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Abstract

We consider two settings of online learning to rank where feedback is restricted to top
ranked items. The problem is cast as an online game between a learner and sequence of
users, over T rounds. In both settings, the learners objective is to present ranked list
of items to the users. The learner’s performance is judged on the entire ranked list and
true relevances of the items. However, the learner receives highly restricted feedback at
end of each round, in form of relevances of only the top k ranked items, where k < m.
The first setting is non-contextual, where the list of items to be ranked is fixed. The sec-
ond setting is contextual, where lists of items vary, in form of traditional query-document
lists. No stochastic assumption is made on the generation process of relevances of items
and contexts. We provide efficient ranking strategies for both the settings. The strategies
achieve O(T?/3) regret, where regret is based on popular ranking measures in first setting
and ranking surrogates in second setting. We also provide impossibility results for certain
ranking measures and a certain class of surrogates, when feedback is restricted to the top
ranked item, i.e. kK = 1. We empirically demonstrate the performance of our algorithms on
simulated and real world data sets.

Keywords: Learning to Rank, Online Learning, Partial Monitoring, Online Bandits,
Learning Theory

1. Introduction

Learning to rank (Liu, 2011) is a supervised machine learning problem, where the output
space consists of rankings of objects. Most learning to rank methods are based on supervised
batch learning, i.e., rankers are trained on batch data in an offline setting. The accuracy of a
ranked list, in comparison to the actual relevance of the documents, is measured by various
ranking measures, such as Discounted Cumulative Gain (DCG) (Jarvelin and Kekéldinen,
2000), Average Precision (AP) (Baeza-Yates and Ribeiro-Neto, 1999) and others.

Collecting reliable training data can be expensive and time consuming. In certain appli-
cations, such as deploying a new web app or developing a custom search engine, collecting
large amount of high quality labeled data might be infeasible (Sanderson, 2010). Moreover,
a ranker trained from batch data might not be able to satisfy rapidly changing user needs
and preferences. Thus, a promising direction of research is development of online ranking
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systems, where a ranker is updated on the fly. One type of online ranking models learns
from implicit feedback inferred from user clicks on ranked lists (Hofmann et al., 2013).
However, there are some potential drawbacks in learning from user clicks. It is possible
that the system is designed for explicit ratings but not clicks. Moreover, a clicked item
might not actually be relevant to the user and there is also the problem of bias towards top
ranked items in inferring feedback from user clicks (Joachims, 2002).

We develop models for online learning of ranking systems, from explicit but highly
restricted feedback. At a high level, we consider a ranking system which interacts with
users over a time horizon, in a sequential manner. At each round, the system presents a
ranked list of m items to the user, with the quality of the ranked list judged by the relevance
of the items to the user. The relevance of the items, reflecting varying user preferences,
is encoded as relevance vectors. The system’s objective is to learn from the feedback it
receives and update its ranker over time, to satisfy as many users as possible. However,
the feedback that the system receives at end of each round is not the full relevance vector,
but relevance of only the top k ranked items, where k < m (typically, & = 1 or 2). We
consider two problem settings under the general framework: non-contertual and contextual.
In the first setting, we assume that the set of items to be ranked are fixed (i.e., there are no
context on items), with the relevance vectors varying according to users’ preferences. In the
second setting, we assume that set of items vary, as traditional query-document lists. We
highlight two motivating examples for such feedback model, encompassing privacy concerns
and economic and user-burden constraints.

Privacy Concerns: Assume that a medical company wants to build an app to suggest
activities (take a walk, meditate, watch relaxing videos, etc.) that can lead to reduction
of stress in a certain highly stressed segment of the population. The activities do not have
contextual representation and are fixed over time. Not all activities are likely to be equally
suitable for everyone under all conditions since the effects of the activities vary depending
on the user attributes like age & gender and on the context such as time of day & day of
week. The user has liberty to browse through all the suggested activities, and the company
would like the user to rate every activity (may be on an 1—5 scale), reflecting the relevances,
so that it can keep refining its ranking strategy. However, in practice, though the user may
scan through all suggested activities and have a rough idea about how relevant each one
is to her; she is unlikely to give feedback on the usefulness (relevance) of every activity
due to privacy concerns and cognitive burden. Hence, in exchange of the user using the
app, the company only asks for careful rating of the top 1 or 2 ranked activities. The apps
performance would still be based on the full ranked list, compared to the implicit relevance
vector that the user generates, but it gets feedback on the relevances of only top 1 or 2
ranked activities.

Economic Constraints: Assume that a small retail company wants to build an app
that produces a ranked list of suggestions to a user query, for categories of different products.
The app develops features representing the categories, and thus, the interaction with the
users happens in a traditional query-documents lists framework (user query and retrieved
activities are jointly represented through a feature matrix). Different categories are likely
to have varying relevance to different users, depending on user characteristics such as age,
gender, etc. Like in the first example, the user has liberty to browse through all the
suggestions but she will likely feel too burdened to give carefully considered rating on
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each suggestion, unless the company provides some economic incentives to do so. Though
the company needs high quality feedback on each suggestion to keep refining the ranking
strategy, it cannot afford to give incentives due to budget constraints. Similar to the first
example, the company only asks, and possibly pays, for rating on the top 1 or 2 ranked
suggestions, in lieu of using the app, but its performance is judged on the full ranked list
and implicit relevance vector.

We cast the online learning to rank problem as an online game between a learner and an
adversary, played over time horizon 7T'. That is, we do not make any stochastic assumption
on the relevance vector generation process or the context (features) generation process (in
the second problem setting). The adversary is considered to be oblivious, i.e., an adversary
who generates moves without knowledge of the learner’s algorithm. We separately discuss
the two problem settings, and our contributions in each, in greater details.

1.1 Non-contextual setting

Existing work loosely related to ranking of a fixed set of items to satisfy diverse user
preferences (Radlinski et al., 2008, 2009; Agrawal et al., 2009; Wen et al., 2014) has focused
on learning an optimal ranking of a subset of items, to be presented to an user, with
performance judged by a simple 0-1 loss. The loss in a round is 0 if among the top k
(out of m) items presented to a user, the user finds at least one relevant item. All of the
work falls under the framework of online bandit learning. In contrast, our model focuses on
optimal ranking of the entire list of items, where the performance of the system is judged
by practical ranking measures like DCG and AP. The challenge is to decide when and
how efficient learning is possible with the highly restricted feedback model. Theoretically,
the top k feedback model is neither full-feedback nor bandit-feedback since not even the
loss (quantified by some ranking measure) at each round is revealed to the learner. The
appropriate framework to study the problem is that of partial monitoring (Cesa-Bianchi
et al., 2006). A very recent paper shows another practical application of partial monitoring
in the stochastic setting (Lin et al., 2014). Recent advances in the classification of partial
monitoring games tell us that the minimax regret, in an adversarial setting, is governed
by a (two-class) property of the loss and feedback functions, called global observability and
local observability (Bartok et al., 2014; Foster and Rakhlin, 2012).

Our contributions: We instantiate these general observability notions for our prob-
lem with top 1 (kK = 1) feedback. We prove that, for some ranking measures, namely
PairwiseLoss (Duchi et al., 2010), DCG and Precision@n (Liu et al., 2007), global observ-
ability holds. This immediately shows that the upper bound on regret scales as O(T 2/ 3).
Specifically for PairwiseLoss and DCG, we further prove that local observability fails, when
restricted to the top 1 feedback case, illustrating that their minimaz regret scales as ©(T%/3).
However, the generic algorithm that enjoys O(TQ/ 3) regret for globally observable games
necessarily maintains explicit weights on each action in learner’s action set. It is impracti-
cal in our case to do so, since the learner’s action set is the exponentially large set of m/!
rankings over m objects. We propose a generic algorithm for learning with top k feedback,
which uses blocking and a black-box full information algorithm. Specifically, we instanti-
ate the black box algorithm with Follow The Perturbed Leader (FTPL) strategy, which
leads to an efficient algorithm achieving O(T 2/ 3) regret bound for PairwiseLoss, DCG and
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Precision@n, with O(mlogm) time spent per step. Moreover, the regret of our efficient
algorithm has a logarithmic dependence on number of learner’s actions (i.e., polynomial
dependence on m), whereas the generic algorithm has a linear dependence on number of
actions (i.e., exponential dependence on m).

For several measures, their normalized versions are also considered. For example, the
normalized versions of PairwiseLoss, DCG and Precision@n are called AUC (Cortes and
Mohri, 2004), NDCG (Jarvelin and Kekéldinen, 2002) and AP respectively. We show an
unexpected result for the normalized versions: they do not admit sub-linear regret algo-
rithms with top 1 feedback. This is despite the fact that the opposite is true for their
unnormalized counterparts. Intuitively, the normalization makes it hard to construct an
unbiased estimator of the (unobserved) relevance vectors. We are able to translate this
intuitive hurdle into a provable impossibility.

We also present some preliminary experiments on simulated data sets to explore the
performance of our efficient algorithm and compare its regret to its full information coun-
terpart.

1.2 Contextual Setting

The requirement of having a fixed set of items to rank, in the first part of our work,
somewhat limits practical applicability. In fact, in the classic multi-armed bandit problem,
while non-contextual bandits have received a lot of attention, the authors Langford and
Zhang (2008) mention that “settings with no context information are rare in practice”.
The second part of our work introduces context, by combining query-level ranking with the
explicit but restricted feedback model. At each round, the adversary generates a document
list of length m, pertaining to a query. The learner sees the list and produces a real valued
score vector to rank the documents. We assume that the ranking is generated by sorting
the score vector in descending order of its entries. The adversary then generates a relevance
vector but, like in the non-contextual setting, the learner gets to see the relevance of only the
top k items of the ranked list. The learner’s loss in each round, based on the learner’s score
vector and the full relevance vector, is measured by some continuous ranking surrogates.
We focus on continuous surrogates, e.g., the cross entropy surrogate in ListNet (Cao et al.,
2007) and hinge surrogate in RankSVM (Joachims, 2002), instead of discontinuous ranking
measures like DCG, or AP, because the latter lead to intractable optimization problems in
the query-documents setting. Just like in the non-contextual setting, we note that the top
k feedback model is neither full feedback nor bandit feedback models. The problem is an
instance of partial monitoring, extended to a setting with side information (documents list)
and an infinite set of learner’s moves (all real valued score vectors). For such an extension
of partial monitoring there exists no generic theoretical or algorithmic framework to the
best of our knowledge.

Our contributions: In this setting, first, we propose a general, efficient algorithm
for online learning to rank with top k feedback and show that it works in conjunction
with a number of ranking surrogates. We characterize the minimum feedback required,
i.e., the value of k, for the algorithm to work with a particular surrogate by formally
relating the feedback mechanism with the structure of the surrogates. We then apply our
general techniques to three convex ranking surrogates and one non-convex surrogate. The
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convex surrogates considered are from three major learning to ranking methods: squared
loss from a pointwise method (Cossock and Zhang, 2008), hinge loss used in the pairwise
RankSVM (Joachims, 2002) method, and (modified) cross-entropy surrogate used in the
listwise ListNet (Cao et al., 2007) method. The non-convex surrogate considered is the
SmoothDCG surrogate (Chapelle and Wu, 2010). For the three convex surrogates, we
establish an O(T%/3) regret bound.

The convex surrogates we mentioned above are widely used but are known to fail to be
calibrated with respect to NDCG (Ravikumar et al., 2011). Our second contribution is to
show that for the entire class of NDCG calibrated surrogates, no online algorithm can have
sub-linear (in 7') regret with top 1 feedback, i.e., the minimax regret of an online game
for any NDCG calibrated surrogate is (7). The proof for this result relies on exploiting
a connection between the construction of optimal adversary strategies for hopeless finite
action partial monitoring games (Piccolboni and Schindelhauer, 2001) and the structure of
NDCG calibrated surrogates. We only focus on NDCG calibrated surrogates for the impos-
sibility results since no (convex) surrogate can be calibrated for AP and ERR (Calauzenes
et al., 2012). This impossibility result is the first of its kind for a natural partial monitoring
problem with side information when the learner’s action space is infinite. Note, however,
that there does exist work on partial monitoring problems with continuous learner actions,
but without side information (Kleinberg and Leighton, 2003; Cesa-Bianchi et al., 2006), and
vice versa (Bartok and Szepesvari, 2012; Gentile and Orabona, 2014).

We apply our algorithms on benchmark ranking data sets, demonstrating the ability to
efficiently learn a ranking function in an online fashion, from highly restricted feedback.

The rest of the paper is divided into the following sections. Section 2 and its sub-
sections detail the notations, definitions and technicalities associated with online ranking
with restricted feedback in the non-contextual setting. Section 3 and its subsections detail
the notations, definitions and technicalities associated with online ranking with restricted
feedback in the contextual setting. Section 4 demonstrates the performance of our algo-
rithms on simulated and commercial data sets. Section 5 discusses open questions and
future directions of research.

2. Online Ranking with Restricted Feedback- Non Contextual Setting

All proofs not in main text are in Appendix A.

2.1 Notation and Preliminaries

The fixed m items to be ranked are numbered {1,2,...,m}. A permutation o gives a
mapping from ranks to items and its inverse 0! gives a mapping from items to ranks.
Thus, 0~1(i) = j means item i is placed at position j while o(i) = j means item j is
placed at position i. The supervision is in form of a relevance vector R = {0,1,...,n}™,
representing relevance of each document to the query. If n = 1, the relevance vector is
binary graded. For n > 1, relevance vector is multi-graded. R(i) denotes ith component
of R, i.e., relevance of item 4. The subscript t is exclusively used to denote time t. We
denote {1,...,n} by [n]. The learner can choose from m! actions (permutations) whereas
nature/adversary can choose from (n 4 1)" outcomes (when there are n relevance levels,
n > 1). We sometimes refer to the learner’s ith action (in some fixed ordering of m! available
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actions) as o; (resp. adversary’s ith action as R;). Note that o; ' simply means that we
are viewing permutation o; as mapping from items to ranks. Also, a vector can be row or
column vector depending on context.

