focus on the
error for the bottom 400 items, we get good error rate decaying inversely with the sample size.
Normalization constant C' in the second figure is 10? x d/¢ and 10%(400)d/¢ for the first and second
lines respectively, where x is the number of items that appeared in rank-breaking at least once. We
solve convex program (3) for # restricted to the items that appear in rank-breaking at least once.
The second figure of Figure 8 is averaged over 1000 instances.

Bottom-8 separators

items appearing in rank-breaking at least once ---X---
weakest 400 items -+ -+---

C16 — 6|3 i

001 + T

0.001
200 400 600 800 1000 10000 100000

Weak Strong sample size n
item number

Figure 8: Under the bottom-£ separators scenario, accuracy is good only for the bottom 400 items
(left). As predicted by Theorem 7, the mean squared error on the bottom 400 items scale as 1/n,
where as the overall mean squared error does not decay (right).

We make this observation precise in the following theorem. Applying rank-breaking to only
to those weakest d items, we prove an upper bound on the achieved error rate that depends
on the choice of the d. Without loss of generality, we suppose the items are sorted such that
07 < 03 < --- < 0% For a choice of d = ¢d/(2k), we denote the weakest d items by §* € R? such
that 5j =0 — (1/d) Z?/:l %, for i € [d]. Since 6% € Q, 6% € [—2b,2b]%. The space of all possible
preference vectors for [d] items is given by Q = {f € R? : Zle 6; = 0} and Qg = QN [—2b, 204

Although the analysis can be easily generalized, to simplify notations, we fix k; = x and £; = ¢
and assume that the comparison sets S, |S;| = k, are chosen uniformly at random from the set of
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d items for all j € [n]. The rank-breaking log likelihood function Lgp(f) for the set of items [d] is
given by

n 4

Lrp(0) = Z Z )‘jva{ Z H{z’,z’/e[aﬁ} (ei' ~log (eei + 6914) ) } ' (17)

j=la=1 (1) € B} a

We analyze the rank-breaking estimator

-~

0 = max Lyg(f) . (18)
GEQQb

We further simplify notations by fixing A;, = 1, since from Equation (24), we know that the error
increases by at most a factor of 4 due to this sub-optimal choice of the weights, under the special
scenario studied in this theorem.

Theorem 7. Under the bottom-{ separators scenario and the PL model, S;’s are chosen uniformly
at random of size k and n partial orderings are sampled over d items parametrized by 6* € Q. For
d = 0d/(2k) and any € > 4, if the effective sample size is large enough such that

21468b I€3

(1_exp<_9(j_2))), (20)

then the rank-breaking estimator in (18) achieves

~ 4b\2 ,.3/2
%H@ B 9*H2 < 128(1 + €*”) /<a3 /dlogd , (21)
Vd X 03/2 n

with probability at least 1 — 3e3d 3.

where

X =

I

Consider a scenario where kK = O(1) and ¢ = ©(k). Then, x is a strictly positive constant,
and also x/{ is s finite constant. It follows that rank-breaking requires the effective sample size
nf = O(dlogd/s?) in order to achieve arbitrarily small error of € > 0, on the weakest d = £d/(2k)
items.

5. Real-World Data Sets

On real-world data sets on sushi preferences (Kamishima, 2003), we show that the data-driven
rank-breaking improves over Generalized Method-of-Moments (GMM) proposed by Azari Soufiani
et al. (2013). This is a widely used data set for rank aggregation, for instance in Azari Soufiani et al.
(2013, 2012); Maystre and Grossglauser (2015b); Le Van et al. (2015); Lu and Boutilier (2011a,b).
The data set consists of complete rankings over 10 types of sushi from n = 5000 individuals. Below,
we follow the experimental scenarios of the GMM approach in Azari Soufiani et al. (2013) for fair
comparisons.
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To validate our approach, we first take the estimated PL weights of the 10 types of sushi, using
Hunter (2004) implementation of the ML estimator, over the entire input data of 5000 complete
rankings. We take thus created output as the ground truth 6*. To create partial rankings and
compare the performance of the data-driven rank-breaking to the state-of-the-art GMM approach
in Figure 9, we first fix £ = 6 and vary n to simulate top-¢-separators scenario by removing the
known ordering among bottom 10 — ¢ alternatives for each sample in the data set (left). We next
fix n = 1000 and vary ¢ and simulate top-{-separators scenarios (right). Each point is averaged
over 1000 instances. The mean squared error is plotted for both algorithms.

Top-6 separators Top-¢ separators
! data-driven rank-breaking X 10 data-driven rank-breaking X
GMM  + »* GMM  +
*
e T I * %
*
o~ 2 X .
*
||9_9 HQ XX xxx ox ox x x x <t o
X
0.1
X
X
0.1 0.01
500 1000 2000 3000 4000 5000 1 2 3 4 5 6 7 8 9
sample size n number of separators ¢

Figure 9: The data-driven rank-breaking achieves smaller error compared to the state-of-the-art
GMM approach.

Figure 10 illustrates the Kendall rank correlation of the rankings estimated by the two algo-
rithms and the ground truth. Larger value indicates that the estimate is closer to the ground truth,
and the data-driven rank-breaking outperforms the state-of-the-art GMM approach.
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sample size n number of separators ¢

Figure 10: The data-driven rank-breaking achieves larger Kendall rank correlation compared to the
state-of-the-art GMM approach.

To validate whether PL model is the right model to explain the sushi data set, we compare
the data-driven rank-breaking, MLE for the PL. model, GMM for the PL. model, Borda count and
Spearman’s footrule optimal aggregation. We measure the Kendall rank correlation between the
estimates and the samples and show the result in Table 1. In particular, if 01,09, - , 0, denote

sample rankings and & denote the aggregated ranking then the correlation value is (1/n) > ", (1 —

4K (0,04
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for different number of samples n and different values of ¢ under the top-¢ separators scenarios.
When ¢ =9, we are using all the complete rankings, and all algorithms are efficient. When ¢ < 9,
we have partial orderings, and Spearman’s footrule optimal aggregation is NP-hard. We instead
use scaled footrule aggregation (SFO) given in Dwork et al. (2001). Most approaches achieve
similar performance, except for the Spearman’s footrule. The proposed data-driven rank-breaking
achieves a slightly worse correlation compared to other approaches. However, note that none of
the algorithms are necessarily maximizing the Kendall correlation, and are not expected to be
particularly good in this metric.

MLE data-driven Borda Spearman’s
under GMM
RB count footrule
PL
n =>500,¢=9 0.306 0.291 0.315 0.315 0.159
" ?_50900’ 0.309 0.309 0.315 0.315 0.079
" ?_50200, 0.199 0.199 0.201 0.200 0.113
" ?_50500’ 0.217 0.200 0.217 0.295 0.152

Table 1: Kendall rank correlation on sushi data set.

We compare our algorithm with the GMM algorithm on two other real-world data-sets as well.
We use jester data set (Goldberg et al., 2001) that consists of over 4.1 million continuous ratings
between —10 to 410 of 100 jokes from 48,483 users. The average number of jokes rated by an user
is 72.6 with minimum and maximum being 36 and 100 respectively. We convert continuous ratings
into ordinal rankings. This data-set has been used by Miyahara and Pazzani (2000); Polat and
Du (2005); Cortes et al. (2007); Lebanon and Mao (2007) for rank aggregation and collaborative
filtering.

Similar to the settings of sushi data experiments, we take the estimated PL weights of the
100 jokes over all the rankings as ground truth. Figure 11 shows comparative performance of the
data-driven rank-breaking and the GMM for the two scenarios. We first fix £ = 10 and vary n to
simulate random-10 separators scenario (left). We next take all the rankings n = 73421 and vary
¢ to simulate random-¢ separators scenario (rights). Since sets have different sizes, while varying ¢
we use full breaking if the setsize is smaller than ¢. Each point is averaged over 100 instances. The
mean squared error is plotted for both algorithms.

We perform similar experiments on American Psychological Association (APA) data-set (Dia-
conis, 1989). The APA elects a president each year by asking each member to rank order a slate of
five candidates. The data-set represents full rankings given by 5738 members of the association in
1980’s election. The mean squared error is plotted for both algorithms under the settings similar
to that of jester data-set.
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Figure 11: jester data set: The data-driven rank-breaking achieves smaller error compared to the
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Figure 12: APA data set: The data-driven rank-breaking achieves smaller error compared to the
state-of-the-art GMM approach.