At round ¢, the learner outputs a permutation (ranking) o; of the objects (possibly
using some internal randomization, based on feedback history so far), and simultaneously,
adversary generates relevance vector R;. The quality of o, is judged against R; by some
ranking measure RL. Crucially, only the relevance of the top k ranked objects are revealed
to the learner at end of round t. Thus, the learner gets to know neither R; (full information
problem) nor RL(oy, Rt) (bandit problem). The objective of the learner is to minimize the
expected regret with respect to best permutation in hindsight:

T
Z RL(O’t, Rt)

t=1

Eoy,.oor

T
~ min > RL(o,Ry). (1)
t=1

When RL is a gain, not loss, we need to negate the quantity above. The worst-case regret
of a learner strategy is its maximal regret over all possible choices of Rj,...,Rp. The
minimax regret is the minimal worst-case regret over all learner strategies.

2.2 Ranking Measures

We consider ranking measures which can be expressed in the form f(o) - R, where the
function f : R™ — R™ is composed of m copies of a univariate, monotonic, scalar val-
ued function. Thus, f(o) = [f*(c=1(1)), f5(c71(2)),..., f*(c~1(m))], where f*: R — R.
Monotonic (increasing) means f*(c=1(i)) > f*(o~1(j)), whenever o~1(i) > o=1(j). Mono-
tonic (decreasing) is defined similarly. The following popular ranking measures can be
expressed in the form f(o) - R.

PairwiseLoss & SumLoss: PairwiselLoss is restricted to binary relevance vectors and
defined as:

PL(o,R) =) > I(c7'(i) <o ' (j))I(R(i) < R(j))
i=1 j=1
PairwiseLoss cannot be directly expressed in the form of f(o) - R. Instead, we consider

SumLoss, defined as:

SumLoss(o, R) = Za_l(i) R(7)
i=1
SumLoss has the form f(o)- R, where f(o) = o1, It has been shown by Ailon (2014) that
regret under the two measures are equal:

T T T T
Z PL(oy, Ry) — Z PL(o,R;) = Z SumLoss(o¢, Ry) — Z SumLoss(o, Ry).  (2)
t=1 t=1 t=1 t=1

Discounted Cumulative Gain: DCG is a gain function which admits non-binary
relevance vectors and is defined as:

DCG(o, R - 2
(0, )_;logz(l—f—a_l(i))
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and becomes Y ", % for R(i) € {0,1}. Thus, for binary relevance, DCG (o, R)

_ 1 1 1
has the form f(o)- R, where f(o) = [10g2(1+0'_1(1))’ oa; (50 =T@) " log2(1+a_1(m))}'
Precision@n Gain: Precision@n is a gain function restricted to binary relevance and
is defined as

Precision@n(o, R) = Z I(c7(i) < n) R(i)
i=1

Precision@n can be written as f(o) - R where f(o) = [I(c7(1) < n),...,I(c7(m) < n)].
It should be noted that for n = k (i.e., when feedback is on top n items), feedback is actually
the same as full information feedback, for which efficient algorithms already exist (Kalai
and Vempala, 2005).

Normalized measures are not of the form f(o)-R: PairwiseLoss, DCG and
Precision@n are unnormalized versions of popular ranking measures, namely, Area Under
Curve (AUC), Normalized Discounted Cumulative Gain (NDCG) and Average Precision
(AP) respectively. None of these can be expressed in the form f(o) - R.

NDCG: NDCG is a gain function, admits non-binary relevance and is defined as:

2R _ 1

NDCG(o,R) = Z(lR) >

m R(i . m R(i) _
and becomes ﬁ Doy m for R(i) € {0, 1}. Here Z(R) = max doiny m
is the normalizing factor (Z(R) = max) ., % for binary relevance). It can be
clearly seen that NDCG(o, R) = f(0)-g(R), where f(o) is same as in DCG but g(R) = %
is non-linear in R.
AP: Average Precision is a gain function, restricted to binary relevance and is defined

W S I(R(e() = 1)

AP(0,R) = ”]%HI ; i<i i I(R(o(i) = 1))

It can be clearly seen that AP cannot be expressed in the form f(o) - R.
AUC: AUC is a loss function, restricted to binary relevance and is defined as:

AUC(0, R) = N(IR) 3o I < 0T GNIRG) < R(G)

where N(R) = (3.7 I(R(i) = 1)) - (m — >, I(R(i) = 1)). It can be clearly seen that
AUC cannot be expressed in the form f(o) - R.
Note: We will develop our subsequent theory and algorithms for binary valued relevance

vectors, and show how they can be extended to multi-graded vectors when ranking measure
is DCG/NDCG.

2.3 Relevant Definitions from Partial Monitoring

We develop all results in context of SumLoss, with binary relevance vector. We then extend
the results to other ranking measures. Our main results on regret bounds build on some
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Table 1: Loss matrix L for m = 3
ObjeCtS R1 R2 R3 R4 R5 RG R7 Rg

123 000 001 010 011 100 101 110 111
op0=123 0 3 2 5 1 4 3 6

op=132 0 2 3 5 1 3 4 6
o3=213 0 3 1 4 2 5 3 6
oy=231 0 1 3 4 2 3 5 6
os=312 0 2 1 3 3 5 4 6
og=321 0 1 2 3 3 4 5 6

Table 2: Feedback matrix H for m =3
Objects Ry Res Rs Ry Rs; Rg R7 Rg

123 000 001 010 011 100 101 110 111
o0=123 0 0 O O 1 1 1 1

ocp=132 0 0 O O 1 1 1 1
o3=213 0 0 1 1 O 0 1 1
ob=231 0 1 0 1 O 1 0 1
os=312 0 0O 1 1 O 0 1 1
og=321 0 1 O 1 O 1 0 1

of the theory for abstract partial monitoring games developed by Bartok et al. (2014) and
Foster and Rakhlin (2012). For ease of understanding, we reproduce the relevant notations
and definitions in context of SumLoss. We will specifically mention when we derive results
for top k feedback, with general k, and when we restrict to top 1 feedback.

Loss and Feedback Matrices: The online learning game with the SumLoss measure
and top 1 feedback can be expressed in form of a pair of loss matriz and feedback matriz.
The loss matriz L is an m! x 2™ dimensional matrix, with rows indicating the learner’s
actions (permutations) and columns representing adversary’s actions (relevance vectors).
The entry in cell (i,j) of L indicates loss suffered when learner plays action i (i.e., ;)
and adversary plays action j (i.e., R;), that is, L; ; = 0;1 ‘R =31, O';l(ki)Rj(k‘). The
feedback matriz H has same dimension as loss matriz, with (i, j) entry being the relevance
of top ranked object, i.e., H; j = Rj(0;(1)). When the learner plays action o; and adversary
plays action R;, the true loss is L; ;j, while the feedback received is H; ;.

Table 1 and 2 illustrate the matrices, with number of objects m = 3. In both the tables,
the permutations indicate rank of each object and relevance vector indicates relevance of
each object. For example, o5 = 312 means object 1 is ranked 3, object 2 is ranked 1 and
object 3 is ranked 2. R5 = 100 means object 1 has relevance level 1 and other two objects
have relevance level 0. Also, Ly = 03 - Ry = 3o 05 ({)Ra(i) =2-04+1-1+3-1=4;
H3 4 = R4(03(1)) = R4(2) = 1. Other entries are computed similarly.
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Let ¢; € R?" denote row i of L. Let A be the probability simplex in R?", ie., A =
{peR¥:V1<i<2™ p; >0, Y p; =1}. The following definitions, given for abstract
problems by Bartok et al. (2014), has been refined to fit our problem context.

Definition 1: Learner action ¢ is called optimal under distribution p € A, if £;-p < ¢;-p,
for all other learner actions 1 < j < ml!, j # i. For every action i € [m!], probability cell of
i is defined as C; = {p € A : action i is optimal under p}. If a non-empty cell C; is 2™ — 1
dimensional (i.e, elements in C; are defined by only 1 equality constraint), then associated
action ¢ is called Pareto-optimal.

Note that since entries in H are relevance levels of objects, there can be maximum of 2
distinct elements in each row of H, i.e., 0 or 1 (assuming binary relevance).

Definition 2: The signal matrixz S;, associated with learner’s action o;, is a matrix
with 2 rows and 2™ columns, with each entry 0 or 1, i.e., S; € {0,1}2*2™. The entries of
(th column of S; are respectively: (S;)1, = I(H;¢ =0) and (Sj)2, = [(H;i¢ = 1).

Note that by definitions of signal and feedback matrices, the 2nd row of S; (2nd column
of ;1)) is precisely the ith row of H. The 1st row of S; (1st column of S;")) is the (boolean)
complement of ith row of H.

2.4 Minimax Regret for SumLoss

The minimax regret for SumLoss, restricted to top 1 feedback, will be established by showing
that: a) SumLoss satisfies global observability, and b) it does not satisfy local observability.

2.4.1 GLOBAL OBSERVABILITY

Definition 3: The condition of global observability holds, w.r.t. loss matrix L and feed-
back matrix H, if for every pair of learner’s actions {o;,0;}, it is true that ¢; — ¢; €
@ke[ml]Col(S,;r), where Col refers to column space (i.e., the vector difference belongs in the
column span).

The global observability condition states that the (vector) loss difference between any
pair of learner’s actions has to belong to the vector space spanned by columns of (transposed)
signal matrices corresponding to all possible learner’s actions. We derive the following
theorem on global observability for SumLoss.

Theorem 1. The global observability condition, as per Definition 3, holds w.r.t. loss matriz
L and feedback matriz H defined for SumlLoss, for any m > 1.

Proof. For any o, (learner’s action) and R} (adversary’s action), we have (please see the
end of the proof for explanation of notations and equalities):

m m
Lap=0,' Ry=) 0, ()R Z; Ry(04(j Z] Ry(G 310y (1)) = Zj(sT(a))Rb,.
i=1 Jj=1
Thus, we have
ga = [LalaLa27--~ La2m] =
m m 4 m
[Z ](a) VR1 2 Z] ](a) )R2,2: ..,Zj (S;;(a))Rgm,z] = Z (STM)) (:,2 indicates 2nd column).
j=1 j=1 j=1
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Equality 4 shows that ¢, is in the column span of m of the m! possible (transposed)
signal matrices, specifically in the span of the 2nd columns of those (transposed) m ma-
trices. Hence, for all actions o, it holds that ¢, € @ke[mg]C’ol(SkT). This implies that
by — by € @ke[m!]Col(S,;r), Y 04, 0p.

1. Equality 1 holds because o, (i) = j = i = 0,(j).
2. Equality 2 holds because of the following reason. For any permutation o, and for
every j € [m], 3 a permutation 0j(a), S-t. the object which is assigned rank j by o, is the

same object assigned rank 1 by G;(4), i-€., 0a(j) = Gj(a)(1)-

3. In Equality 3, (S;,1 )r,,2 indicates the Ryth row and 2nd column of (transposed) sig-
i(a)
nal matrix Sz, corresponding to learner action &;(,). Equality 3 holds because Ry(6(a)(1))
is the entry in the row corresponding to action ¢;(,) and column corresponding to action
Ry of H (see Definition 2).

4. Equality 4 holds from the observation that for a particular j, [(S;;(a) VR1 2 (S;—j(a) VR2,25 - - -

)Rym 2] forms the 2nd column of (S;—j(a)), ie, (S5 ). O

ST
( Oj(a) Oj(a)

2.4.2 LocAL OBSERVABILITY

Definition 4: Two Pareto-optimal (learner’s) actions i and j are called neighboring actions
if C;NCjis a (2™ — 2) dimensional polytope (where C; is probability cell of action ;).
The neighborhood action set of two neighboring (learner’s) actions 7 and j is defined as
N:] = {k € [m'] :C; N Cj - Ck}

Definition 5: A pair of neighboring (learner’s) actions ¢ and j is said to be locally
observable if {; — {; € @, Ny, Col(S)). The condition of local observability holds if every

pair of neighboring (learner’s) actions is locally observable.

We now show that local observability condition fails for L, H under SumLoss. First,
we present the following two lemmas characterizing Pareto-optimal actions and neighboring
actions for SumLoss.

Lemma 2. For SumLoss, each of learner’s action o; is Pareto-optimal, where Pareto-
optimality has been defined in Definition 1.

Proof. For any p € A, we have ¢;-p = 2321 pj (071 Rj) =0, " (21211 piR;) = o, ' E[R],
where the expectation is taken w.r.t. p. [;-p is minimized when ranking of objects according
to 0; and expected relevance of objects are in opposite order. That is, the object with highest
expected relevance is ranked 1 and so on. Formally, /; - p is minimized when E[R(o;(1))] >
E[R(0(2))] > ... > E[R(0:(m))] )

Thus, for action o;, probability cell is defined as C; = {p € A : Z?Zl pj =1, E[R(0;(1))] >
E[R(04(2))] > ... > E[R(0;(m))]}. Note that, p € C; iff action i is optimal w.r.t. p. Since
C; is obviously non-empty and it has only 1 equality constraint (hence 2" — 1 dimensional),
action ¢ is Pareto optimal.

The above holds true for all learner’s actions o;. ]

Lemma 3. A pair of learner’s actions {o;, o} is a neighboring actions pair, if there is
exactly one pair of objects, numbered {a, b}, whose positions differ in o; and oj. Moreover,
a needs to be placed just before b in o; and b needs to placed just before a in o;.

10
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Proof. From Lemma 2, we know that every one of learner’s actions is Pareto-optimal and
C;, associated with action o;, has structure C; = {p € A : 2321 p; = 1, E[R(0i(1))] >
E[R(0:(2))] > ... > E[R(a:(m))]}.

Let oi(k) = a, oi(k+ 1) = b. Let it also be true that o;(k) = b, o;(k+1) = a and
oi(n) = oj(n), Vn # {k, k+ 1}. Thus, objects in {0;,0;} are same in all places except in
a pair of consecutive places where the objects are interchanged.

Then, C;NC; = {p € A: 37" p;j =1, E[R(0y(1)] > ... > E[R(0i(k)] = E[R(ci(k +
1)] > ... > E[R(o;(m)]}. Hence, there are two equalities in the non-empty set C; N C;
and it is an (2™ — 2) dimensional polytope. Hence condition of Definition 4 holds true and
{0;,0;} are neighboring actions pair.

O

Lemma 2 and 3 are used to establish the following result:

Theorem 4. The local observability condition, as per Definition 5, fails w.r.t. loss matriz
L and feedback matriz H defined for SumlLoss, already at m = 3.

Proof. We will explicitly show that local observability condition fails by considering the
case when number of objects is m = 3. Specifically, action pair {o1, o2}, in Table 1 are
neighboring actions, using Lemma 3 . Now every other action {03, 04, 05,06} either places
object 2 at top or object 3 at top. It is obvious that the set of probabilities for which
E[R(1)] > E[R(2)] = E[R(3)] cannot be a subset of any Cs5,Cy, C5,Cs. From Def. 4, the
neighborhood action set of actions {01,092} is precisely o1 and o9 and contains no other
actions. By definition of signal matrices S;,, S, and entries ¢;, f2 in Table 1 and 2, we
have,

11 11
0 000

bhb—l=[01 -1 001 -1 0].

000 0
So1 = 50y = 111 1

3)

It is clear that ¢; — {5 ¢ Col(S,,). Hence, Definition 5 fails to hold. O

2.5 Minimax Regret Bound

We establish the minimax regret for SumLoss by combining results on global and local
observability. First, we get a lower bound by combining our Theorem 4 with Theorem 4 of
Bartok et al. (2014).

Corollary 5. Consider the online game for SumLoss with top-1 feedback and m = 3. Then,
for every learner’s algorithm, there is an adversary strategy gemerating relevance vectors,
such that the expected regret of the learner is Q(T?/3).

The fact that the game is globally observable ( Theorem 1), combined with Theorem
3.1 in Cesa-Bianchi et al. (2006), gives an algorithm (inspired by the algorithm originally
given in Piccolboni and Schindelhauer (2001)) obtaining O(T%/3) regret.

Corollary 6. The algorithm in Figure 1 of Cesa-Bianchi et al. (2006) achieves O(T?/3)
regret bound for SumlLoss.

11
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However, the algorithm in Cesa-Bianchi et al. (2006) is intractable in our setting since
the algorithm necessarily enumerates all the actions of the learner in each round, which is
exponential in m in our case (m! to be exact). Moreover, the regret bound of the algorithm
also has a linear dependence on the number of actions, which renders the bound useless.

Discussion: The results above establish that the minimax regret for SumLoss, restricted
to top-1 feedback, is ©(T?/3). Theorem 4 of Bartok et al. (2014) says the following: A partial
monitoring game which is both globally and locally observable has minimax regret @(Tl/ 3,
while a game which is globally observable but not locally observable has minimax regret
o(T 2/ 3). In Theorem 1, we proved global observability, when feedback is restricted to
relevance of top ranked item. The global observability result automatically extends to
feedback on top k items, for £ > 1. This is because for top k feedback, with k > 1, the
learner receives strictly greater information at end of each round than top 1 feedback (for
example, the learner can just throw away relevance feedback on items ranked 2nd onwards).
So, with top k feedback, for general k, the game will remain at least globally observable.
In fact, our algorithm in the next section will achieve O(T?/3) regret bound for SumLoss
with top k feedback, k > 1. However, the same is not true for failure of local observability.
Feedback on more than top ranked item can make the game strictly easier for the learner
and may make local observability condition hold, for some k > 1. In fact, for £ = m (full
feedback), the game will be a simple full information game (disregarding computational
complexity), and hence locally observable.

2.6 Algorithm for Obtaining Minimax Regret under SumLoss with Top k
Feedback

We first provide a general algorithmic framework for getting an O(T2/ 3) regret bound for
SumLoss, with feedback on top k ranked items per round, for £ > 1. We then instantiate
a specific algorithm, which spends O(mlogm) time per round (thus, highly efficient) and
obtains a regret of rate O(poly(m) T?/3).

2.6.1 GENERAL ALGORITHMIC FRAMEWORK

Our algorithm combines blocking with a randomized full information algorithm. We first
divide time horizon T into blocks (referred to as blocking). Within each block, we allot
a small number of rounds for pure exploration, which allows us to estimate the average of
the full relevance vectors generated by the adversary in that block. The estimated average
vector is cumulated over blocks and then fed to a full information algorithm for the next
block. The randomized full information algorithm exzploits the information received at the
beginning of the block to maintain distribution over permutations (learner’s actions). In
each round in the new block, actions are chosen according to the distribution and presented
to the user.

The key property of the randomized full information algorithm is this: the algorithm
should have an expected regret rate of O(C VT ), where the regret is the difference between
cumulative loss of the algorithm and cumulative loss of best action in hindsight, over T
rounds, and C' is a parameter specific to the full information algorithm.

12
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Our algorithm is motivated by the reduction from bandit-feedback to full feedback
scheme given in Blum and Mansour (2007). However, the reduction cannot be directly
applied to our problem, because we are not in the bandit setting and hence do not know
loss of any action. Further, the algorithm of Blum and Mansour (2007) necessarily spends
N rounds per block to try out each of the N available actions — this is impractical in our
setting since N = m/!.

Algorithm 1 describes our approach. A key aspect is the formation of estimate of average
relevance vector of a block (line 16), for which we have the following lemma:

Lemma 7. Let the average of (full) relevance vectors over the time period {1,2,...,t} be
R

denoted as RS'?, that is, R{% = >! | Tn € R™. Let {i1,49,...,irm/k)} be [m/k] arbitrary

time points, chosen uniformly at random, without replacement, from {1,...,t}. At time

point ij, only k distinct components of relevance vector R, i.e., {Ri (k- (j—1)+1), R;; (k-
(G—1)+2),....Ri;(k-j)}, become known, Vj € {1,...,[m/k|} (for j = [m/k], there
might be less tha,nA k components available). Then the vector formed from the m revealed
components, i.e. Ry = [Ri;(k-(j —1)+1),Ri;(k- (G —1)+2),...,Ri;(k-)]j=1,2,....[m/k]}

is an unbiased estimator of R{’.

Proof. We can write Ry = Z]@{k] z]gle Ri;(k-(j — 1) + £)eg.(j—1)+e, where e; is the m
dimensional standard basis vector along coordinate j. Then, taking expectation over the
randomly chosen time points, we have: E;, ;.. (Ry) = Z“:n{k] E;; [25:1 Ry (k-(j—1)+

J
m R
g)ek-(jfl)Jré] = Zj:l 2521 22:1

n(k (5 —1) + O)ep.(j—1)4e
t
Suppose we have a full information algorithm whose regret in 7" rounds is upper bounded
by CVT for some constant C' and let C! be the maximum loss that the learner can suffer
in a round. Note that C! depends on the loss used and on the range of the relevance scores.
We have the following regret bound, obtained from application of Algorithm 1 on SumLoss
with top k£ feedback.

— R, O

Theorem 8. Let C,C! be the constants defined above. The expected regret under SumLoss,
obtained by applying Algorithm 1, with relevance feedback on top k ranked items per round
(k > 1), and the expectation being taken over randomized learner’s actions oy, is

T
E Z SumLoss(ot, Ry)

t=1

VK

T
- minz SumLoss(o, Ry) < C1[m/k|K + Ci. (4)
t=1

Optimizing over block size K, the final regret bound is:

T
Z SumLoss(o, Ry)
t=1

T

E - minZSumLoss(at,Rt) < 2(CHY3C?3Tm k) 1/32/3, (5)
t=1

2.6.2 COMPUTATIONALLY EFFICIENT ALGORITHM WITH FTPL

We instantiate our general algorithm with Follow The Perturbed Leader (FTPL) full infor-
mation algorithm (Kalai and Vempala, 2005). The following choices need to be made in
Algorithm 1 to implement FTPL as the full information algorithm:

13
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Algorithm 1 RankingwithTop-kFeedback(RTop-kF)- Non Contextual

1: T = Time horizon, K = No. of (equal sized) blocks, FI= randomized full information algorithm.

2: Time horizon divided into equal sized blocks {Bjy,..., Bx}, where B; = {(i — 1)(T/K)+1,...,i(T/K)}.
3: Initialize 59 = 0 € R™. Initialize any other parameter specific to FI.

4: Fori:=1,....K

5: Select [m/k] time points {i1, ..., k1 } from block B;, uniformly at random, without replacement.
6: Divide the m items into [m/k] cells, with k distinct items in each cell.!

7 For t € B;

8: IftZijE{il,...J[m/k]}

9: Exploration round:

10: Output any permutation o; which places items of jth cell in top k positions (in any order).
11: Receive feedback as relevance of top k items of oy (i.e., items of jth cell).

12: Else

13: Exploitation round:

14: Feed §;_1 to the randomized full information algorithm FI and output o; according to FI.
15: end for

16: Set R; € R™ as vector of relevances of the m items collected during exploration rounds.

17: Update éz = §i71 + Rl

18: end for

Initialization of parameters: In line 3 of the algorithm, the parameter specific to
FTPL is randomization parameter € € R.

Exploitation round: oy, during exploitation, is sampled by FTPL as follows: sample
pt € [0,1/€]™ from the product of uniform distribution in each dimension. Output permu-

tation oy = M (8;_1 + p) where M(y) = argmin o~ - 4.
o

Discussion: The key reason for using FTPL as the full information algorithm is that the
structure of our problem allows the permutation oy to be chosen during exploitation round
via a simple sorting operation on m objects. This leads to an easily implementable algorithm
which spends only O(mlogm) time per round (sorting is in fact the most expensive step in
the algorithm). The reason that the simple sorting operation does the trick is the following:
FTPL only implicitly maintains a distribution over m! actions (permutations) at beginning
of each round. Instead of having an explicit probability distribution over each action and
sampling from it, FTPL mimics sampling from a distribution over actions by randomly
perturbing the information vector received so far (say $;—1 in block B;) and then sorting
the items by perturbed score. The random perturbation puts an implicit weight on each
of the m! actions and sorting is basically sampling according to the weights. This is an
advantage over general full information algorithms based on exponential weights, which
maintain explicit weight on actions and samples from it. We also note that we are using
FTPL with uniform distribution over a hypercube as our perturbation distribution. Other
choices, such as the Gaussian distribution, can lead to slightly better dependence on the
dimension m (see the discussion following the proof of Corollary 9 in the appendix). Our
bounds, therefore, do not necessarily yield the optimal dependence on m.

'For example, assume m = 7 and k = 2. Then place items (1,2) in cell 1, items (3,4) in cell 2, items
(5,6) in cell 3 and item 7 in cell 4.
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We have the following corollary:

Corollary 9. The expected regret of SumLoss, obtained by applying Algorithm 1, with FTPL
full information algorithm and feedback on top k ranked items at end of each round (k > 1),

1/3772/3
and K = O m T ,e=0(42
[m/k]*/?

T
E [Z SumLoss(oy, Ry)

t=1

T
— min Z SumLoss(oy, Ry) < O(m™3[m/k] L/372/3), (6)
=1

where O(+) hides some numeric constants.

m8/372/3
Assuming that [m/k| ~ m/k, the regret rate in Corollary 9 is O s

2.7 Regret Bounds for PairwiseLoss, DCG and Precision@n

PairwiseLoss: As we saw in Eq. 2, the regret of SumLoss is same as regret of PairwiseLoss.
Thus, SumLoss in Corollary 9 can be replaced by PairwiseLoss to get exactly same result.

DCG: All the results of SumLoss can be extended to DCG (see Appendix A). Moreover,
the results can be extended even for multi-graded relevance vectors. Thus, the minimax
regret under DCG, restricted to feedback on top ranked item, even when the adversary can
play multi-graded relevance vectors, is ©(72%/3).

The main differences between SumLoss and DCG are the following. The former is a
loss function; the latter is a gain function. Also, for DCG, f(o) # o~ ! (see definition in
Sec.2.2 ) and when relevance is multi-graded, DCG cannot be expressed as f(o) - R, as
clear from definition. Nevertheless, DCG can be expressed as f(o) - g(R), , where g(R) =
[9°(R(1)),g°(R(2)),...,g°(R(m))], ¢°(i) = 2! —1 is constructed from univariate, monotonic,
scalar valued functions (¢g(R) = R for binary graded relevance vectors). Thus, Algorithm 1
can be applied (with slight variation), with FTPL full information algorithm and top k
feedback, to achieve regret of O(TQ/ 3) 2. The slight variation is that during exploration
rounds, when relevance feedback is collected to form the estimator at end of the block, the
relevances should be transformed by function ¢*(-).. The estimate is then constructed in
the transformed space and fed to the full information algorithm. In the exploitation round,
the selection of o; remains exactly same as in SumLoss, i.e., oy = M(8;—1 + p;) where

M (y) = argmin o~! - y. This is because argmax f(o) -y = argmin o~ ! - y, by definition of
g g g
f(o) in DCG.
Let relevance vectors chosen by adversary have n+ 1 grades, i.e., R € {0,1,...,n}™. In

practice, n is almost always less than 5. We have the following corollary:

Corollary 10. The expected regret of DCG, obtained by applying Algorithm 1, with FTPL
full information algorithm and feedback on top k ranked items at end of each round (k > 1),

2Note that there is no problem in applying Lemma 7 to DCG. This is because we are trying to estimate
22:1 @, which can be estimated by considering the relevance feedbacks themselves transformed by g(-)
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maXZDCG o1 Ry) — ZDCG on, R | < 0(2" = D)m*3[m/k1Y3T*3). (1)

(2n _ 1)m5/3T2/3
k1/3
Precision@n: Since Precision@n = f(o) - R, the global observability property of SumLoss
can be easily extended to it and Algorithm 1 can be applied, with FTPL full information
algorithm and top k feedback, to achieve regret of O(T%/3). In the exploitation round,
the selection of o, remains exactly same as in SumLoss, i.e., oy = M(8;—1 + p;) where

M(y) = argmin o~ ! - .