6. Related Work

Initially motivated by elections and voting, rank aggregation has been a topic of mathematical
interest dating back to Condorcet and Borda (De Condorcet, 1785; de Borda, 1781). Using prob-
abilistic models to infer preferences has been popularized in operations research community for
applications such as assortment optimization and revenue management. The PL model studied in
this paper is a special case of MultiNomial Logit (MNL) models commonly used in discrete choice
modeling, which has a long history in operations research (McFadden, 1980). Efficient inference
algorithms has been proposed to either find the MLE efficiently or approximately, such as the itera-
tive approaches in Ford Jr. (1957); Dykstra (1960), minorization-maximization approach in Hunter
(2004), and Markov chain approaches in Negahban et al. (2012); Maystre and Grossglauser (2015a).
These approaches are shown to achieve minimax optimal error rate in the traditional comparisons
scenarios. Under the pairwise comparisons scenario, Negahban et al. (2012) provided Rank Cen-
trality that provably achieves minimax optimal error rate for randomly chosen pairs, which was
later generalized to arbitrary pairwise comparisons in Negahban et al. (2014). The analysis shows
the explicit dependence on the topology of data shows that the spectral gap of comparisons graph
similar to the one presented in this paper. This analysis was generalized to k-way comparisons in
Hajek et al. (2014) and generalized to best-out-of-k comparisons with sharper bounds in Shah et al.
(2015a). In an effort to give a guarantee for exact recovery of the top-£ items in the ranking, Chen
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and Suh (2015) proposed a new algorithm based on Rank Centrality that provides a tighter error
bound for L., norm, as opposed to the existing Lo error bounds. Another interesting direction
in learning to rank is non-parametric learning from paired comparisons, initiated in several recent
papers such as Duchi et al. (2010); Rajkumar and Agarwal (2014); Shah et al. (2015b); Shah and
Wainwright (2015).

More recently, a more general problem of learning personal preferences from ordinal data has
been studied (Yi et al., 2013; Lu and Boutilier, 2011b; Ding et al., 2015). The MNL model provides
a natural generalization of the PL model to this problem. When users are classified into a small
number of groups with same preferences, mixed MNL model can be learned from data as studied
in Ammar et al. (2014); Oh and Shah (2014); Wu et al. (2015). A more general scenario is when
each user has his/her individual preferences, but inherently represented by a lower dimensional
feature. This problem was first posed as an inference problem in Lu and Negahban (2014) where
convex relaxation of nuclear norm minimization was proposed with provably optimal guarantees.
This was later generalized to k-way comparisons in Oh et al. (2015). A similar approach was
studied with a different guarantees and assumptions in Park et al. (2015). Our algorithm and ideas
of rank-breaking can be directly applied to this collaborative ranking under MNL, with the same
guarantees for consistency in the asymptotic regime where sample size grows to infinity. However,
the analysis techniques for MNL rely on stronger assumptions on how the data is collected, and
especially on the independence of the samples. It is not immediate how the analysis techniques
developed in this paper can be applied to learn MNL.

In an orthogonal direction, new discrete choice models with sparse structures has been proposed
recently in Farias et al. (2009) and optimization algorithms for revenue management has been
proposed Farias et al. (2013). In a similar direction, new discrete choice models based on Markov
chains has been introduced in Blanchet et al. (2013), and corresponding revenue management
algorithms has been studied in Feldman and Topaloglu (2014). However, typically these models
are analyzed in the asymptotic regime with infinite samples, with the exception of Ammar and
Shah (2011). A non-parametric choice models for pairwise comparisons also have been studied in
Rajkumar and Agarwal (2014); Shah et al. (2015b). This provides an interesting opportunities to
studying learning to rank for these new choice models.

We consider a fixed design setting, where inference is separate from data collection. There is
a parallel line of research which focuses on adaptive ranking, mainly based on pairwise compar-
isons. When performing sorting from noisy pairwise comparisons, Braverman and Mossel (2009)
proposed efficient approaches and provided performance guarantees. Following this work, there has
been recent advances in adaptive ranking Ailon (2011); Jamieson and Nowak (2011); Maystre and
Grossglauser (2015b).

7. Discussion

We study the problem of learning the PL model from ordinal data. Under the traditional data
collection scenarios, several efficient algorithms find the maximum likelihood estimates and at the
same time provably achieve minimax optimal performance. However, for some non-traditional
scenarios, computational complexity of finding the maximum likelihood estimate can scale super-
exponentially in the problem size. We provide the first finite-sample analysis of computationally
efficient estimators known as rank-breaking estimators. This provides guidelines for choosing the
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weights in the estimator to achieve optimal performance, and also explicitly shows how the accuracy
depends on the topology of the data.

This paper provides the first analytical result in the sample complexity of rank-breaking esti-
mators, and quantifies the price we pay in accuracy for the computational gain. In general, more
complex higher-order rank-breaking can also be considered, where instead of breaking a partial
ordering into a collection of paired comparisons, we break it into a collection of higher-order com-
parisons. The resulting higher-order rank-breakings will enable us to traverse the whole spectrum
of computational complexity between the pairwise rank-breaking and the MLE. We believe this
paper opens an interesting new direction towards understanding the whole spectrum of such ap-
proaches. However, analyzing the Hessian of the corresponding objective function is significantly
more involved and requires new technical innovations.

8. Proofs
8.1 Proof of Theorem 2

We prove a more general result for an arbitrary choice of the parameter \;, > 0 for all j € [n]
and a € [{;]. The following theorem proves the (near)-optimality of the choice of \;,’s proposed in
(10), and implies the corresponding error bound as a corollary.

Theorem 8. Under the hypotheses of Theorem 2 and any \;.’s, the rank-breaking estimator
achieves

44/2¢%(1 4 )2\ /dlogd \/Z?:l Zﬁ];1 ()‘j,a)2 (Kj = Pja) (Kj = Pja +1)

Hlo-o |, < . - ,
v Zj:l >a—1 Njalkj = Dja)
(22)
with probability at least 1 — 3e3d~3, if
n 4 s
n
NialKj —Pja) = 20180 dlogd , 23
;;j(] jia) 2875 (23)

where v, n, T, 6, a, B, are now functions of A\jq’s and defined in (7), (8), (25), (27) and (30).

We first claim that \; , = 1/(kj —pj +1) is the optimal choice for minimizing the above upper
bound on the error. From Cauchy-Schwartz inequality and the fact that all terms are non-negative,
we have that

\/ij1 >oaz1 (M) (Kj = Pja) (Kj — Pja + 1) - 1
n & - n j Kj—Pj.a
> =1 2a=1Ajalkj = Pja) \/ijl 22]21 ((J#

Kj—Pj,atl)

: (24)

where \j, = 1/(kj — pja + 1) achieves the universal lower bound on the right-hand side with

an equality. Since »77_, ijzl % > >7i 1 {j, substituting this into (22) gives the desired
J J,a

error bound in (11). Although we have identified the optimal choice of A;,’s, we choose a slightly

different value of A = 1/(k; — pjq) for the analysis. This achieves the same desired error bound in

(11), and significantly simplifies the notations of the sufficient conditions.
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We first define all the parameters in the above theorem for general \;,. With a slight abuse
of notations, we use the same notations for H, L, o and 8 for both the general \;,’s and also the
specific choice of A\j, = 1/(kj — pjq). It should be clear from the context what we mean in each
case. Define

¢
1 Aok —pj
T = min7;, where 7; = >az1 Njalkj — Dja)

25
j€ln] ¢ (25)

¢ 4
(5]' 1 = { max {)\j,a(lij —pjﬂ)} + Z Aj,a} , and 5]'72 = Z )\jﬂ (26)
a=1 a=1

a€ll;]
2((53',1(5]'72 + (5]272)/@ }

27
n;t; 27)

0 = max {45]21 +

Jj€ln] ’

Note that 6 > 5]2-71 > max, )\ia(nj —pj.a)? > 72, and for the choice of A, = 1/(k; —pjq) it simplifies

as 7 = 7; = 1. We next define a comparison graph H for general \;,, which recovers the proposed
comparison graph for the optimal choice of A;,’s

Definition 9. (Comparison graph H). Each item i € [d] corresponds to a vertex i. For any pair
of vertices 1,1, there is a weighted edge between them if there exists a set S; such that i,i' € S;;

the weight equals Ejtmlesj M(T;ifj_l)

Let A denote the weighted adjacency matrix, and let D = diag(A1). Define,

e /.