Assuming that [m/k]| ~ m/k, the regret rate in Corollary 10 is O

Hovvevef, the local observability property of SumLoss does not extend to Precision@n.
The reason is that while f(-) of SumLoss is strictly monotonic, f(-) of Precision@n is
monotonic but not strict. Precision@n depends only on the objects in the top n positions
of the ranked list, irrespective of the order. A careful review shows that Lemma 3 fails
to extend to the case of Precision@n, due to lack of strict monotonicity. Thus, we cannot
define the neighboring action set of the Pareto optimal action pairs, and hence cannot prove
or disprove local observability.

We have the following corollary:

Corollary 11. The expected regret of Precision@n, obtained by applying Algorithm 1, with
FTPL full information algorithm and feedback on top k ranked items at end of each round

1/372/3
(k>1), and K = O (mT)} :O(ﬁ), is

[m/k]*/*

< O(n m3[m/K)V3T2/3).

(8)

maxg Precision@n(oy, Ry) —
t=1

Z Precision@n(o, Ry)
t=1

n m2/3T2/3
Assuming that [m/k]| ~ m/k, the regret rate in Corollary 11 is O s

2.8 Non-Existence of Sublinear Regret Bounds for NDCG, AP and AUC

As stated in Sec. 2.2, NDCG, AP and AUC are normalized versions of measures DCG,
Precision@n and PairwiseLoss. We have the following lemma for all these normalized rank-
ing measures.

Lemma 12. The global observability condition, as per Definition 1, fails for NDCG, AP
and AUC, when feedback is restricted to top ranked item.

Combining the above lemma with Theorem 2 of Bartok et al. (2014), we conclude
that there cannot exist any algorithm which has sub-linear regret for any of the following
measures: NDCG, AP or AUC, when restricted to top 1 feedback.
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Theorem 13. There exists an online game, for NDCG with top-1 feedback, such that for
every learner’s algorithm, there is an adversary strategy generating relevance vectors, such

that the expected regret of the learner is Q(T'). Furthermore, the same lower bound holds if
NDCG is replaced by AP or AUC.

3. Online Ranking with Restricted Feedback- Contextual Setting

All proofs not in the main text are in Appendix B.

3.1 Problem Setting and Learning to Rank Algorithm

First, we introduce some additional notations to Section 2.1. In the contextual setting, each
query and associated items (documents) are represented jointly as a feature matrix. Each
feature matrix, X € R™*¢, consists of a list of m documents, each represented as a feature
vector in R?. The feature matrices are considered side-information (context) and represents
varying items, as opposed to the fixed set of items in the first part of our work. X;. denotes
ith row of X. We assume feature vectors representing documents are bounded by Rp in ¢
norm. The relevance vectors are same as before.

As per traditional learning to rank setting with query-document matrices, documents are
ranked by a ranking function. The prevalent technique is to represent a ranking function as
a scoring function and get ranking by sorting scores in descending order. A linear scoring
function produces score vector as f,(X) = Xw = s¥ € R™, with w € R? Here, s“(i)
represents score of ith document (s* points to score s being generated by using parameter
w). We assume that ranking parameter space is bounded in ¢» norm, i.e, |w|2 < U, V w.
ms = argsort(s) is the permutation induced by sorting score vector s in descending order.
As a reminder, a permutation 7 gives a mapping from ranks to documents and 7! gives a
mapping from documents to ranks.

Performance of ranking functions are judged, based on the rankings obtained from score
vectors, by ranking measures like DCG, AP and others. However, the measures themselves
are discontinuous in the score vector produced by the ranking function, leading to intractable
optimization problems. Thus, most learning to rank methods are based on minimizing
surrogate losses, which can be optimized efficiently. A surrogate ¢ takes in a score vector
s and relevance vector R and produces a real number, i.e., ¢ : R™ x {0,1,...,n}" — R.
o(+,-) is said to be convex if it is convex in its first argument, for any value of the second
argument. Ranking surrogates are designed in such a way that the ranking function learnt
by optimizing the surrogates has good performance with respect to ranking measures.

Formal problem setting: We formalize the problem as a game being played between a
learner and an adversary over T rounds. The learner’s action set is the uncountably infinite
set of score vectors in R™ and the adversary’s action set is all possible relevance vectors,
i.e.,, (n+ 1)™ possible vectors. At round ¢, the adversary generates a list of documents,
represented by a matrix X; € R™*9 pertaining to a query (the document list is considered
as side information). The learner receives Xy, produces a score vector §; € R™ and ranks the
documents by sorting according to score vector. The adversary then generates a relevance
vector R; but only reveals the relevances of top k ranked documents to the learner. The
learner uses the feedback to choose its action for the next round (updates an internal scoring
function). The learner suffers a loss as measured in terms of a surrogate ¢, i.e, ¢(5¢, Ry).
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As is standard in online learning setting, the learner’s performance is measured in terms of
its expected regret:

T
— min Z o(Xyw, Ry),

<
Juwlla<U &

T
E > 65 Ri)
=1

where the expectation is taken w.r.t. to randomization of learner’s strategy and X;w = s}’
is the score produced by the linear function parameterized by w.

Algorithm 2 Ranking with Top-k Feedback (RTop-kF)- Contextual

1: Exploration parameter 7 € (0, %), learning parameter 7 > 0, ranking parameter w; = 0 € R?
2: Fort=1toT
3: Receive X; (document list pertaining to query q)

4: Construct score vector s, = Xyw; and get permutation oy = argsort(s,”)
5: Qi(s) = (1 = )d(s — s3"*) + vUniform(]0, 1]™) (¢ is the Dirac Delta function).
6: Sample §; ~ Q; and output the ranked list 6; = argsort(5;)
(Effectively?, it means 6; is drawn from Py(0) = (1 —7)I(0 = 0y) + %)
7 Receive relevance feedback on top-k items, i.e., (R¢(5¢(1)), ..., Ri(d¢(k)))
8: Suffer loss ¢(5¢, R:) (Neither loss nor R; revealed to learner)
9: Construct Z;, an unbiased estimator of gradient V—q, ¢(Xiw, R), from top-k feedback.
10: Update w = wy — nZ;
11: wi41 = min{1, %}w (Projection onto Euclidean ball of radius U).
12: End For

Relation between feedback and structure of surrogates: Algorithm 2 is our
general algorithm for learning a ranking function, online, from partial feedback. The key
step in Algorithm 2 is the construction of the unbiased estimator z; of the surrogate gradient
Vw=w, ®(X1w, Ry). The information present for the construction process, at end of round
t, is the random score vector §; (and associated permutation ;) and relevance of top-k
items of &y, i.e., {R¢(6¢(1)),..., Re(6¢(k)}. Let E;[-] be the expectation operator w.r.t. to
randomization at round ¢, conditioned on (wy, ..., w;). Then Z; being an unbiased estimator
of gradient of surrogate, w.r.t w;, means the following: E; [Z;] = Ve, &(Xiw, R¢). We note
that conditioned on the past, the score vector s;”* = X,w; is deterministic. We start with
a general result relating feedback to the construction of unbiased estimator of a vector
valued function. Let S, be the set of m! permutations of [m]. Let P denote a probability
distribution on Sp,, ie, > ,cg P(0) = 1. For a distinct set of indices (ji,7j2,...,jk) C
[m], we denote p(ji, jo, ..., jx) as the the sum of probability of permutations whose first k
objects match objects (ji, ..., jk), in order. Formally,

PG k) = Y BOI(E(1) = i, (k) = ji)- )

WES’m

We have the following lemma relating feedback and structure of surrogates:

35, ~ st = &t ~ o0¢; otherwise J; is any other permutation.
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Lemma 14. Let F' : R™ — R be a vector valued function, where m > 1, a > 1. For
a fited x € R™, let k entries of x be observed at random. That is, for a fixed probability
distribution P and some random o ~ P(Sp), observed tuple is {0, Ty(1y;- - Tory}- A
necessary condition for existence of an unbiased estimator of F(x), that can be constructed
from {0,751y, ..., o)}, is that it should be possible to decompose F(x) over k (or less)
coordinates of x at a time. That is, F(z) should have the structure:

F(z) = Z Ry in,... i (Tiys Tigs - - - ’xie) (10)

(11,2,...,10) € ™Py

where £ < k, ™Py, is £ permutations of m and h : RY — R® (the subscripts in h are used to
denote possibly different functions in the decomposition structure). Moreover, when F(x)
can be written in form of Eq 10 , with £ = k, an unbiased estimator of F(x), based on

{Ga Lo(1)s - 7330(19)}7 is,

Z ha" by (g (xa‘ yor s Loy )
Gria, i)ESe (41)5-0 (k) \ o (51) (Jk) (11)

> ple(), .- 0(k))

(jl?"‘ijk)esk

where Sy, is the set of k! permutations of [k] and p(o(1),...,0(k)) is asin Eq 9 .

Illustrative Examples: We provide simple examples to concretely illustrate the ab-
stract functions in Lemma 14. Let F'(-) be the identity function, and x € R™. Thus, F(z) =
z and the function decomposes over k = 1 coordinate of x as follows: F(x) = Y ", xie;,

where e; € R™ is the standard basis vector along coordinate . Hence, h;(z;) = z;e;. Based
Lo (1)€o(1)

(1))’

where p(o(1)) = Y. P(m)I(w(1) = o(1)). In another example, let F : R? Hp(Rg ;)nd
TESm

r € R3. Let F(x) = [x1 + 22; 22 + x3]". Then the function decomposes over k = 1 coor-
dinate of z as F(x) = w1e; + x2(e1 + e2) + w3e2, where e; € R2. Hence, hi(z1) = z1€1,
ha(x2) = x2(e1 +e2) and hs(rs) = xses. An unbiased estimator based on top-1 feedback is:
g(a - (1)) _ ho(l)(xo(l))‘
e p(a(1))

on top-1 feedback, following is an unbiased estimator of F(z): g(o,7,1)) =

3.2 Unbiased Estimators of Gradients of Surrogates

Algorithm 2 can be implemented for any ranking surrogate as long as an unbiased estimator
of the gradient can be constructed from the random feedback. We will use techniques from
online convex optimization to obtain formal regret guarantees. We will thus construct
the unbiased estimator of four major ranking surrogates. Three of them are popular convex
surrogates, one each from the three major learning to rank methods, i.e., pointwise, pairwise
and listwise methods. The fourth one is a popular non-convexr surrogate.
Shorthand notations: We note that by chain rule, V—,, ¢(X:w, R:)= XtTVs;ut o(s)", Re),

where s;"* = Xyw;. Since X, is deterministic in our setting, we focus on unbiased estimators
of V st #(sy"", Ry) and take a matrix-vector product with X;. To reduce notational clutter
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in our derivations, we drop w from s and the subscript ¢ throughout. Thus, in our deriva-
tions, 2 = Z, X = Xy, s = s (and not §;), 0 = &; (and not o;), R = Ry, e; is standard
basis vector in R™ along coordinate i and p(-) as in Eq. 9 with P = P, where P; is the
distribution in round ¢ in Algorithm 2.

3.2.1 CONVEX SURROGATES

Pointwise Method: We will construct the unbiased estimator of the gradient of squared
loss (Cossock and Zhang, 2006): ¢s,(s, R) = ||s — R||3. The gradient Vss,(s, R) is 2(s —
R) € R™. As we have already demonstrated in the example following Lemma 14, we
can construct unbiased estimator of R from top-1 feedback ({0, R(c(1))}). Concretely, the

unbiased estimator is: - <2 <5 ~ R(o(1)esqr) >>
p(o(1)) '

Pairwise Method: We will construct the unbiased estimator of the gradient of hinge-
like surrogate in RankSVM (Joachims, 2002): @sum (s, R) = 32, 2,1 I(R(i) > R(j)) max(0, 1+
s(j) — s(i)). The gradient is given by:

m

Vebsom(s, R) =Y > I(R(i) > R(G)I(1+ 5(j) > s(i))(ej — e;) € R™.

i=1 j=Lj#i
Since s is a known quantity, from Lemma 14, we can construct F(R) as follows:

m

F(R) = Fs(R) = Z Y hsig(R(), R()), hsig(R(i), R(j)) = I(R(i) > R()I(1+s(5) > s(0))(ej—e)-

i=1 j=1,j#i

Since Fs(R) is decomposable over 2 coordinates of R at a time, we can construct an unbiased
estimator from top-2 feedback ({0, R(c(1)), R(c(2))}). The unbiased estimator is:

XT <hs,cr(1),o(2) (R(U(l))’ R(U(Q))) + hs,cr(2),o(1) (R(U(2))’ R(U(l)))>
p(o(1),0(2)) + p(o(2),0(1))
We note that the unbiased estimator was constructed from top-2 feedback. The following

lemma, in conjunction with the necessary condition of Lemma 14 shows that it is the
minimum information required to construct the unbiased estimator.

z =

Lemma 15. The gradient of RankSVM surrogate, i.e., ¢sym(S, R) cannot be decomposed
over 1 coordinate of R at a time.

Listwise Method: Convex surrogates developed for listwise methods of learning to
rank are defined over the entire score vector and relevance vector. Gradients of such surro-
gates cannot usually be decomposed over coordinates of the relevance vector. We will focus
on the cross-entropy surrogate used in the highly cited ListNet (Cao et al., 2007) ranking
algorithm and show how a very natural modification to the surrogate makes its gradient
estimable in our partial feedback setting.

The authors of the ListNet method use a cross-entropy surrogate on two probability
distributions on permutations, induced by score and relevance vector respectively. More
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formally, the surrogate is defined as follows?. Define m maps from R™ to R as: Pj(v) =

exp(v(j))/ 271, exp(v(j)) for j € [m]. Then, for score vector s and relevance vector R,

drn(s,R) = —>.1" | Pi(R)log P;(s) and Vsorn(s, R) = > ity (‘ zi’jpeﬁﬁ({}g(j)) + Ziﬁp‘s(jr()i(l)(j))) €;.