Dmax = DM - # > min J} . 28

mrs = | 5 22} > e 3 2 )
VRIS g

Define graph Laplacian L as L =D — A, i.e.,

n Tl

L = —a (e; —ep)(ei —ei) . (29)

Z:: k(K5 —1) 2

1 i<i'€S;

J

Let 0 = Ai(L) < Xo(L) < -+ < Ag(L) denote the sorted eigenvalues of L. Note that Tr(L) =
Z?Zl Zj:iesj 7ilj/k; = 35—y Tjlj. Define v and B such that

o=

Yo(L)d=1) _ de(D)d=1) 0o THL) _ 21Tty (30)
TI‘(L) Zj:l Tjej dDmax dDmaX
For the proposed choice of A\;, = 1/(k; — pja), we have 7; = 1 and the definitions of H, L,
a, and B reduce to those defined in Definition 1. We are left to prove an upper bound, § <
32(1og(fmax + 2))?, which implies the sufficient condition in (9) and finishes the proof of Theorem
2. We have,

4 £
(5-,1:max{)\‘7 Kj — Dj, }—I— Njag = 14 S
j acll)] j,a (K ja) azl g0 ;/ﬁj—pj,a
¢ )
< 1 -
< +Za
a=1
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where in the first inequality follows from taking the worst case for the positions, ie. p;, =
xj —Lj +a— 1 Using the fact that for any integer z, Zﬁ;% 1/(x+a) <log((x+£—1)/(x—1)), we
also have

e.
50k 1 max{lj,k; —pje}
ooy Z
a:ll{'

n;t; i — Pja ¢

IN

min{ log(¢; +2), log (

KVJ' — pjjj -1 Ej
log(¢; + 2)¢; max {{j, kj — pje;}
max {Ej, /'ij — pjj]. — 1} Zj
< 2log(¢; +2), (32)

where the first inequality follows from the definition of n;, Equation (8). From (31), (32), and the
fact that d;2 < log(¢; + 2), we have

2(0;1052 + 655) Kj
n;l;

0 = max {45]2-,1 +

} < 28(log(lmax + 2))?.
J€[n]

8.2 Proof of Theorem 8

We first introduce two key technical lemmas. In the following lemma we show that Eg«[VLrp(0*)] =
0 and provide a bound on the deviation of VLrp(0*) from its mean. The expectation Eg-[-] is with
respect to the randomness in the samples drawn according to 6*. The log likelihood Equation (2)
can be rewritten as

n 4
ﬁRB(Q) = Z Z Z ]I{('L',il)EGjya}A‘ﬁa (aiﬂ{agl(i)<0;1(i/)} -+ 02‘/]1{0;1(1')>a;1(i’)} — log (69i + e%/)) .

j=1a=1i<i'eS;

(33)

We use (i,i') € Gj, to mean either (i,7') or (¢/,i) belong to Ej,. Taking the first-order partial
derivative of Lrp(0), we get

£
, o , B exp(0;)
Vilrs(0") = Z ZZ )\]’“H{(i,i')ecj,a <H{aj1(i)<aj1(i')} exp(e’.‘)+exp(0t)> G
]:lGSj a=1 z’esj 7 3
i £

Lemma 10. Under the hypotheses of Theorem 2, with probability at least 1 — 2e3d ™3,

n 4

IVLr(67)]], <  |6logd > > (Nia) 2 (kj = pja) (Kj — Dja + 1) .

j=1a=1

The Hessian matrix H() € S¢ with H;(0) = 8;5%%39) is given by

n 4
exp(6; + 6
H(@) - _ Z Z Z H{(i,i’)EGj,a}/\j’a (((% — ei’)(ei - ei’)T [exp(ei))(—’_ eXp(gi/)P) . (35)

J=1la=1i<’es;
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It follows from the definition that —H(6) is positive semi-definite for any § € RY. The smallest
eigenvalue of —H () is equal to zero and the corresponding eigenvector is all-ones vector. The
following lemma lower bounds its second smallest eigenvalue \o(—H (0)).

Lemma 11. Under the hypotheses of Theorem 2, if
)
Aj, > 2618010 _g1ogd 36

then with probability at least 1 — d—3, the following holds for any 6 € Qy:

do(~H(6)) > (Hemd_lzzm ~Dia)- (37)

j=1la=1

Define A = §A— ¢*. It follows from the definition that A is orthogonal to the all-ones vector. By
the definition of # as the optimal solution of the optimization (3), we know that Lrp(0) > Lrp(0*)
and thus

Lrp(0) — Lrp(0) — (VLrB(6),A) > —(VLrp(6),A) > —|VLrp(6")|2]|A]2, (38)

where the last inequality follows from the Cauchy-Schwartz inequality. By the mean value theorem,
there exists a 0 = af + (1 — a)0* for some a € [0, 1] such that 6 € Q and

~

L (@) ~ Lr(0) — (VLms(07),8) = JATHO)A <~ 0o(~HO)A]3 (39)

where the last inequality holds because the Hessian matrix —H () is positive semi-definite with
H(0)1 =0and A"1 =0. Combining (38) and (39),

2|V Lrg(67)]|2

182 = =)

(40)

Note that 6 € € by definition. Theorem 8 follows by combining Equation (40) with Lemma 10
and Lemma 11.

8.2.1 Proor or LEMMA 10

The idea of the proof is to view VLrp(0*) as the final value of a discrete time vector-valued
martingale with values in R?. Define VLg;,(0%) as the gradient vector arising out of each rank-
breaking graph {Gja}jc[n),acl;) that is

| o = | _ ()
ViLe;a(07) = ; )\J7aﬂ{(i,i’)€Gj,a (H{ajl(ikajl(i’)} exp(67) +exp(0§",)> ‘ (41)
i'eS;
i'#i

Consider VLg;, (") as the incremental random vector in a martingale of » . ¢; time steps.
Lemma 12 shows that the expectation of each incremental vector is zero. Observe that the condi-
tioning event {i” € S : 071(i") < pj.} given in (43) is equivalent to conditioning on the history
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{Gj .o }ar<a- Therefore, using the assumption that the rankings {o;};c[n are mutually indepen-
dent, we have that the conditional expectation of VL, ,(0*) conditioned on {Gr 4 }j/<j’a//€[gj,] is
zero. Further, the conditional expectation of VLg; ,(6*) is zero even when conditioned on the rank
breaking due to previous separators {G} o }a/<o that are ranked higher (i.e. a’ < a), which follows
from the next lemma.

Lemma 12. For a position-p rank breaking graph G, defined over a set of items S, where p €

[1S51=1],
—1/. —1/.t .y - EXP(G;K)
IP’[U L) < o7 1) ‘ (i,7) € Gp] = (07 + exp(07) (42)
for all i,i" € S and also
RPN DI I R _ exp(6;)
]P’[o i) <o ') | (i,) € Gp and {i" € S : 07 '(i )<p}} = o) +exp(@) (43)

This is one of the key technical lemmas since it implies that the proposed rank-breaking is
consistent, i.e. Eg«[VLrp(0*)] = 0. Throughout the proof of Theorem 2, this is the only place where
the assumption on the proposed (consistent) rank-breaking is used. According to a companion
theorem in Azari Soufiani et al. (2014, Theorem 2), it also follows that any rank-breaking that
is not union of position-p rank-breakings results in inconsistency, i.e. Eg«[VLgrp(6*)] # 0. We
claim that for each rank-breaking graph G, [|[VLg,, (6*)]13 < (Aja)?(5j — Pja)(Kj — pja+1). By
Lemma 13 which is a generalization of the vector version of the Azuma-Hoeffding inequality found
in (Hayes, 2005, Theorem 1.8), we have

52
P[|VLrs(6%)|, > 6] < 2e3 exp ( - . ) ;
? 2 Zj:1 Zijzl ()‘j,a)Q(”j - pj,a) (“j ~ Pja Tt 1)

which implies the result.

Lemma 13. Let (X, Xo, -+, X,) be real-valued martingale taking values in R? such that Xo =0
and for every 1 < i < n, || X; — Xi—1]|2 < ¢, for some non-negative constant c;. Then for every
6 >0,

52

P[| Xnlla >8] < 2ede 2Tl (44)

It follows from the upper bound on ||VLg, , (6*)||5 < ¢ with ¢ = N ((kj — pja)® + (kj — Pja))-
In the expression (41), VL, ,(0) has one entry at p;,-th position that is compared to (k; — pj.a)
other items and (k; — pj ) entries that is compared only once, giving the bound

VLG, (0)15 < Au(kj —pja)® + A5 o(kj — pja) -

8.2.2 PROOF OF LEMMA 12
Define event E = {(i,i") € G,}. Observe that

E= {(H{(rlm:p} + Lio1(iry)=p) = 1) A (U‘l(i), o (i) > p)} :
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Consider any set Q C S\ {i,7'} such that |Q] = p— 1. Let M denote an event that items of the set
Q are ranked in top-(p — 1) positions in a particular order. It is easy to verify the following:

}P’[(J_l(z’) < a‘l(i’)),E,M}

Plo(i) < o (i)

] - ]P’[E,M}
P[(a‘l(z’) :p),M]
P[(o-10) =p), M] + P[(a 1(i >:p)7M}
=Plo!(

exp(6;)
exp(07) + exp(65)

Since M is any particular ordering of the set Q and 2 is any subset of S\ {4, 4} such that |Q] = p—1,
conditioned on event E probabilities of all the possible events M over all the possible choices of set
Q sum to 1.

8.2.3 PrROOF OF LEMMA 13

It follows exactly along the lines of proof of Theorem 1.8 in (Hayes, 2005).

8.2.4 PROOF OF LEMMA 11
The Hessian H(6) is given in (35). For all j € [n], define MU) € 8% as

E,
MU = 231 ja > 1 {”)E@a} (ei—ex)', (45)

1<i’'€S;

and let M = Z’;:l M), Observe that M is positive semi-definite and the smallest eigenvalue
of M is zero with the corresponding eigenvector given by the all-ones vector. If |6;| < b, for all

i€ [d], [expe();?)(ii;z"(g‘,)]Q >4 fj;b)2. Recall the definition of H(6) from Equation (35). It follows

that —H(0) = ﬁM for 6 € . Since —H(#) and M are symmetric matrices, from Weyl’s

inequality we have, Ao(—H (0)) > a +e2b)2 A2 (M). Again from Weyl’s inequality, it follows that

Ao(M) = Xo(E[M]) — [[M —E[M]|, (46)
where || - || denotes the spectral norm. We will show in (51) that Ao(E[M]) > 2ve % (a/(d
1)) 320 745, and in (63) that || M — E[M]|| < 8¢5, /1584571 | 750,
2e 0oy & 3b 775 logd 6_6b04’}/ -
)\Q(M) > ﬁZijj—86 Z g] > d* ZT]'EJ‘, (47)
j=1 j=1

where the last inequality follows from the assumption that 2?21 Tl > 26180 azgiszlog d. This
proves the desired claim.
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To prove the lower bound on A2 (E[M]), notice that

n 4
33 e Y IP’{(Z‘,Z")GGJ-@

j=la=1  i<i'€S,

(i, i/ S SJ):| (ei - ei/)(ei — ei/)T . (48)

The following lemma provides a lower bound on P[(7,i') € Gj4|(3,i € Sj)).

Lemma 14. Consider a ranking o over a set S C [d] such that |S| = k. For any two itemsi,i € S,
ey, andl1 <l < k-1,

1 1, e*6b(/<v_£) 0\ %iit 0,02
o=t > ] = SRR (-0 (49)

where the probability Py is with respect to the sampled ranking resulting from PL weights 0 € ,
and o i 09 15 defined as 1 < ;5 09 = {&Z‘J‘/,g,g-‘ , and o i 0.9 1,

Qiirg = max max exp(0:) + exp(6i) . (50)
el Q‘?”S\{” b (X eqexp(85)) /19

Note that we do not need maxy ¢y in the above equation as the expression achieves its maxima at
¢ = ¢, but we keep the definition to avoid any confusion. In the worst case, 2e =2 < Qi < 2¢2b.
Therefore, using definition of rank breaking graph G, ,, and Equations (48) and (49) we have,

SIS ) SV D D CETICEy

j=1la=1 1<i'€S;

n 45
_ 1
= 2y il — 1) > Nalki—pia) D> (ei—ei)(ei—en)'
j=1 "I\ a=1

i<i/65j
= 2ve %L, (51)
where we used v < (1 — pjg,/ 1) =2 which follows for the definition in (7). (51) follows from
the definition of Laplacian L, defined for the comparison graph H in Definition 9. Using A2(L) =
(a/(d—1)) >°%_, it from (30), we get the desired bound A\o(E[M]) > 2ve % (a/(d—1)) > i1 il
Next we need to upper bound || Z?ZIE[(MJ)Q]H to bound the deviation of M from its ex-
pectation. To this end, we prove an upper bound on P[a;l(i) = pja | © € 5j] in the following

lemma.

Lemma 15. Under the hypotheses of Lemma 14,
6b a;p0—1 6b
P, [a—l(z’) - f] < & (1 - £> < £ (52)

K K+ g k=20

where 0 < a9 = [Qigp], and &g is,

Qirp = min min { exp(0) } (53)

ecl acs\ly (Xjeaexp(6)) /19

In the worst case, e 20 < Qi < e?®. Note that aie9 = 0 gives the worst upper bound.
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Therefore using Equation (52), for all ¢ € [d], we have,

6by . 6by . 6b .
Plos'(i) € Py <mind1, S04 < <l <1 (54)
i Kj — Dt max{(j,k; = pjg;} T Kj

where we used 1 defined in Equation (8). Define a diagonal matrix DU) € S and a matrix
A(J) c Sd7

J
G0 — .
AY =1 {ives,) Zl)\m]l (e} for all i,i’ e [d], (55)

and Dg) =i Agf,). Observe that MU) = DU) — AU), For all i € [d], we have,
) & <
i {ies;} ; {o7 @)=} ; jadegq; (o7 (7))

¢ 2
oo U (25 (ot 10} 20 ) 43y (S0
Hies, }{ {or wer,} o0t T Uotign,y0s2 } (56)

where the last equality follows from the definition of §;; and ;2 in Equation (26). Note that
max;e(q{Dii} = ;1. Using (54) and (56), we have,

6b
€] el 9j, 2”]

IN

Similarly we have,
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Using (58) and (59), we have, for all i € [d],

d

> [E[((19)?),,]

INA
)
=
—~
S
SIS
N
I—Ml
+
N
=
&
=
—~
=
—
S
+
&=
[ —
—
—~
o=
>
SN—
no
SN—
R
~__

AN
~—
m
n
—
—
a
&
mz 3
~
N
i
<X
=
_|_
[N}
—
Q0')
=
S
I |
m“ _|_
Q0')
o
SN—
N
<
N—
——

eSéne;
Kj } ’ (60)

where the last equality follows from the definition of d, Equation (27).
To bound || Z:;L:lIE[(M(j))Q}H7 we use the fact that for J € R™4 | J]| < max;eq) S |-
Therefore, we have

€~
ysfuror]] < o 5 2]
7=1 Ji€S;
6b
— c Tn(stax (61)
- ﬂTd ZTJ . (62)

where (61) follows from the definition of D,y in Equation(28) and (62) follows from the definition
of 3 in (30). Observe that from Equation (56), ||[MW| < 26,1 < 2v/§. Applying matrix Bernstein
inequality, we have,

Pl|M —EM]||>t| <d /2
[H ~EM]|| 2 }* P G S il + 4V6t/3 )

Therefore, with probability at least 1 — d—3, we have,

nélog d 64+/6 log d nélog d
ME[MH<4€3bJ Tjéj—l—fﬁ rd ZTJ i (63)

where the second inequality uses Z?Zl 7il; > 25(87/n)dlog d which follows from the assumption
that 2?21 Til; > 26618bwgﬁdlogd and the fact that a,3<1,v<1,1n>1, and § > 72.
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8.2.5 PrROOF OF LEMMA 14

Since providing a lower bound on Pg[o (i) = £, 1(i’) > ¢] for arbitrary § is challenging, we con-
struct a new set of parameters {@}je[d] from the original . These new parameters are constructed
such that it is both easy to compute the probability and also provides a lower bound on the original
distribution. We denote the sum of the weights by W = jes exp(f;). We define a new set of

parameters {67J }ies:

~ i it P ;!
0, = { log(eiire0/2) forj=iord, (64)

0 otherwise .
Similarly define W= ZjES exp(gj) =Kk—2+a;q00. We have,

Py |:0'_1(i) = (0 1({i) > E]

_ exp(6;,) exp(6;,)
(e 5 (e

—exp(6;
i1es 28 p(®5)
J1#ee JaFi,i g1

( 5 exp(6,_,) exp(6) ) . ))
s W =300 exp(0k) W — 3735 exp(6y)

j[—l?é'ivi/v
J1s50e—2

el exp(63) eplty)
B w Z <W - eXp(ejl) ]-2;5 <W - eXp(Hjl) - eXp(gjz)

J1€8
Ji #ivi/ j27£i7i/7j1

eXp(ejZA) .
jézlé 5 (W - exp(%)) ))

]:2—175?71',7
J1m5Je—2

(65)
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Consider the last summation term in the above equation and let Q, = S\ {i,7,j1,...,70-2}
. : exp(0i)+exp(0;) - %iif 00
Observe that, || = k — ¢ and from equation (50), > o, ob(0) < =25, We have,

> exp(0, ,)
Je—1

Je—1€82% W — k=j1 exp(@k)

_ Z exp(Hj,H)

Je_1€Q W — Z;f;]i exp(0y) — exp(6;,_,)
ngfléﬂg exp(ejé—l)

= Je—2 (66)

W - k=71 exp(0y) — (ng_leﬂe exp(%il))/md
. Zj[,leﬂg exp(ejf—l)

exp(6;) + exp(0ir) + 35, eq, P05, 1) — (2, ca, P, 1)) /19|

1
exp(f;) + exp(0y) 1
ng_légg exp(ejﬁfl) k= ‘é
~1
oq 1

> 1-—
> </€—€+ H_€> (67)
B Kk —/
o al +rk—F(—1

_ Z _ eXp(ejEﬂ) : (68)

Je—1€Qy W - ?f;;l exp(ek') - exp(ejéfl)

where (66) follows from the Jensen’s inequality and the fact that for any ¢ > 0, 0 < z < ¢, £ is

’ c—x

convex in z. Equation (67) follows from the definition of a; j+ ¢ 9, (50), and the fact that || = k—¢.
Equation (68) uses the definition of {f;};es.

Consider {2}, <F<t1) 1] = K — Z corresponding to the subsequent summation terms in (65).