We have the following lemma about the gradient of ¢ .

Lemma 16. The gradient of ListNet surrogate ¢rn (s, R) cannot be decomposed over k, for
k =1,2, coordinates of R at a time.

In fact, an examination of the proof of the above lemma reveals that decomposability
at any k < m does not hold for the gradient of LisNet surrogate, though we only prove it
for K = 1,2 (since feedback for top k items with & > 2 does not seem practical). Due to
Lemma 14, this means that if we want to run Alg. 2 under top-k feedback, a modification
of ListNet is needed. We now make such a modification.

We first note that the cross-entropy surrogate of ListNet can be easily obtained from
a standard divergence, viz. Kullback-Liebler divergence. Let p,q € R™ be 2 probability
distributions (7, pi = 37", gi = 1). Then KL(p, ) = X0, pi log(ps) — X0, pi log(a:) —
S pi+ > i, ¢i. Taking p; = Pi(R) and ¢; = P;(s), V i € [m] (where P;(v) is as defined
in ¢rn) and noting that ¢rn(s, R) needs to be minimized w.r.t. s (thus we can ignore the
> pilog(pi) term in K L(p,q)), we get the cross entropy surrogate from KL.

Our natural modification now easily follows by considering KL divergence for un-normalized
vectors (it should be noted that KL divergence is an instance of a Bregman divergence).
Define m maps from R™ to R as: Pj(v) = exp(v(j)) for j € [m]. Now define p; = P;(R)
and g; = P/(s). Then, the modified surrogate ¢x (s, R) is:

)

3 0 log(eRD) — 3 R0 log(es) — 3 B 4 3 50,
=1 =1 =1 i=1

and > (exp(s(i)) —exp(R(i)))e; is its gradient w.r.t. s. Note that ¢xr(s, R) is non-
i=1

negative and convex in s. Equating gradient to 0 € R™, at the minimum point, s(i) =
R(i), ¥V i € [m]. Thus, the sorted order of optimal score vector agrees with sorted order of
relevance vector and it is a valid ranking surrogate.

Now, from Lemma 14, we can construct F'(R) as follows: F(R) = Fs(R) = ;" hsi(R(7)),
where hg;(R(1)) = (exp(s(i)) —exp(R(i)))e;. Since F4(R) is decomposable over 1 co-
ordinate of R at a time, we can construct an unbiased estimator from top-1 feedback
({o,R(c(1))}). The unbiased estimator is:

_xT ((exp(S(G(l))) - eXp(R(ff(l))))eau))
p(a(1))
Other Listwise Methods: As we mentioned before, most listwise convex surrogates

will not be suitable for Algorithm 2 with top-k feedback. For example, the class of popular
listwise surrogates that are developed from structured prediction perspective (Chapelle

zZ

*The ListNet paper actually defines a family of losses based on probability models for top r documents,
with » < m. We use r = 1 in our definition since that is the version implemented in their experimental
results.
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et al., 2007; Yue et al., 2007) cannot have unbiased estimator of gradients from top-k
feedback since they are based on maps from full relevance vectors to full rankings and thus
cannot be decomposed over k = 1 or 2 coordinates of R. It does not appear they have any
natural modification to make them amenable to our approach.

3.2.2 NON-CONVEX SURROGATE

We provide an example of a non-convex surrogate for which Alg. 2 is applicable (however
it will not have any regret guarantees due to non-convexity). We choose the SmoothDCG
surrogate given in (Chapelle and Wu, 2010), which has been shown to have very com-
petitive empirical performance. SmoothDCG, like ListNet, defines a family of surrogates,
based on the cut-off point of DCG (see original paper (Chapelle and Wu, 2010) for de-
tails). We consider SmoothDCG@1, which is the smooth version of DCG@Q1 (i.e., DCG
which focuses just on the top-ranked document). The surrogate is defined as: ¢sp(s, R) =

s lexp 79 Yot G(R(1)) exp(s(i)/e€), where € is a (known) smoothing parameter and
j=

G(a) = 2“ — 1. The gradient of the surrogate is:

m

[Vsosp(s, R)] = Z hsi(R(i)),

| exp(s()/0) _ epl(sli) +sG)/O),
hai(R(E)) Z 5 exp(s(7)/9) D T (S, exp(s() )

Using Lemma 14, we can write F(R) = Fy(R) = > hsi(R(i)) where hy;(R(7)) is defined
above. Since F(R) is decomposable over 1 coordinate of R at a time, we can construct an
unbiased estimator from top-1 feedback ({o, R(c(1))}), with unbiased estimator being:

- <R<a<1 ) §R 1 em(s(o(1))/0) _ ep((s(o(1) + 5(G)/d),
slo)z=X 2l ol U9 5 el

3.3 Computational Complexity of Algorithm 2

Three of the four key steps governing the complexity of Algorithm 2, i.e., construction of
5t, 6+ and sorting can all be done in O(mlog(m)) time.The only bottleneck could have been
calculations of p(d¢(1)) in squared loss, (modified) ListNet loss and SmoothDCG loss, and
p(d¢(1),0¢(2)) in RankSVM loss, since they involve sum over permutations. However, they
have a compact representation, i.e. p(cft(l)) (1 =5+ D) I(6:(1) = 0¢(1)) + E1(5¢(1) #
oi(1)) and p(d¢(1),04(2)) = (1 =~ + m(m 1))1(5t(1) = 0¢(1),6¢(2) = 0¢(2)) + ﬁ[”
I(64(1) = 04(1),64(2) = 04(2))]. The calculations follow easily due to the nature of P,
(step-6 in algorithm) which put equal weights on all permutations other than oy.

3.4 Regret Bounds

The underlying deterministic part of our algorithm is online gradient descent (OGD) (Zinke-
vich, 2003). The regret of OGD, run with unbiased estimator of gradient of a convex
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function, as given in Theorem 3.1 of (Flaxman et al., 2005), in our problem setting is:

Z ”%Hz] (12)

where Z; is unbiased estimator of V—, ¢(X;w, R;), conditioned on past events, 7 is the
learning rate and the expectation is taken over all randomness in the algorithm.

However, from the perspective of the loss ¢(3;, R;) incurred by Algorithm 2, at each
round ¢, the RHS above is not a valid upper bound. The algorithms plays the score vector
suggested by OGD (5; = Xywy) with probability 1 —« (exploitation) and plays a randomly
selected score vector (i.e., a draw from the uniform distribution on [0, 1]™), with probability
v (exploration). Thus, the expected number of rounds in which the algorithm does not
follow the score suggested by OGD is 4T, leading to an extra regret of order v7". Thus, we

have °
!Z ¢ St) Rt

We first control E¢| 2|3, for all convex surrogates considered in our problem (we remind
that z; is the estimator of a gradient of a surrogate, calculated at time ¢. In Sec 3.2.1 ,
we omitted showing w in s* and index t). To get bound on E,||Z]|3, we used the following

norm relation that holds for any matrix X (Bhaskara and Vijayaraghavan, 2011): || X||,—q =

sup ””U”Hq where ¢ is the dual exponent of p (i.e., +5 = 1), and the following lemma derived

v£0
from 1it:

T

Z ¢(tht7 Rt)

t=1

U2
< Z¢ Xyw, Ry) +—+77E

||w||2<U

E

T

Z tht, Rt

=1

+0(WT) (13)

Lemma 17. For any 1 < p < oo, | X T|1isp = [ X|lgse = max"y || X[y, where X
denotes jth row of X and m is the number of rows of matrix.

We have the following result:

Lemma 18. For parameter v in Algorithm 2 , Rp being the bound on ¢ norm of the
feature vectors (rows of document matriz X ), m being the upper bound on number of doc-
uments per query, U being the radius of the FEuclidean ball denoting the space of ranking
parameters and Rpyax being the mazimum possible relevance value (in practice always < 5),
let C¢ € {C®1,C5v™ CELY be polynomial functions of Rp, m, U, Rz, where the degrees of
the polynomials depend on the surrogate (¢psq, dsom, K1), with no degree ever greater than
four. Then we have,

- c?
Ee [|12:)3] < = (14)

Plugging Eq. 14 and Eq. 13 in Eq. 12, and optimizing over n and +, (which gives
n=0(T"%/3) and v = O(T~/3)), we get the final regret bound:

5The instantaneous loss suffered at each of the exploration round can be maximum of O(1), as long
as ¢(s, R) is bounded, V s and V R. This is true because the score space is £2 norm bounded, maximum
relevance grade is finite in practice and we consider Lipschitz, convex surrogates.
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Theorem 19. For any sequence of instances and labels (X, Rt){te[T]}7 applying Algorithm 2
with top-1 feedback for ¢sq and ¢k 1, and top-2 feedback for ¢sym, will produce the following
bound:

T
E ~ min_ Y ¢(Xuw, Ry) < CP0 (T2/3) (15)

: <
wiwla<U £

T
> 65, R)
t=1

where C? is a surrogate dependent function, as described in Lemma 18 , and expectation is
taken over underlying randomness of the algorithm, over T rounds.

3.5 Impossibility of Sublinear Regret for NDCG Calibrated Surrogates

Learning to rank methods optimize surrogates to learn a ranking function, even though
performance is measured by target measures like NDCG. This is done because direct opti-
mization of the measures lead to NP-hard optimization problems. One of the most desirable
properties of any surrogate is calibration, i.e., the surrogate should be calibrated w.r.t the
target (Bartlett et al., 2006). Intuitively, it means that a function with small expected sur-
rogate loss on unseen data should have small expected target loss on unseen data. We focus
on NDCG calibrated surrogates (both convex and non-convex) that have been characterized
by Ravikumar et al. (2011). We first state the necessary and sufficient condition for a sur-
rogate to be calibrated w.r.t NDCG. For any score vector s and distribution 7 on relevance
space Y, let ¢(s,n) = Erw,d(s, R). Moreover, we define G(R) = (G(R1),...,G(Rw))".
Z(R) is defined in Sec 2.2.

Theorem 20. (Ravikumar et al., 2011, Thm. 6) A surrogate ¢ is NDCG calibrated iff for
any distribution n on relevance space ), there exists an invertible, order preserving map
g:R™— R™ s.t. the unique minimizer sj;(n) can be written as

s301) = g (EM [%}3]) | (16)

Informally, Eq. 16 states that argsort(s}(n)) C argsort(Egr., {%] ). Ravikumar et al.

(2011) give concrete examples of NDCG calibrated surrogates, including how some of the
popular surrogates can be converted into NDCG calibrated ones: e.g., the NDCG calibrated
version of squared loss is ||s — %H%

We now state the impossibility result for the class of NDCG calibrated surrogates when

feedback is restricted to top ranked item.

Theorem 21. Fix the online learning to rank game with top 1 feedback and any NDCG
calibrated surrogate. Then, for every learner’s algorithm, there exists an adversary strategy
such that the learner’s expected regret is Q(T).

We note that the proof of Theorem. 3 of Piccolboni and Schindelhauer (2001) cannot
be directly extended to prove the impossibility result because it relies on constructing a
connected graph on vertices defined by neighboring actions of learner. In our case, due to
the continuous nature of learner’s actions, the graph will be an empty graph and proof will
break down.
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4. Experiments

We conducted experiments on simulated and commercial data sets to demonstrate the
performance of our algorithms.

4.1 Non Contextual Setting

Objectives: We had the following objectives while conducting experiments in the non-
contextual, online ranking with partial feedback setting:

e Investigate how performance of Algorithm 1 is affected by size of blocks during block-
ing.

e Investigate how performance of the algorithm is affected by amount of feedback re-
ceived (i.e., generalizing k in top k feedback).

e Demonstrate the difference between regret rate of our algorithm, which operates in
partial feedback setting, with regret rate of a full information algorithm which receives
full relevance vector feedback at end of each round.

We applied Algorithm 1 in conjunction with Follow-The-Perturbed-Leader (FTPL) full in-
formation algorithm, as described in Sec. 2.6. Note that the online learning to rank problem
is not as well studied as the batch problem. This is especially true for the partial feedback
setting we have. Therefore benchmark data sets with published baseline performance mea-
sures, are not available for comparison, to the best of our knowledge. The generic partial
monitoring algorithms that do exist cannot be applied due to computational inefficiency
(Sec. 2.5).

Experimental Setting: All our experiments were conducted with respect to the DCG
measure, which is quite popular in practice, and binary graded relevance vectors. Our ex-
periments were conducted on the following simulated data set. We fixed number of items
to 20 (m = 20). We then fixed a “true” relevance vector which had 5 items with relevance
level 1 and 15 items with relevance level 0. We then created a total of T=10000 relevance
vectors by corrupting the true relevance vector. The corrupted copies were created by inde-
pendently flipping each relevance level (0 to 1 and vice-versa) with a small probability. The
reason for creating adversarial relevance vectors in such a way was to reflect diversity of
preferences in practice. In reality, it is likely that most users will have certain similarity in
preferences, with small deviations on certain items and certain users. That is, some items
are likely to be relevant in general, with most items not relevant to majority of users, with
slight deviation from user to user. Moreover, the comparator term in our regret bound (i.e.,
cumulative loss/gain of the true best ranking in hindsight) makes practical sense if there is
a ranking which satisfies most users.

Results: We plotted average regret over time under DCG. Average regret over time means
cumulative regret up to time ¢, divided by ¢, for 1 <t < T. Figure 1 demonstrates the
effect of block size on the regret rate under DCG. We fixed feedback to relevance of top
ranked item (kK = 1). As can be seen in Corollary 10, the optimal regret rate is achieved
by optimizing over number of blocks (hence block size), which requires prior knowledge of
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Figure 1: Average regret under DCG, with feedback on top ranked object, for varying block
size, where block size is [T/K|. Best viewed in color.

time horizon T. We wanted to demonstrate how the regret rate (and hence the perfor-
mance of the algorithm) differs with different block sizes. The optimal number of blocks
in our setting is K ~ 200, with corresponding block size being [T/K] = 50. As can be
clearly seen, with optimal block size, the regret drops fastest and becomes steady after a
point. K = 10 means that block size is 1000. This means over the time horizon, number
of exploitation rounds greatly dominates number of exploration rounds, leading to regret
dropping at a slower rate initially than than the case with optimal block size. However, the
regret drops of pretty sharply later on. This is because the relevance vectors are slightly
corrupted copies of a “true” relevance vector and the algorithm gets a good estimate of the
true relevance vector quickly and then more exploitation helps. When K = 400 (i.e., block
size is 25), most of the time, the algorithm is exploring, leading to a substantially worse
regret and poor performance.