Observe that % < @;ir00/]9%]- Therefore, each summation term in equation (65) can
jeQy .
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be lower bounded by the corresponding term where {6;},cg is replaced by {5]-}]-63. Hence, we have

Py [U‘l(z’) =60 (i) > 4

L e(t) 3~ (exp@) ( exp(l,)
- W j1€8 W — exp(0;,) J2€ W — exp(0,) — exp(0j,)
Ji#id J2#i, 51
> ( op(0)_,) )
2z \P sl et
jé—l#??ilv
J1ssJe—2
> hen@) 5 (exp@) 5 ( expl)
Z W = W —exp(6;,) jocs W —exp(8;,) — exp(6;,)
jl;éi,i/ j27£i77;/7j1
Z ( exp(9j4—1) )))
je—1€S8 W — ;ftjll exp(0%)
.jé*l;é'ivilv
iy de—2
_ (6—417)1%[0—1(@') = 0,07 1({) > 4 . (69)
The second inequality uses exr‘;[(,oi) > e 2%/ and LEVLVGZ') < €?’/k. Observe that exp(gj) =1 for all

j 7é i,i, and GXP(GZ) + exp(&i/) = 622‘71'/7[,9 < ’Vaiﬂ‘/’g’g—‘ = Qi 1.0 > 1. Therefore, we have

IP)(;[J_I(Z') = (01 > 4

-~ (Fc - 2) (Qirep/2)(0 = 1)!
C\U-1)(k—2+ Qiirg)(F—2+ Qg — 1) (k=24 a0 — (£ —1))
(k—2)! e 20

70
(k=l—=1) (k4 e —2)(k+aiieg—3) - (k+aiiee— (L +1)) (70)
. B_Qb(/ﬁ} — 0+ Qi 0.0 — 2)(/% — 0+ Qi il 0.0 — 3) s (/1 — E)
B (k+ aiireo —2)(k+ g —3) - (k—1)
_ e (k—L0+ i —2)(k—L+a;ppg—3) - (k—1)
(k—1) (k+ e —2) (K + gy —3) - (k)
—92 ai’i/72’971
S PR
- (k=1 K
6_2b(l<, _ g) Y Q002
= — " J(1-= 1
k(k—1) < KZ) ’ (1)

where (70) follows from the fact that &; g9 > 2e72b. Claim (49) follows by combining Equations
(69) and (71).
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8.2.6 PrROOF OF LEMMA 15

Analogous to the proof of Lemma 14, we construct a new set of parameters {gj}je[d] from the
original §. We denote the sum of the weights by W = . sexp(f;). We define a new set of

parameters {5] }ies:

~ [ log(ayee) forj=i,
b = { 0 otherwise . (72)

Similarly define W = djes exp(gj) =k —1+a;ep. We have,

P, [afl(z‘) - 4

_ exp(le) exp(ejé) o eXp(Hj[_l) eXp(gi)
= Z ( W Z (W - eXp(le) ( Z W — zjz-z exp(ek) W — EJZ—l exp(gk)>>>

J1€S j2€S je_1ES k=41 k=31
Ji1#i JeFi,g1 Je—174,
j17'.. 7j£72
<y () g epln) (g exp(6j,_,) e )
= . w . W — exp(6;,) ‘ W_Zjefg exp(0r) k—0+1
J1€S J2€S je_1€S k=7, CXP\Vk
J17i JeFi,g1 Je—174,
j17”. 7j£72

Consider the last summation term in the equation (73), and let {p = S\{4,j1,.-.,je—2}, such that

|Q%| = k — £+ 1. Observe that from equation (53), > e;piiig(e-) > :fffl. We have,
JEQ J

Z exp(4;, ,) Z]‘e,lem exp(6;,_,)

o, W= 2 exp(6y) exp(0i) + X5, | eq, exP(bj,_,)
~ —1
Q0.0
< PR et b, 1
- (/-i —l+1 * )
k—{0+1

&i7g79+l‘$—€+1
_ Z exp(ejﬁ—l) (74)

Je—2 TN’
Je—1€8 W — k=31 eXp(Qk)

where (74) follows from the definition of {g}jes.
Consider {Q5}, 7, 1, [Q] =k —  + 1, corresponding to the subsequent summation terms in

(73). Observe that % > @ipp/|8%]. Therefore, each summation term in equation (65)
JjE 7 J

can be lower bounded by the corresponding term where {6;},cg is replaced by {gj}jeS Hence, we
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have
Py [o_l(z’) - 4
() (i (y e )
j1€8 w j2€S W — eXp(le) Jje—1€S W — Z?f:_;l exp(ek) K—L+1
jl;éi j27éi7j1 Ajlfl#ir
J1sde—2
< oAb Z (exfl(?j1) Z <N6Xp(0j2)~
J1ES w jo€sS W — eXp(ejl)
J17#1 J2#id1
( 5 exp(6,_,) exp(6)) )))
s W= 20000 exp(0p) W — 30075 exp(6)
Je—174,
Iy 5Je—2
< e"Pylo (i) = (| (75)

The second inequality uses a2/ (k — £ + @ r9) > e 2 /(k — £+ 1). Observe that exp(gj) =1 for all

Jj #iand exp(0;) = 9 > |Qigo] = aigp > 0. Therefore, we have

Prlo i) =¢] = (“ - 1> Qo 1!
[/ - - _ _ . _ I~y . _ ~.
/-1 (I{ 1+ 0417579)(!{ 2+ 0417579) (I-i ?+ 0417479)
< (k—1)! e
T (kO k=14 aine)(k =2+ aigg) (K= L+ aigp)
2b / a;00—1
< = <1 - ) , (76)
K K+ Q0.6

Note that equation (76) holds for all values of a; g9 > 0. Claim 52 follows by combining Equations
(75) and (76).

8.3 Proof of Theorem 4

Let H(0) € S% be Hessian matrix such that H/(0) = g;%(g?. The Fisher information matrix

is defined as I(f) = —Eg[H(6)]. Fix any unbiased estimator 0 of § € . Since, 0ecid, -0
is orthogonal to 1. The Cramér-Rao lower bound then implies that E[||6 — 6*||?] > Zf:2 W.
Taking the supremum over both sides gives

1 1
Ai(1(0)) — '

d
supE[|[f —6]°] > supy
0 0 =2 i=2

The following lemma provides a lower bound on Ey[H (0)], where 0 indicates the all-zeros vector.

Lemma 16. Under the hypotheses of Theorem 4,

EQ[H(O)] >~ —iiplogw Z (ei—eif)(ei—ez-/)—r. (77)
j=1""

(55 = 1) i/ <i€S;
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Observe that I(0) is positive semi-definite. Moreover, A1(I(0)) is zero and the corresponding
eigenvector is the all-ones vector. It follows that

n
2plog(k;)?
0) = > e —1) _]1) > (ei—ei)ei—er)'
j=1 I\ i'<i€S;
n
< 2plog(Rmn) Y ———— 3 (e —er)ei— i)'
- - K,j(lij — 1) L=
7=1 i/ <i€S;
)

where L is the Laplacian defined for the comparison graph H, Definition 1, as ¢; = 1 for all j € [n]
in this setting. By Jensen’s inequality, we have

d

1 (d-—1)?  (d—1)* (d—1)?
mezz%Mm‘ﬂm no

i=2 "

8.3.1 PROOF OF LEMMA 16
Define L;(0) for j € [n] such that £(0) = >°7_, L£;(0). Let HU) () € 8¢ be the Hessian matrix

such that HZ,(Z)(H) = %29?(%(5%) for ,i" € S;. We prove that for all j € [n],

EQ[H(j)(O)] - _ipéoﬁg(/—ijl)j Z (e; —eir)(e; —ei/)—r, (78)
I i/ <i€S;

In the following, we omit superscript/subscript j for brevity. With a slight abuse of notation, we
use [ro-1(5)=q) = 1 if item ¢ is ranked at the a-th position in all the orderings o € 2. Let P[0] be
the likelihood of observing Q~'(p) = i?) and the set A (the set of the items that are ranked before
the p-th position). We have,

P(@) _ Z <H exp( fn:l ea(m)) > ) (79)

e \ Iy (0o (o))

For i,i" € Sj, we have

1 9°P(§)  ViP()V.P(6)

() P(0) 06,00, (]p(g))z (80)
We claim that at § = 0,
( Cy ifi=4, {Q7) > p}
Cy+A3—-Cs  ifi=i, {Q7(i) <p}
o —By ifi#d, {Q7) >p, Q) > p}
~Hi(0) = “By i A1, {Q71(0) = p, Q) < p} (81)
—By ifi# i, {Q7N6) <p, Q7N) > p}
—(Bs+ By — A%) ifi £, {Q76) <p, Q7N) <p} .
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where constants As, By, Be, B3, By, C1, Co and Cs are defined in Equations (88), (90), (91), (92),
(93), (95), (96) and (97) respectively. From this computation of the Hessian, note that we have

HO) = Y (ei—ei/)(ei—ei/)T<Hw(0)). (82)