Figure 2 demonstrates the effect of amount of feedback on the regret rate under DCG.
We fixed K = 200, and varied feedback as relevance of top k ranked items per round, where
k =1,5,10. Validating our regret bound, we see that as k increases, the regret decreases.

Figure 3 compares regret of our algorithm, working with top 1 feedback, and FTPL full
information algorithm, working with full relevance vector feedback at end of each round.
We fixed K = 200 and the comparison was done from 1000 iterations onwards, i.e., roughly
after the initial learning phase. FTPL full information algorithm has regret rate of O(7"/2)
(ignoring other parameters). So, as expected, FTPL with full information feedback out-
performs our algorithm with highly restricted feedback; yet, we have demonstrated, both
theoretically and empirically, that it is possible to have a good ranking strategy with highly
restricted feedback.
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Figure 2: Average regret under DCG, where K = 200, for varying amount of feedback.
Best viewed in color.
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Figure 3: Comparison of average regret over time, for DCG, between top-1 feedback and
full relevance vector feedback. Best viewed in color.
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Figure 4: Average NDCGiy values of different algorithms, for Yahoo data set.

ListNet:NDCGqg (in cyan) operates on full feedback and Random:NDCGq (in
red) does not receive any feedback. Best viewed in color .
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Figure 5: Average NDCGig values of different algorithms, for Yandex data set.
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4.2 Contextual Setting

Objective: Since our contextual, online learning to rank with restricted feedback setting
involves query-document matrices, we could conduct experiments on commercial, publicly
available ranking data sets. Our objective was to demonstrate that it is possible to learn a
good ranking function, even with highly restricted feedback, when standard online learning
to rank algorithms would require full feedback at end of each round. As stated before,
though our algorithm is designed to minimize surrogate based regret, the surrogate loss is
only a proxy for ranking measures like NDCG. The users care about the ranking presented
to them, and indeed the algorithm interacts with users by presenting ranked lists and getting
feedback on top ranked item(s). We tested the quality of the ranked lists, and hence the
performance of the evolving ranking functions, against the full relevance vectors, via ranking
measure NDCG, cutoff at the 10th item. NDCG, cutoff at a point n, is defined as follows:

1 " oR(e(1) _q
Zn(R) pat logy(1 +14)

NDCG,(o,R) =

i=1 Tog,(117) * We want to emphasize that the algorithm was in no

way affected by the fact that we were measuring its performance with respect to NDCG
cutoff at 10. In fact, the cutoff point can be varied, but usually, researchers report perfor-
mance under NDCG cutoff at 5 or 10.

where Z,(R) = max s QR(e () _1
oESH,

Baselines: We applied Algorithm 2, with top 1 feedback, on Squared, KL (un-normalized
ListNet) and SmoothDCG surrogates, and with top 2 feedback, on the RankSVM surro-
gate. Based on the objective of our work, we selected two different ranking algorithms
as baselines. The first one is the online version of ListNet ranking algorithm (which is
essentially OGD on cross-entropy function), with full relevance vector revealed at end of
every round. ListNet is not only one of the most cited ranking algorithms (over 700 ci-
tations according to Google Scholar), but also one of the most validated algorithms (Tax
et al., 2015). We emphasize that some of the ranking algorithms in literature, which have
shown better empirical performance than ListNet, are based on non-convex surrogates with
complex, non-linear ranking functions. These algorithms cannot usually be converted into
online algorithms which learn from streaming data. Our second algorithm is a simple, fully
random algorithm , which outputs completely random ranking of documents at each round.
This algorithm, in effect, receives no feedback at end of each round. Thus, we are comparing
Algorithm 2, which learns from highly restricted feedback, with an algorithm which learns
from full feedback and an algorithm which receives no feedback and learns nothing.

Data sets: We compared the various ranking functions on two large scale commercial
data sets. They were Yahoo’s Learning to Rank Challenge data set (Chapelle and Chang,
2011) and a data set published by Russian search engine Yandex (IM-2009). The Yahoo
data set had 19944 unique queries with 5 distinct relevance levels, while Yandex had 9126
unique queries with 5 distinct relevance levels.

Experimental Setting: We selected time horizon 7" = 200, 000 (Yahoo) and 7" = 100, 000
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(Yandex) iterations for our experiments (thus, each algorithm went over each data set mul-
tiple times). The reason for choosing different time horizons is that there were roughly
double the number of queries in Yahoo data set as compared to Yandex data set. All
the online algorithms, other than the fully random one, involve learning rate 1 and explo-
ration parameter 7 (full information ListNet does not involve v and SmoothDCG has an
additional smoothing parameter €¢). While obtaining our regret guarantees, we had estab-
lished that n = O(T~2?/3) and v = O(T~'/3). In our experiments, for each instance of
Algorithm 2, we selected a time varying n = ?2% and v = ﬁ%, for round ¢t . We fixed
e = 0.01. For ListNet, we selected n = %, since regret guarantee in OGD is established

with = O(T~1/2). It should be noted that, while we varied the numerators in the pa-
rameters between {0.001,0.01,0.1, 1,10}, and selected the parameters which produced the
best (avg.) NDCG value over the entire time horizon, more emphasis could have been given
on the issue of parameter tuning. However, better tuning of parameters could have only
improved the performance of our algorithm. We plotted average NDCGyg against time,
where average NDCGqg at time ¢ is the cumulative NDCG1g up to time ¢, divided by t. We
made an important observation while comparing the performance plots of the algorithms.
As we have shown, construction of the unbiased estimators involve division by a probability
value (Eq 11). The particular probability value can be ;L, which is very small since v goes
to 0, when the top ranked item of the randomly drawn permutation does not match the
top ranked item of the permutation given by the deterministic score vector (Sec 3.3). The
mismatch happens with very low probability (since the random permutation is actually the
deterministic permutation with high probability). While theoretically useful, in practice,
dividing by such small value negatively affected the gradient estimation and hence the per-
formance of our algorithm. So, when the mismatch happened, we made the denominator
7, instead of I, and saw signficantly better performance.

Results: Figure 4 and Figure 5 show that ListNet, with full information feedback at
end of each round, has highest average NDCG value throughout, as expected. However,
Algorithm 2, with the convex surrogates, produce competitive performance. In fact, in the
Yahoo data set, our algorithm, with RankSVM and KL, are very close to the performance
of ListNet. RanSVM based algorithm does better than the others, since the estimator of
RankSVM gradient is constructed from top 2 feedback, leading to lower variance of the
estimator. KL based algorithm does much better than Squared loss based algorithm on
Yahoo and equally as well on Yandex data set. Crucially, our algorithm, based on all three
convex surrogates, perform significantly better than the purely random algorithm, and are
much closer to ListNet in performance, despite being much closer to the purely random al-
gorithm in terms of feedback. Our algorithm, with SmoothDCG, on the other hand, produce
poor performance. We believe the reason is the non-convexity of the surrogate, which leads
to the optimization procedure possibly getting stuck at a local minima. In batch setting,
such problem is avoided by an annealing technique that successively reduces e. We are
not aware of an analogue in an online setting. Possible algorithms optimizing non-convex
surrogates in an online manner, which require gradient of the surrogate, may be adapted
to this partial feedback setting. The main purpose for including SmoothDCG in our work
was to show that unbiased estimation of gradient, from restricted feedback, is possible even
for non-convex surrogates.
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5. Conclusion and Future Directions

We studied the problem of online learning to rank with a novel, restricted feedback model.
The work is divided into two parts: in the first part, the set of items to be ranked is
fixed, with varying user preferences, and in the second part, the items vary, as traditional
query-documents matrices. The parts are tied by the feedback model; where the user gives
feedback only on top k ranked items at end of each round, though the performance of the
learner’s ranking strategy is judged against full, implicit relevance vectors. In the first
part, we gave comprehensive results on learnability with respect to a number of practically
important ranking measures. We also gave a generic algorithm, along with an efficient
instantiation, which achieves sub-linear regret rate for certain ranking measures. In the
second part, we gave an efficient algorithm, which works on a number of popular ranking
surrogates, to achieve sub-linear regret rate. We also gave an impossibility result for an
entire class of ranking surrogates. Finally, we conducted experiments on simulated and
commercial ranking data sets to demonstrate the performance of our algorithms.
We highlight some of the open questions of interest:

e What are the minimax regret rates with top k feedback model, for k > 1, for the rank-
ing measures DCG, PairwiseLoss, Precision@n and their normalized versions NDCG,
AUC and AP? Specifically, NDCG and AP are very popular in the learning to rank
community. We showed that with top 1 feedback model, no algorithm can achieve sub-
linear regret for NDCG and AP. Is it possible to get sub-linear regret with 1 < k < m?

e We used FTPL as the sub-routine in Algorithm 1 to get an efficient algorithm. It
might be possible to use other full information algorithms as sub-routine, retaining
the efficiency, but getting tighter rates in terms of parameters (other than 7') and
better empirical performance.

e We applied Algorithm 2 on three convex surrogates and one non-convex surrogates. It
would be interesting to investigate what other surrogates the algorithm can be applied
on, guided by Lemma 14, and test its empirical performance. Since the algorithm
learns a ranking function in the traditional query-documents setting, the question is
more of practical interest.

e We saw that Algorithm 2, when applied to SmoothDCG, does not produce compet-
itive empirical performance. It has been shown that a ranking function, learnt by
optimizing SmoothDCG in the batch setting, has extremely competitive empirical
performance (Qin and Liu, 2006). In the batch setting, simulated annealing is used to
prevent the optimization procedure getting stuck in local minima. Any algorithm that
optimizes non-convex surrogates in an online manner, by accessing its gradient, can
replace the online gradient descent part in our algorithm and tested on SmoothDCG
for empirical performance.

e We proved an impossibility result for NDCG calibrated surrogates with top 1 feedback.

What is the minimax regret for NDCG calibrated surrogates, with top k feedback, for
k> 17
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Appendix A. Proofs for Non Contextual Setting

We provide technical details of results of Online Ranking with Restricted Feedback- Non
Contextual Setting.
Proof of Theorem 8:

Proof. Full information feedback: Instead of top k feedback, assume that at end of
each round, after learner reveals its action, the full relevance vector R is revealed to the
learner. Since the knowledge of full relevance vector allows the learner to calculate the
loss for every action (SumLoss(o, R), V o), the game is in full information setting, and
the learner, using the full information algorithm, will have an O(CV/T) expected regret for
SumLoss (ignoring computational complexity). Here, C' denotes parameter specific to the
full information algorithm used.

Blocking with full information feedback: We consider a blocked variant of the full
information algorithm. We still assume that full relevance vector is revealed at end of each
round. Let the time horizon T be divided into K blocks, i.e., {Bi,..., Bk}, of equal size.
Here, B; = {(i—1)(T/K)+1,(i—1)(T/K)+2,(i—1)T/K+3,...,i(T/K)}. While operating
in a block, the relevance vectors revealed at end of each round are accumulated, but not
used to generate learner’s actions like in the “without blocking” variant. Assume at the
start of block B;, there was some vector s;_1 € R™. Then, at each round in the block, the
randomized full information algorithm exploits s;_; and outputs a permutation (basically
maintains a distribution over actions, using s;_1, and samples from the distribution). At
the end of a block, the average of the accumulated relevance vectors (R;"’) for the block
is used to update, as s;_1 + R;"Y, to get s; for the next block. The process is repeated for
each block.

Formally, the full information algorithm creates distribution p; over the actions, at
beginning of block B;, exploiting information s;—1. Thus, p; € A, where A is the probability
simplex over m! actions. Note that p; is a deterministic function of {R{",..., R{"]}.

Since action oy, for t € B;, is generated according to distribution p; (we will denote this
as o ~ p;), and in block 7, distribution p; is fixed, we have

Egimpi[ Z SumLoss(oy, Ry)] = Z pi - [SumLoss(o1, Ry), ..., SumLoss(om, Rt)].
te[B;) teB;

Thus, the total expected loss of this variant of the full information problem is:

T K
EZ[SumLoss(at, Ry)] = ZEUtNPi[Z SumLoss(o, Ry)]

t=1 =1 tGBi

K
= Z Z pi - [SumLoss(o1, Ry), ..., SumLoss(om, R)]
1=1teB;

K
= Z Z pi-[o7! Re,...,01 - Ry)] By defn. of SumLoss
i=1teB;

T K
== g lor R o R
=1
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T K
=% Z osrps [SumLoss(oi, Ri™Y)]
=1
T K
N KEClem SOK~PK Z SumLoss(oy, B;™) (17)
i=1

Ry
where R = Note that, at end of every block i € ; is updated to p;y1.
teB; T/K s P Pit

By the regret bound of the full information algorithm, for K rounds of full information
problem, we have:

K

Eoinpi,om~pi Z SumULoss(o;, R{™) < mlnz SumLoss(o, R{"Y) + CVEK
=1 i=1

K
= minz o ' R+ OVK (18)
i=1

T
- R,
_mamtgla T/K—i—C\/

Now, since

R
. -1 t
min g o TIK ~ mln / g SumLoss(o, Ry),

combining Eq. 17 and Eq. 18, we get:

T T
T
Z Eq,cp; [SumLoss(o¢, Ry)] < min Z SumLoss(o, Ry) + C—=. (19)
t=1 7 = VI

Blocking with top k& feedback: However, in our top k feedback model, the learner
does not get to see the full relevance vector at each end of round. Thus, we form the
unbiased estimator R; of R" using Lemma 7. That is, at start of each block, we choose
[m/k| time points unlformly at random, and at those time points, we output a random
permutation which places k distinct objects on top (refer to Algorithm 1). At the end of
the block, we form the vector R; which is the unbiased estimator of R¢"Y. Note that using
random vector R; instead of true RY"Y introduces randomness in the distribution p; itself
. But significantly, p; is dependent only on information received up to the beginning of
block 7 and is independent of the information collected in the block. We show the exclusive
dependence as pi(Rl, R, ... Ri,l). Thus, for block 7, we have:

]Eo't"/ﬂi(Rhé%--yRi—l) Z SumULoss(o, Ry)
te[B;]

T
= EEWNM(RhR%n,Ri—l)
(From Eq. 17)

SumLoss(oi, R;")
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T

= EIEi]Uini(ﬁ,&’RQ7“’]351__1)1&%1_SumLoss(Ui,RZ-)
(. SumLoss is linear in both arguments and R; is unbiased)

T

= EERianm(1?1,1?2,..,1?2-71)SumLOSS(Ui’ Rz)

In the last step above, we crucially used the fact that, since random distribution p; is
independent of R;, the order of expectations is interchangeable. Taking expectation w.r.t.
Rla R27 0y Ri—la we get,

E Z SumLoss(oy, Ry)

T .
- ?ERl s Rio1,R; EUini(Rl,1:227-~,R171)SumL0$8(0-i’ ;).

R17~ 7Rz 1EUthz(R11R27 .y 1 1

Thus,

EZSumLoss o, Ry) EZ Z SumLoss(oy, Ry)

t=1 =1 te[B,]
K
= ZERh R 1EUthz(R17Rz, LR Z SumLOSS(Ut’Rt)
i=1 te[B]
T K
?Z Ry, Ri1,R; Uszz(Rl,R% SR 1)SumLOSS(0i’Ri)
(From Eq. 20)
T

KERh 7RKEUZNP'L(R17R2 SRi—1) ZsumLOSS(U”Rl)

Now using Eq. 18, we can upper bound the last term above as

_K{ 2. ,RKmmZU -R]+CVK}

i=1
T K
. —1 avg
< K{mUmZ;U R+ CVK}
1=
(Jensen’s Inequality)

4 T
< miDZO'_l R+ C—=
° 4o VK

T
T
= minz SumLoss(o, Ry) + C—=.
7 = VK

Effect of exploration: Since in each block B;, [m/k] rounds are reserved for explo-
ration, where we do not draw oy from distribution p;, we need to account for it in our

35



CHAUDHURI AND TEWARI

regret bound. Exploration leads to an extra regret of C![m/k]K, where C! is a constant
depending on the loss under consideration and specific full information algorithm used. The
extra regret is because loss in each of the exploration rounds is at most C! and there are a
total of [m/k]K exploration rounds over all K blocks. Thus, overall regret :

T
E Z SumLoss(ot, Ry)

t=1

T
T
- minz SumLoss(o, Ry) < C1[m/k|K + C—=. (21)
= VK

Now we optimize over K, to get:

T
E [Z SumLoss(oy, Ry)

t=1

T
< minz SumLoss(o, Ry) + 2(CHY3C?B3m k] V323 (22)
t=1

O
Proof of Corollary 9:

Proof. We only need to instantiate the constants C' and C! from Theorem 8, with respect
to SumLoss and FTPL. FTPL has the following parameters in its regret bound, for any
online full information linear optimization problem: D is the £; diameter of learner’s action
set, R is upper bound on difference between losses of 2 actions on same information vector
and A is the ¢; diameter of the set of information vectors (adversary’s action set).

For SumLoss, it can be easily calculated that R = Y" o7 (i)R(i) = O(m?), D =
>0 (i) = 0(m?), and A =377, R(i) = O(m) .

FTPL gets O(CV/T) regret over T rounds when € = %. Here, C = 2/ DRA =
O(mP/?) and C! = R. Substituting the values of D, R, A, we conclude. O

In the proof above, we used the standard FTPL bound from the work of Kalai and Vem-
pala (2005). In particular, we used uniform noise distribution drawn from a hypercube. We
could have used other distributions, e.g. Gaussian. For Gaussian perturbations, Theorem
1.7 of Abernethy et al. (2016) gives an FTPL regret bound of By Bym*\/2T where Bi, B
are upper bounds on the maximum ¢; norm of vectors in the learner’s and adversary’s sets
respectively. For us, By is O(m?/?) and By is O(m!/?) giving a bound of O(m?2>/T) which
is slightly better than the O(m?®°+/T) bound used in the proof above.

Extension of results from SumLoss to DCG and Precision@n:

DCG: Due to structural differences, there are minor differences in definitions and proofs
of theorems for SumLoss and DCG. We prove that local observability condition fails to hold
for DCG, when restricted to top 1 feedback. We can skip the explicit proof of global
observability, since the application of Algorithm 1 already establishes that O(T2/ 3) regret
can be achieved.

With slight abuse of notations, the loss matrix L implicitly means gain matrix, where
entry in cell {7,j} of L is f(o;)-g(R;). The columns of feedback matrix H are expanded to
account for greater number of moves available to adversary (due to multi-graded relevance
vectors). In Definition 1, learner action ¢ is optimal if ¢; - p > ¢; - p, Vj # i.

In Definition 2, the maximum number of distinct elements that can be in a row of H is
n+ 1. The signal matrix now becomes S; € {0, 1}"+D>x2" 'where (S;);, = I(Hi o = j — 1).
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Local Observability Fails: Since we are trying to establish a lower bound, it is sufficient
to show it for binary relevance vectors, since the adversary can only be more powerful
otherwise.

In Lemma 2, proved for SumLoss, ¢; - p equates to f(o)-E[R]. From definition of DCG,
and from the structure and properties of f(-), it is clear that ¢; - p is mazimized under the
same condition, i.e, E[R(0;(1)] > E[R(0;(2)] > ... > E[R(0;(m)]. Thus, all actions are
Pareto-optimal.

Careful observation of Lemma 3 shows that it is directly applicable to DCG, in light of
extension of Lemma 2 to DCG.

Finally, just like in SumLoss, simple calculations with m = 3 and n = 1, in light of
Lemma 2 and 3, show that local observability condition fails to hold.

We show the calculations:
1 1100 00
Sor = S0z = 0001111

O =

ly, =[0,1/2,1/10g,3,1/2 + 1/log, 3,1, 3/2,
1+ 1/1og,3,3/2 + 1/ log, 3]

ly, =[0,1/10g53,1/2,1/2+1/logy3,1,1+ 1/log, 3,
3/2,3/2 4+ 1/log, 3]

It is clear that ¢; — £y ¢ Col(S,,). Hence, Definition 5 fails to hold.

Proof of Corrolary 10

For DCG, the parameters of FTPL are: R = >.1", f*(o71(i))g*(R(
DLD = S 0 10) = Om), A = S0, ¢*(R(i) = O(m(2" — 1
2v/DRA and C! = R.

Precision@n:

Proof of Corrolary 11

For Precision@n, the parameters of FTPL are: D = >.1°, f*(c~1(i)) = O(n),R =
St £ 0)g* (R) = O(n). A = T, g*(R() = O(m). Again, €' = 2VDRA and
C' =R.

Non-existence of Sublinear Regret Bounds for NDCG, AP and AUC

We show via simple calculations that for the case m = 3, global observability condition
fails to hold for NDCG, when feedback is restricted to top ranked item, and relevance
vectors are restricted to take binary values. It should be noted that allowing for multi-
graded relevance vectors only makes the adversary more powerful; hence proving for binary
relevance vectors is enough.

The intuition behind failure to satisfy global observability condition is that the NDCG(o, R)
= f(o)-g(R), where where g(r) = R/Z(R) (see Sec.2.2 ). Thus, g(-) cannot be represented
by univariate, scalar valued functions. This makes it impossible to write the difference be-
tween two rows of the loss matrix as linear combination of columns of (transposed) signal
matrices.

Similar intuitions hold for AP and AUC.

Proof of Lemma 12
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Proof. We will first consider NDCG and then, AP and AUC.
NDCG:
The first and last row of Table 1, when calculated for NDCG, are:

ey =[1,1/2,1/10gy 3, (1 +10gy3/2))/(1 4 logy 3),1,3/(2(1 4+ 1/logy 3)), 1, 1]
los = 1[1,1,10g52/l0gy 3,1,1/2,3/(2(1 + 1/logy 3)), (1 + (logy 3)/2))/(1 + logy 3), 1]

We remind once again that NDCG is a gain function, as opposed to SumLoss.
The difference between the two vectors is:

60'1 - 60'6 = [07 _1/2) 07 - 10g2 3/(2(1 + 10g2 3))’ 1/27 07 10g2 3/(2(1 + 10g2 3))7 0]

The signal matrices are same as SumLoss:

111100 0 0]
So1 = S0, = 000111 1|

1 1.0 01 10
5‘737505700110011

101 01 0 1 0]
Sou = So6 = 101010 1)

It can now be easily checked that ¢,, — ¢, does not lie in the (combined) column span
of the (transposed) signal matrices.
We show similar calculations for AP and AUC.
AP:
We once again take m = 3. The first and last row of Table 1, when calculated for AP,
is:
loy = [1,1/3,1/2,7/12,1,5/6,1,1]
Eo's = [17 L, 1/27 1, ]-/37 5/67 7/127 1]
Like NDCG, AP is also a gain function.
The difference between the two vectors is:

ly, — Uy = [0,—2/3,0,—5/12,2/3,0,5/12,0].

The signal matrices are same as in the SumLoss case:

11 110 0 0 0]
So1 = 5o, = 00011 11|

11001100
Sos = So5 = 11 11

1 1010 1
Sou = Sog 1 1 1 1
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It can now be easily checked that ¢,, — ¢, does not lie in the (combined) column span
of the (transposed) signal matrices. O

AUC:

For AUC, we will show the calculations for m = 4. This is because global observability
does hold with m = 3, as the normalizing factors for all relevance vectors with non-trivial
mixture of 0 and 1 are same (i.e, when relevance vector has 1 irrelevant and 2 relevant
objects, and 1 relevant and 2 irrelevant objects, the normalizing factors are same). The
normalizing factor changes from m = 4 onwards; hence global observability fails.

Table 1 will be extended since m = 4. Instead of illustrating the full table, we point out
the important facts about the loss matrix table with m = 4 for AUC.

The 2* relevance vectors heading the columns are:

Ry = 0000, Ry, = 0001, Rs = 0010, R4 = 0100, Rs = 1000, R¢ = 0011, R; =
0101, Rg = 1001, Rg9 = 0110, Ry = 1010, R;; = 1100, Rio = 0111, Ry3 = 1011, Ryy =
1101, Ry5 = 1110, Ry = 1111.

We will calculate the losses of 1st and last (24th) action, where o1 = 1234 and 094 =
4321.

ly, =10,1,2/3,1/3,0,1,3/4,1/2,1/2,1/4,0,1,2/3,1/3,0,0]
ly,, =10,0,1/3,2/3,1,0,1/4,1/2,1/2,3/4,1,0,1/3,2/3,1,0]
AUQ, like SumLoss, is a loss function.
The difference between the two vectors is:

o, — Uy, =1[0,1,1/3,—1/3,—1,1,1/2,0,0,—1/2,—-1,1,1/3,—1/3,—1,0].

The signal matrices for AUC with m = 4 will be slightly different. This is because
there are 24 signal matrices, corresponding to 24 actions. However, groups of 6 actions will
share the same signal matrix. For example, all 6 permutations that place object 1 first will
have same signal matrix, all 6 permutations that place object 2 first will have same signal
matrix, and so on. For simplicity, we denote the signal matrices as S, 59, S3, S4, where S;
corresponds to signal matrix where object ¢ is placed at top. We have:

S_'1111011010010000'
'“"[loooo0o100101101111]
g 11101 10101001000
>looo100101011011°1
g _[1101101100100100
| 1 1 11011011
S_'1011100011100010'
o1 00011100011101

It can now be easily checked that ¢,, — ¢5,, does not lie in the (combined) column span
of transposes of 571,599, 53, 54.
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Appendix B. Proofs for Contextual Setting

We provide technical details of results of Online Ranking with Restricted Feedback- Con-
textual Setting.

Proof of Lemma 14: We restate the lemma before giving the proof, for ease of reading;:

Lemma 14: Let F': R™ — R% be a vector valued function, where m > 1, a > 1. For
a fixed x € R™, let k entries of z be observed at random. That is, for a fixed probability
distribution P and some random o ~ P(Sy,), observed tuple is {0, Z,(1),-- -, Zy(k)}- The
necessary condition for existence of an unbiased estimator of F'(x), that can be constructed
from {0, Z4(1),- -, Tk}, 18 that it should be possible to decompose F'(x) over k (or less)
coordinates of x at a time. That is, F'(x) should have the following structure:

F(gj) = Z h’i17i2,~~-,ié (:Ei17xi27 cee 71'1'@)

(11,82,..,i0) € ™Pp

where ¢ < k, ™P, is £ permutations of m and h : R’ — R% Moreover, when F(x)
can be written in form of Eq 10 , with ¢ = k, an unbiased estimator of F'(z), based on

{Ua wo’(l)7 s ,.’L'U(k)}, iS7

2 oo (i) (T Toin))
g(o,x (1) T (k)) _ (1,32>--»7% ) €Sk
2

p(a(jl)a s ,O'(jk))
(jl7""jk)€sk

where Sy, is the set of k! permutations of [k] and p(o(1),...,0(k)) is asin Eq 9 .