1! <ieS

which follows directly from the fact that the diagonal entries are summations of the off-diagonals,
i.e. O1 = By(k—p)+Ba(p—1) and Ca+ A2 —C3 = Ba(k—p+1)+(Bs+ Bs— A%)(p—2). The second
equality follows from the fact that Co = Ba(k —p+1) + Bs(p—2) and A3(p — 1) = By(p —2) + Cs.
Note that since § = 0, all items are exchangeable. Hence, E[H;;(0)] = E[H;;(0)]/(x — 1), and
substituting this into (82) and using Equations (81), we get

E[H(o)]
= i - <IP> [Q71(5) > p|C1 + P[Q (i) < p|(Cs + A — 03)> ilés(ei —ei)(ei—ei)'
_Wl_m i/és(ei Cen)(ei—en)T
(oo (55) <o (s (=) oo (5 )
(83)
= O S e (34)

i'<ies

where (83) uses Y P_, m <log (Hi_p) and C3 > 0. Equation (84) follows from the fact that for
any = > 0, log(1+x) < x. To prove (81), we have the first order partial derivative of P(#) given by

B exp(E:%zle Lio-1(5)>a} €xp(0:) ))
VZ]PJH - H *12'<p]P)0 - 85
() o10)<p) P (0) %(H%(Z” e (9 o )(ZZ o xp (o) ) )

Define constants Ay, Ao and Ag such that

A = ‘9)}{0:0}: (H_l)...(,i._zﬂ_l)’ (86)
Ay = <Z xp(9 ) —<1+ L e ) (87)
2 = exp(@ (m/)) (9—0} Kk k-1 kK—p+1
_ (=-DE-2! E-2)p-2! (p—2)!
A = ( G- -1 T +<p—1>!<n—p+2>>' (%)
Observe that, for all i € [d],
Oig=oy = 41 (e opp (1~ 42) + I (1= As) Ty 2) - (89)
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Further define constants By, By, B3 and By such that

1 1 1
b= (;#J“(,{_l)z*"*(,{_pﬂ)z)v (90)
_ p—1 p—2 1
" <<1D—1>f”»2+<p—1><fe—1>2+ +<p—1><f~e—p+z>2>’ oy
_ (=D-2)p-3)! (@-2)(p-3)P-3)! 20p — 3)!

BS - ( (p )'52 + (p—l)!(li—l)z + + (p 1)'(I€*p+3) ) (92)
= =9 LS S S Y S S S
os (pl)!<a,b€[pz—;],b7éa<ﬂ+ﬁl+ +““+1>(H+I€1+ +nb+1>(>3)

Observe that,
O?P(0)
06,00, |,_
= H{Qﬂ(i),wi,m}Al ((—42)(~42) + B1)

({Q i)>p,Q-1 }+H{Q 1(i)=p,0-1 p})A1< )(1— Ag) +Bl>
({Q—l(z’): <p}Jr {o-1()<po p}>A1(1—A3 )(1—A3)+B2>
({Q )>p,Q~1( )<p}+ {Q 1()<p, 2~ 1(2/)>p}>A1( 1—A3 —|—BQ>

g s epayop) A1 (0= 43) + (~43) + Bu+ By ). (04)

The claims in (81) are easy to verify by combining Equations (89) and (94) with (80). Also, define
constants C1, Cy and C3 such that,

0 - ((p - 3(3 1)!22;(; -y (;f(f)!(?i(f)g 2, ((]f_f))g!((:_]f:;;) L 96)
o= 20 5 (et Gt
such that, | |

8?;%9) = T ((~42)(~42) = 1) + Ty Ar (1 — 42) — 421~ 42) = 1)

+H{Q*1(i)<p}A1 <(1 — Ag) — A3 —Co + C3> . (98)

The claims (81) is easy to verify by combining Equations (89) and (98) with (80).
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8.4 Proof of Theorem 5

The proof is analogous to the proof of Theorem 8. It differs primarily in the lower bound that is
achieved for the second smallest eigenvalue of the Hessian matrix H(0), (35).

Lemma 17. Under the hypotheses of Theorem 5, if Z?:l ;> (212e%/Ba?)dlog d then with prob-
ability at least 1 — d 3,

Yo(=HO) 2 55 g Zﬁ (99)

Using Lemma 10 that is derived for the general value of A;, and p;,, and by substituting
Nja=1/(kj — 1) and p;, = a for each j € [n], we get that with probability at least 1 — 2e3d~3,

IVLRB(0%)]2 < ,|16logd ;. (100)

Theorem 5 follows from Equations (100), (99) and (40).

8.4.1 PrROOF OF LEMMA 17
Define M) € 89 as

MO = _1 Z Z]I{’L’L EG]a} eir)(ei ei’)T7 (101)
1<i'eS; a=1
and let M = Z" MU) . Similar to the analysis carried out in the proof of Lemma 11, we have

Ao(—H(0)) > (1+e2b) sA2(M), when \j, = 1/(k; — 1) is substituted in the Hessian matrix H (),
Equation (35). From Weyl’s inequality we have that

Ao(M) = Xo(E[M]) — |[M = E[M]]. (102)

We will show in (107) that \2(E[M]) > e~ ?(a/(d — 1)) > j—1 4 and in (112) that ||M — E[M]|| <
32eb\ /18T 4

log d «— ae”
WZ@ > MZ@, (103)

where the last inequality follows from the assumption that 2?21 l; > (21252 /Ba?)dlog d. This
proves the desired claim.
To prove the lower bound on A2(E[M]), notice that

BM] = Y 2B

i<i/€Sj

£

ZH{(i,i/)eGj,a}‘(i, S Sj)] (e; —ei)(es—ex)T . (104)

a=1
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Using the fact that p;, = a for each j € [n], and the definition of rank-breaking graph G, ,, we
have that

— U .
E = P10y + o insey = 1|67 € )]

2
Z H{(iai')GGj’a} ‘ (Z, i’ € S])
a=1

v

P[(a*(z’) < ej)(z',z" c Sj)} . (105)
The following lemma provides a lower bound on P[(c~1(i) < ¢;|(i,i’ € S;)].

Lemma 18. Consider a ranking o over a set of items S of size k. For any item i € S,

Plo™ () < ] 2 e (106)

Therefore, using the fact that (e; —e;)(e; — ) is positive semi-definite, and Equations (104),
(105) and (106) we have

e l; -
EM] = o) iy 2 (men(e—en) =L (107)
j=1 I3\ i<i'€S;

where L is the Laplacian defined for the comparison graph #, Definition 1. Using A2(L) = (o/(d —
1)) 3771 ¢; from (5), we get the desired bound Ap(E[M]) > e 2 (a/(d — 1)) > i1ty

For top-¢; rank breaking, M (@) is also given by

1

Hj—

M) — : ((,z.;j — tj)diag(eqr,y) + fidiag(es;y) — eqryefs,y — €5, e{r) + e{lj}egj}>, (108)

where e(g.y, €71 € R? are zero-one vectors, e(s;} has support corresponding to the set of items
S; and e{1;} has support corresponding to the random top-¢; items in the ranking o;. I; =

{oj(1),04(2),- - ,0;(¢;)} for j € [n]. (MY))2 is given by

. 1 . .
e Tk (063 = )diagleqr,y) + £, diaglegs,)) -
J

(K + L) (eqryeqs,) T 45,06 n) — en,1e(r,)) + @e{sj}e{Tsj})-
Note that P[i € I;|i € S;] < £;e®/k; for all i € S;. Its proof is similar to the proof of Lemma 18.
Therefore, we have E[diag(e(z,})] = t;e* /k;diag(egry). To bound | >y E[(M )], we use the

fact that for J € R4 |l.J|| < maX;e|q] Z’Zfl/zl |J;ir|. Maximum of row sums of E[e{lj}e{TIj}] is upper
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bounded by max;e(q) {¢;Pli € Ij|i € Sj]} < ¢;%e* /k;. Therefore using triangle inequality, we have,

ZE[(M(J'))Q]
j=1
L (6] =47 e®
< Izréf[id)}({ Z (k; — 1)2 ( ’ p + 057+ ¥ (k5 + £))(2 + 7 55) + Uik
JHi€S;
0:e2 [ (K3 — 5;‘2) lik; 20k + )k (ki +£5)¢,5 K2
< max J J + A B J AR RN e J
icld] {NZE;J j ( (rj =12 (=12 (55 =12 (5 =12 (k= 1)?
e (55 —=1)  ki(rj—1) 4k? 2kj(kj — 1) K5
S max J J + I\ + J 4 I\ + J
ild] {”ZGSJ Kj ((Fﬂj -2 (=12 (k=12 (s =12 (k- 1)?
Eje%
< maxq > 342+16+4+4 (109)
€ld | jies, "

IN

[\~

Ne)

(@]

¢

&

B
—
u:l? ‘%N
——

Ji€S;
_ 20D, (110)
29¢2b
= WZ@» (111)
j=1

where (109) uses the fact that x; > 2 and 1 < ¢; < k; — 1 for all j € [n]. (110) follows from the
definition of Dpax, Definition 1 and (111) follows from the Equation (6). Also, note that || M| < 2
for all j € [n]. Applying matrix Bernstien inequality, we have,

—2/2
P|||M — E[M]| > t] S dexp | 3o Sl +4t/3)
Bd £wj=1"]

Therefore, with probability at least 1 — d—3, we have,

| M — E[M]|| < 22¢° (112)

where the second inequality follows from the assumption that 2?21 l; > 22dlogd and B < 1.

8.4.2 PROOF OF LEMMA 18

Define iy, = arg min;cg 6;. We claim the following. For all i € S and any 1 < ¢ < |S| —1,
P[a‘l(i) > /(] < P[a‘l(imin) > (] and ]P[a_l(imin) =/ > P[a‘l(imin) =1]. (113)

Therefore Plo=1(i) < £] > Plo (imin) < £]. Using Plo™! (imm) = 1] > e 2 /K, we get the desired
bound Plo=1 (i) < 4] > e 20 /k.
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To prove the claim (113), let &{ denote a ranking of top-¢ items of the set S and P[] be the
probability of observing &{. Let i € (5{)~! denote that i = ({)~(j) for some 1 < j < ¢. Let
Q= {59 ¢ (G imn € ()71} and Qo = {5f i € G imim ¢ G-

We have Plo1(i) > €] — Plo™ (imin) > ] ZAZEQI P[] — D gteq, Plo %1. Now, take any ranking
3{ € Q1 and construct another ranking o 01 from o 01 by replacing iy, with i-th item. Observe that
P[5%] < P[5{] and &{ € Q. Moreover, such a construction gives a bijective mapping between Q;
and 29. Hence, the first claim is proved. For the second claim, let

ﬁlz{ 5. (69 1(imin):1} and sz{ 5t (59 1(¢min):z}.

We have Plo ! (imin) = 1] — Plo" (imn) = ] = Z&{eﬁl P[5Y] — Z&’{e@ P[5{]. Now, take any
ranking 3{ € fAZl and construct another ranking 5 from Ef by swapping items at 1st position and
(-th position. Observe that P[5{] < P[5{] and f € Q. Moreover, such a construction gives a
bijective mapping between ﬁl and (AZQ. Hence, the claim is proved.

8.5 Proof of Theorem 6
The first order partial derivative of £(#), Equation (15), is given by

iL£(0)

ZJ
exp(6;) ,
I I o;(m)=1 s Vi e ld
lee;g m—1 {Jj 1)>m}[ log(m)=i} = eXp(aaj(m)) + eXp(gaj(erl)) +---+ exp(eaj(@)) [ ]
and the Hessian matrix H(0) € S? with H;;(0) = g;fg,(g% is given by
;T z X + 00 ) lo 1)o7 1)2m)
Z Z i —ev)lei—er) Z lexp(@ )+ exp(0y (ms1)) T+ exp(0y,(5:))]%
Jj=li<i'es; =1 m) oj(m+1) aj(k;)
(114)

It follows from the definition that —H () is positive semi-definite for any 6 € R™.
The Fisher information matrix is defined as 1(6) = —Ey[H ()] and given by

£;
. H{af(i),a;l(i')zm}

_l_
—ey)(e; —epr) exp(0; + 0y).

Jj=1i<i’ ES =1

Since —H(0) is positive semi-definite, it follows that I(6) is positive semi-definite. Moreover,

)\1( (9)) is zero and the corresponding eigenvector is the all-ones vector. Fix any unbiased estimator

7 of § € £). Since, g e L{ h—0is orthogonal to 1. The Cramér-Rao lower bound then implies that
[||9 0] > 21:2 po 1(9)). Taking the supremum over both sides gives

d
supE[HG 6||%] >supz)\ Z

=2 1=2

Z
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If 6 equals the all-zero vector, then

Fj =l Ki —m Ki—m
PQ[U-_I(i),UJ-_I(i,) > m] _ ( 2 ) — ( J +1)( J )

’ (%) k(K — 1)

It follows from the definition that

J

10 = >, > (ei_ei')(ei_ei/)TZn'(m —(1J)(/<cj—)m+1)

j=1li<i’es; m=1""

£(1—2§:

J m=1

3

1

1
’fmax_rn"i_1> 1 ’k‘:j(’%j _1>

IA

D (ei—e)ei—en)'

i<i’€s]'

<
Il

=L

where L is the Laplacian defined for the comparison graph H, Definition 1. By Jensen’s inequality,
we have

d

1 (d—1)? (d—1)2  (d—1)?
Z/\'(L) Z :

SEon(r)  Te(L) n

i=2 "

8.6 Proof of Theorem 7

We prove a slightly more general result that implies the desired theorem. For £ > 4, we can choose
f1 = 1/2. Then, the condition that vz, < 1 implies d < (¢//2 + 1)(d — 2)/(x — 2), which implies
d < /¢d/(2k). With the choice of d = ¢d/(2x), this implies Theorem 7.

Theorem 19. Under the bottom-{ separators scenario and the PL model, n partial orderings are
sampled over d items parametrized by 0* € Qp. For any 1 with 0 < §; < 422, define

_ d(k —2)
= B+ 1) (d—2) (115)

and for vg, <1,

2 _ 2
If
21268b dQ K

then the rank-breaking estimator in (18) achieves

~ 4b\2 73/2
%HG_Q*H < 32v/2(1 + %) ci /dlogd ’ (118)
\/;Z 2 X1 d3/2 n

with probability at least 1 — 3e3d3.
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Proof is very similar to the proof of Theorem 8. It mainly differs in the lower bound that is

achieved for the second smallest eigenvalue of the Hessian matrix H(#) of Lrp(#), Equation (17).
Equation (17) can be rewritten as

n /£
Lrp(0) = ; ;;e:% I ineg, ) Ve (9111 fort ot} T 0Lt gy}~ o8 (e te )) ,

4,4/ €[d]
(119)

where (i,7") € G, implies either (¢,7’) or (¢/,4) belong to E;,. The Hessian matrix H(6) € S7 with

3 ?Lrp(0) . .
H;(0) = ﬁ%(_/) is given by

L ¢ 0. N.,
HO)=-> > > U ey} ((a )@ — o) TRt 0) ) (120)

i=1a=1i<i'eS;: [exp(0;) + exp(6)]?
i,i’€[d]

The following lemma gives a lower bound for Ao(—H(6)).
Lemma 20. Under the hypothesis of Theorem 19, with probability at least 1 — d =3,

_ T2
Mo(—H (@) > X ndt

= 81t O & (121)

Observe that although #* € RY, Lemma 10 can be directly applied to upper bound IV Lrp(67)]2.
It might be possible to tighten the upper bound, given that d < d. However, for { < k, for the
smallest preference score item, imin = arg min,e(qg) 5;-‘, the upper bound Plo ™ (iyin) >k — £ < 11is
tight upto constant factor (Lemma 15). Substituting \;, = 1 and p;, = kK — ¢ + a for each j € [n],
a € [f], in Lemma 10, we have that with probability at least 1 — 2e3d~3,

IVLre(0¥)]]2 < (£—1)\/8nllogd. (122)

Theorem 19 follows from Equations (40), (121) and (122).

8.6.1 PrROOF OF LEMMA 20
Define M) € SJ,

¢
MDY= N S Taneq, @ — )@ — )T, (123)
i<i'€S;u,i €[d) =1

b

and let M = > M@ Similar to the analysis in Lemma 11, we have Xo(—H(0)) > ﬁ)\g(ﬂ).

Note that we have e instead of E%b as 6 € Q. We will show a lower bound on A2(E[M]) in (129)
and an upper bound on ||M — E[M]|| in (133). Therefore using Ao(M) > Xo(E[M]) — | M — E[M]]],

~ e 21— 2 n~2 nklo
(i) > (1_51)2<1_exp<_<wu ;é)_(;) 18,) )) Ccllf ] ldgd_ 124)

=XB1
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212 8b d2

The desired claim follows from the assumption that né¢ > ( ™ )dlogd where xg, is defined
B1

n (117). To prove the lower bound on Ay(E[M]), notice that

¢
Z Z E:l H{(i,z‘/)ecj,a
p

J=Li<ire(d]

(i,i € S;) [z i es}( (@ —enT . (125)

Since the sets Sj are chosen uniformly at random, P[i,7 € S;] = k(k — 1)/d(d — 1). Using the fact
that pj, = kK — ¢ + a for each j € [n], and the definition of rank breaking graph Gj ,, we have that

¢
E z‘; H{(i,z")eGj,a
a=

The following lemma provides a lower bound on P[(a{l(i), 0]71(1")) >k — (3,7 € 55)].

(i,i' € S;)

:P[(ajfl(),aj (i )>m—z)](i,i’esj)}. (126)

Lemma 21. Under the hypotheses of Theorem 19, for any two items i,1 € [élv], the following holds:

il e S} . e (1 - B1)2(1 - e;p(—nﬁl(l —%)2)),!;22 e

where g, = d(r — 2)/([61] + 1)(d — 2) and ng, = ([£61] + 1)2/2(x — 2).

Therefore, using Equations (125), (126) and (127) we have,

]P’[a’l(i),a’l(i’) >kt

~ e (1 — B1)2(1 — exp(—np, (1 — 75,)%)) £2 k(K — 1)
- 1 B1 _ _
E[M] = 5 oy Z > (@ —en)(E —en)(128)
J Licireld]
Define L = > i1 ZKZ el ( —ey)(éi—ex)T. Wehave, A\ (L) = 0 and Ao(L) = A3(L) = - - = )\J(E).

Therefore, using Ao(L) = Tr(L)/(d — 1) = nd. Using the fact that E[M] and L are symmetric
matrices, we have,

— e (1 - B1)2(1 — exp(—np, (1 — 73,)%)) ndl?

M (E[M]) > 1 Tz (129)
To get an upper bound on ||]Tj - E[M J|l, notice that M is also given by,
M(]) = Ediag(g{lj}) — g{]]}g:{]]} y (130)

where E{ I} € RY is a zero-one vector, with support corresponding to the bottom-¢ subset of items
in the ranking o;. I; = {o;(k — £+ 1), ,0;(k)} for j € [n]. (M7)? is given by

(MW)? = diag(eyy,)) — (811,12, - (131

Using the fact that sets {S;};c[n are chosen uniformly at random and P[i € I;|i € Sj] < 1, we
have E[diag(e(;.y)] = (x/d)diag(efyy). Maximum of row sums of E [5{ [j}E{TIj}] is upper bounded by
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(r;/d. Therefore, from triangle inequality we have || > 7, E[(M/W)2)|| < 2nf2k/d. Also, note that
| M) < 2¢ for all j € [n]. Applying matrix Bernstien inequality, we have that

[T 1 = ] <t o ) o

Therefore, with probability at least 1 — d—3, we have,

—~ —~ 2nk 1 401 1
|07 — B[] < 46/ 22080 | B008d gy, [r0nd (133)

where the second inequality follows from the assumption that nf > 22dlogd.

8.6.2 PROOF OF LEMMA 21

Without loss of generality, assume that 7/ < i, i.e., HN;", < 5;‘ Define €2 such that Q ={j:j € S,j #
i,4'}. For any f31 € [0, (¢ —2)/¢], define event Ep, that occurs if in the randomly chosen set S there
are at most |¢f; | items that have preference scores less than 67, i.e.,

Ep, = {Zjegﬂ{gpg;} <1481} (134)
We have,

P[a—l(i),a—l(y) > k-t

i, es]

> P[U_l(i)ja_l(i/) >k —/

ii € S; Eﬁl}P[Eﬁl

iil e S} (135)
The following lemma provides a lower bound on Plo=1(i),071(i') > k — € | i,i' € S; Eg,].

Lemma 22. Under the hypotheses of Lemma 21,

(1= |45y [0
2 K2

Plo~ (i), 07 (i) > k=L ]i,i' € S;Eg, | > (136)

Next, we provide a lower bound on P[Eg, | 4,7 € S]. Fix ¢,7' such that i,i € S. Selecting a
set uniformly at random is probabilistically equivalent to selecting items one at a time uniformly
at random without replacement. Without loss of generality, assume that ,7 are the 1st and 2nd
pick. Define Bernoulli random variables Y}, for 3 < j/ < k corresponding to the outcome of the
j'-th random pick from the set of (d — j' — 1) items to generate the set 2 such that Y, =1 if and
only if 5: > 5;,.

Recall that g, = d(k—2)/(|£B1] +1)(d—2) and ng, = ([£B1] +1)?/2(rk —2). Construct Doob’s
martingale (Za, - - - , Z) from {Yj }3<p <, such that Zy = E[> ) oV | Ya,--- Y], for2 < j' < k.

Observe that, Zo = E[Y },_5 Y] < % < 5, ([£B1] + 1), where the last inequality follows
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from the assumption that i < d. Also, |Zj — Zj_1| <1 for each j'. Therefore, we have

P Ejeﬂ H{§;>§;} < Mﬁl” = P{E?:g Yy < MﬁlJ]

= 1B Y > 1A +1]

> 1-P[Zys—Z > (681 +1) —7([4B1] + 1)]
(14B1] + 1?1 = m)?
Z 1—6Xp<_ 12(&—2) ; )

= l—exp ( — g, (1 = %)2)7 (137)

where the inequality follows from the Azuma-Hoeffding bound. Since, the above inequality is true
for any fixed i,7 € S, for random indices i, we have P[Eg, | i,i’ € S] > 1 — exp(—ng, (1 —v5,)?).
Claim (127) follows by combining Equations (135), (136) and (137).

8.6.3 PROOF OF LEMMA 22

Without loss of generality, assume that i < i, i.e., 5;", < 5:‘ Define Q = {j:j€S,j #1447}, and

event Eg, = {i,i’ € 5;3 ,cq Lgesgey < |£61]}. Since set S is chosen randomly, ¢,4" and j € Q are
iV

random. Throughout this section, we condition on the random indices 7,7’ and the set 2 such that

event Eg, holds. To get a lower bound on Plo~1 (i), 071 (i') > k— ¥, define independent exponential

random variables X; ~ exp(e’) for j € S. Observe that given event Ejg, holds, there exists a set
1 C Q such that

le{jes:é?;gg;}, (138)

and || =k — [€f1] — 2. In fact there can be many such sets, and for the purpose of the proof we
can choose one such set arbitrarily. Note that |£f1] + 2 < ¢ by assumption on (i, so [Q;| > k — L.
From the Random Utility Model (RUM) interpretation of the PL model, we know that the PL
model is equivalent to ordering the items as per random cost of each item drawn from exponential
random variable with mean e’ . That is, we rank items according to X j’s such that the lower cost

items are ranked higher. From this interpretation, we have that
P U_l(i),a_l(i') > K — 4 = P[Zﬂ{min{Xi,X-/} >Xj} > K —E]
JEQ '

P{ Z H{ min{X;, X, } > X, } = 4 (139)

J'et

\%

The above inequality follows from the fact that Q; C Q and |Q;| > k — £. It excludes some of the
rankings over the items of the set S that constitute the event {c=1(7),0 71 (i') > k — £}. Define
Qo = {Q4,1,7'}. Observe that items 4,4’ have the least preference scores among all the items in the
set Qg. Therefore, the term in Equation (139) is the probability of the least two preference score
items in the set Qg, that is of size (k — [£531]), being ranked in bottom (¢ — [¢f;]) positions.

The following lemma shows that the probability of the least two preference score items in a set
being ranked at any two positions is lower bounded by their probability of being ranked at 1st and
2nd position.
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Lemma 23. Consider a set of items S and a ranking o over it. Define imin, = argmin;eg6;,
Imin, = arg minieS\imml ;. For all 1 <iy,i9 <|S|, i1 # i2, following holds:

P[afl(imim) — i1, (iming) = 1'2} > P[afl(iminl) = 1,0 Himin,) = 2] (140)

Using the fact that ¢/ = argminjecq, 67;, i = argminjcq,\y 5;-‘, for all 1 < iy,i0 < kK — [£f1],
i1 # 19, we have that

1
Po(") = i1, 07 (i) = o] 2 P[o7H() = 1,07 () = 2| = e, (141)
K
where the second inequality follows from the definition of the PL model and the fact that 0% € ﬁgb.
Together with Equation (141) and the fact that there are a total of (¢ — |¢8])(¢ — [¢8] — 1) >
(¢ — |£B])? /2 pair of positions that 4,7’ can occupy in order to being ranked in bottom (¢ — |£3]),
we have,

(1 — [06) /0 &
2 K2’

]P’[a_l(i),a_l(i’) > k- e] > (142)

Since, the above inequality is true for any fixed 4,7 and j € Q such that event E holds, it is true
for random indices 7,7’ and j € € such that event F holds, hence the claim is proved.

8.6.4 PROOF OF LEMMA 23

Let o denote a ranking over the items of the set S and P[] be the probability of observing &. Let

ﬁ1 = {8 : 8_1(2.min1) = Z.176\'_1(imin2) = iQ} and §2 = {8 : U_l(iminl) = 1,0_1(imin2) - 2}'
(143)

Now, take any ranking o € Q1 and construct another ranking o from ¢ as following. If i1 = 2,is = 1,
then swap the items at i1-th and is-th position in ranking o to get o. Else, if i1 < io, then first:
swap items at ¢;-th position and 1st position, and second: swap items at 72-th position and 2nd
position, to get o; if i3 < i1, then first: swap items at is-th position and 2nd position, and second:
swap items at i1-th position and 1st position, to get 7.

Observe that P[5] < P[] and &¢ € €. Moreover, such a construction gives a bijective mapping
between Ql and Qg. Hence, the claim is proved.
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