Proof. For a fixed x € R™ and probability distribution P, let the random permutation be
o ~ P(Spm) and the observed tuple be {0, Zy(1), .-, To)}- Let G = G(o, 251y, -, Tok))
be an unbiased estimator of F'(x) based on the random observed tuple. Taking expectation,
we get:

F(z) =Eqp [G} = Z P(m)G (7, Tr(1ys - - Tr(h))

7T€Sm

= > > P(m)I(r(1) =iy, m(2) =iy, ..., w(k) = ix) G(r, @iy, Ty - T4y

(i1,82,-.-s1k )€ ™Py TESm

We note that P(7) € [0, 1] is independent of x for all 7 € S,,,. Then we can use the following
construction of function A(-):

h’ilyiQ,-n;ik(mil’ e ,:L',L'k) = Z P(W)I(T{'(l) = i1,7T(2) = ig, e ,7'('(]{3) = ik)G(W,Jiil,l'iQ, .. .,Jlik)

TESm

and thus,
F(QT) = Z h‘i1,i2,...,ik (xiluxigy e )xi)

(11,92,...,3 )€ ™Py

Hence, we conclude that for existence of an unbiased estimator based on the random ob-
served tuple, it should be possible to decompose F(x) over k (or less) coordinates of x
at a time. The “less than k” coordinates arguement follows simply by noting that if
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F(z) can be decomposed over ¢ coordinates at a time (¢ < k) and observation tuple is
{0, 2Z4(1)s - -+ To(k)) }, then any k — £ observations can be thrown away and the rest used for
construction of the unbiased estimator.

The construction of the unbiased estimator proceeds as follows:

Let F(z) = > hi(z;) and feedback is for top-1 item (k = 1). The unbiased estimator
according to Lemma. 14 is:

ho(1)(To(1)) ho1)(To(1))

1
plo(D) X P(m)I(n(1) =o(1))

g(U, xo(l)) =

Taking expectation w.r.t. o, we get:

Eolg(o, o) = 3 hi(ﬂUg:(ZPﬂ P(m)I(m(1) = i) _ S (e = Fla)
i=1 m ‘

m
Now, let F(xz) = > hij(z;,z;) and the feedback is for top-2 item (k = 2). The
i#j=1
unbiased estimator according to Lemma. 14 is:

ho(1),02)(Ta(1)s To(2)) T Po(2),0(1)(Ta(2), To(1))
0,2Zg5(1)s Lo =
99 %oy, For2) plo(1),0(2)) + plo(2), o(D)

We will use the fact that for any 2 permutations o1, o2, which places the same 2 objects
in top-2 positions but in opposite order, estimators based on o1 (i.e, 9(01,3%1(1)73301(2)))
and a3 (i.e, g(02, Tgy(1), Ty(2))) have same numerator and denominator. For eg., let o1(1) =
i,01(2) = j. Numerator and denominator for (o1, Zs, (1), To(2)) are hij(wi, x5)+hji(zj, i)
and p(i,j) + p(j,¢) respectively. Now let o2(1) = j,02(2) = i. Then numerator and denom-
inator for g(02, Ty(1), Toy(2)) arve hyji(xj, xi) + hij(zi,x;) and p(j,4) + p(i, j) respectively.

Then, taking expectation w.r.t. o, we get:

(hijj (@i, x5) + hji(@5, 2:))p(is )
—~ p(i,7) + p(j,7)

Eog(0,To(1), To(2)) =

- p(i,j) + p(j; 1)
(hij (i ) + by, @) = Y hij(ws, a5) = Fx)
i>j=1 ij=1

>
#i=
_ i (hij (@i, 5) + hji(g, 2:))(p(i, ) + p(4, 7))
>j=
>

This chain of logic can be extended for any & > 3. Explicitly, for general k& < m, let
S(i1,142,...,1;) denote all permutations of the set {i1,...,i;}. Then, taking expectation of
the unbiased estimator will give:
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Eog(07 Lo(1)y--- 7'7;0'(k))

< Z hjl,-~~:jk($j1”"’xjk)) p(ilv"'vik)
_ Z (31502dk) ES(i1 .- i)
> p(d1s-- -5 Jk)

(jla---7jk)68(i17"'7ik)

m ( > T ($j17 S 7xjk)) ( > (1, - 7Jk)>
Z (jlr"'vjk)eg(ilr"vik) (j17"'7jk)€S(i17"'7ik)

_. . . E p(]l?a]k’)
i1 >12>... >0 =1 T A Y= T T

(1,82,ig )€ Py

m

= Z Z Rjygi (T - )

11>12>.. >0 =1 \ (J1,.,5k ) ES(21 e rsig)

= Z hilﬂé,n-,ik (xil7xi27 <. 7xik) = F(x>

(41,82,.+ik )€ Py

Note: For k = m, i.e., when the full feedback is received, the unbiased estimator is:

P (1) so () (Ta(in)s -+ - > To(jm))

g(o,x z )= Grdorende) 5
yLa(l)s s La(m) p(U(j1),~--,U(jm))
(J15+-,Jm ) ESm
Z hi1,...,im (xip s ’xim)

_ (11,2, im )€ ™Prm - = F(x)

Hence, with full information, the unbiased estimator of F'(z) is actually F(x) itself,
which is consistent with the theory of unbiased estimator.
O

Proof of Lemma 18 :

Proof. All our unbiased estimators are of the form X' f(s, R,0). We will actually get a
bound on f(s, R,0) by using Lemma 17 and p — ¢ norm relation, to equate out X:

12l = X " f (s, R, o) |2 < IIX T 1521/ (s, R, o)l < Rpllf (s, R, 0)|x

since Rp > maxj’, || X[z
Squared Loss: The unbiased estimator of gradient of squared loss, as given in the main
text, is:
R(U(l))ea(l)))
p(a(1))
where p(o(1)) = > cq P(m)I(7(1) = o(1)) (P = P; is the distribution at round ¢ as in
Algorithm 2 )

F=XT(2(s —
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Now we have:

1
||5 B R(U( ))eo'(l) Riax < mBpURpax

o) S mEUE ey S T e

Thus, taking expectation w.r.t o, we get:

E, |32 < m2RYU2R? = m2R4 U2 maxz pli

E,_ 1
masle L (D)2

59

Now, since p(i) > %, Vi, we get: Eq||Z]|3 < , where C*1 = m*RYUZR2, ..

RankSVM Surrogate: The unbiased estimator of gradient of the RankSVM surrogate,
as given in the main text, is:

s xT (hs,ou),a(a)(R(U(l)(),R(o(2))) + hy o(2).00)(R(0(2)), R(a(l)))>

p(o(1),0(2)) +p(o(2),0(1))
where hy;j(R(i), R(7)) = I(R(i) > R(5))I(1 + s(j) > s(i))(e; — ;) and p(o(1),0(2)) =
EZ: P(m)I(m(1) = o(1),7(2) = 0(2)) (P = P; as in Algorithm 2)).

Now we have:

” s o(1),0(2) (Ro(1)s Bo2)) + P 02),001) (Bo2), Bo(1)) I < 2
p(o(1),0(2)) +p(a(2),0(1)) ~ p(e(1),0(2)) +p(a(2),0(1))

Thus, taking expectation w.r.t o, we get:

o , 1 p(i ] + p(j, 1)
Eollzll2 < 4RDEe oy S @) + plo@),o ) 4RDZ p(i,3) + p(,1))2

svm

, where C*'™ = O(m*R%).
KL based Surrogate: The unbiased estimator of gradient of the KL based surrogate,

Now, since p(i,7) > #, Vi, g, we get: E,||Z]|3 <

as given in the main text, is:
- o1 ((exp(s(a(1))) — exp(R(o(1))))eq1)
= p(o(1) )

where p(a(l{l) = res,, P(m)I(7(1) = o(1)) (P=P; as in Alg. 2) ).
Now we have:

H(exp(S(U(l))) —exp(R(0(1))))es) I < exp(RpU)
p(e(1)) L= (1)

Thus, taking expectation w.r.t o, we get:

1
E,||Z]2 < R% exp(2RpU)Ey—————
PNE1E < R expCROUE, - i
KL
Following the same arguement as in squared loss, we get: E,||Z||3 < ——, where CKXl =
Y

m2R% exp(2RpU).
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Proof of Lemma 15 :

Proof. Let m = 3. Collection of all terms which are functions of 1st coordinate of R, i.e,
R(1), in the gradient of RankSVM is:

I(R(1) > R)I(1+s(2) > s(1))(e2 — e1) + I(R(2) > R()I(1 + 5(1) > 5(2))(e1 — e2)
+ I(R(1) > RB3)I(1+5(3) > s(1))(e3 — e1) + I(R(3) > R(1)I(1+ s(1) > s(3))(e1 — e3).

Now let s(1) = 1,s(2) = 0,5(3) = 0. Then the collection becomes:

I(R(2) > R(1))(e1 — e2) + I(R(3) > R(1))(e1 — e3) =
(I(R(2) > R(1)) + I(R(3) > R(1))er — I(R(2) > R(1))es — I(R(3) > R(1))es

Now, if the gradient can be decomposed over each coordinate of R, then the collection
of terms associated with R(1) should only and only be a function of R(1). Specifically,
(I(R(2) > R(1)) + I(R(3) > R(1))) (the non-zero coefficient of e;) should be a function of
only R(1) (similarly for ep and e3).

Now assume that the (I(R(2) > R(1))+I(R(3) > R(1))) can be expressed as a function
of R(1) only. Then the difference between the coefficient’s values, for the following two
cases: R(1) =0,R(2) =0,R(3) =0 and R(1) = 1,R(2) = 0,R(3) = 0, would be same as
the difference between the coefficient’s values, for the following two cases: R(1) =0, R(2) =
1,R(3) =1and R(1) =1,R(2) = 1, R(3) = 1 (Since the difference would be affected only
by change in R(1) value). It can be clearly seen that the change in value between the first
two cases is: 0—0 = 0, while the change in value between the second two cases is: 2—0 = 2.
Thus, we reach a contradiction. O

Proof of Lemma 16 :

Proof. The term associated with the 1st coordinate of R, i.e, R(1), in the gradient of ListNet
. —exp(R(i)) exp(s(i))
1S = Z:’Z;l ) R(i + ™m .

Zj:l exp(R(j)) Zj:l exp(s(j
with every coordinate of R).

))> e; (in fact, the same term is associated

—ep(R() | epls)
21 exp(R(7)) X255 exp(s(j))
of ey, associated with R(1). Now, if f(R) would have only been a function of R(1), then
9*f(R)
OR(1)0R(j)
Now, the term associated jointly with R(1) and R(2), in the gradient of ListNet is
—exp(R() | esp(s(i)
ST exp(R() | S, exp(s()))
are present in all the summation terms of the gradient).
| — exp(R() exp(s(i))
Specifically, f(R) = — , = ,
2 =1 exp(R(7))  22jmr exp(s(5))

e1. Now, if f(R) would have only been a function of R(1) and R(2), then

is the non-zero coefficient

Specifically, f(R) =

, V 7 # 1 would have been zero. It can be clearly seen this is not the case.

same as before, i.e, > /", ( e; (since R(1) and R(2)

) is the non-zero coefficient of

O’ f(R)
OR(1)OR(2)0R(j)’

Vj # 1,7 # 2 would have been zero. It can be clearly seen this is not the case.
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The same argument can be extended for any k < m.

Proof of Theorem. 21:

Proof. (Sketch) The proof builds on the proof of hopeless finite action partial monitoring
games given by Piccolboni and Schindelhauer (2001). An examination of their proof of
Theorem. 3 indicates that for hopeless games, there have to exist two probability distribu-
tions (over adversary’s actions), which are indistinguishable in terms of feedback but the
optimal learner’s actions for the distributions are different. We first provide a mathematical
explanation as to why such existence lead to hopeless games. Then, we provide a characteri-
zation of indistinguishable probability distributions in our problem setting, and then exploit
the characterization of optimal actions for NDCG calibrated surrogates (Theorem 20) to
explicitly construct two such probability distributions. This proves the result. Full proof is
given below. O

Proof. We will first fix the setting of the online game. We consider m = 3 and fixed the
document matrix X € R3*3 to be the identity. At each round of the game, the adversary
generates the fixed X and the learner chooses a score vector s € R?. Making the matrix
X identity makes the distinction between weight vectors w and scores s irrelevant since
s = Xw = w. We note that allowing the adversary to vary X over the rounds only makes
him more powerful, which can only increase the regret. We also restrict the adversary to
choose binary relevance vectors. Once again, allowing adversary to choose multi-graded
relevance vectors only makes it more powerful. Thus, in this setting, the adversary can
now choose among 23 = 8 possible relevance vectors. The learner’s action set is infinite,
i.e., the learner can choose any score vector s = Xw = R™. The loss function ¢(s, R) is
any NDCG calibrated surrogate and feedback is the relevance of top-ranked item at each
round, where ranking is induced by sorted order (descending) of score vector. We will use
p to denote randomized adversary one-short strategies, i.e. distributions over the 8 possible
relevance score vectors. Let s; = argming Eg.p¢(s, R). We note that in the definition of
NDCG calibrated surrogates, Ravikumar et al. (2011) assume that the optimal score vector
for each distribution over relevance vectors is unique and we subscribe to that assumption.
The assumption was taken to avoid some boundary conditions.

It remains to specify the choice of U, a bound on the Euclidean norm of the weight
vectors (same as score vectors for us right now) that is used to define the best loss in
hindsight. It never makes sense for the learner to play anything outside the set Ups;, so that
we can set U = max{||s|[2 : s € Upsy}.

The paragraph following Lemma 6 of Thm. 3 in Piccolboni and Schindelhauer (2001)
gives the main intuition behind the argument the authors developed to prove hopelessness
of finite action partial monitoring games. To make our proof self contained, we will explain
the intuition in a rigorous way.

Key insight: Two adversary strategies p,p are said to be indistinguishable from the
learner’s feedback perspective, if for every action of the learner, the probability distribution
over the feedbacks received by learner is the same for p and p. Now assume that adversary
always selects actions according to one of the two such indistinguishable strategies. Thus,
the learner will always play one of s; and sj. By uniqueness, s, #+ s;. Then, the learner
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incurs a constant (non-zero) regret on any round where adversary plays according to p and
learner plays s5, or if the adversary plays according to p and learner plays s;. We show that
in such a setting, adversary can simply play according to (p 4+ p)/2 and the learner suffers
an expected regret of Q(T).

Assume that the adversary selects {R1,..., Rp} from product distribution ®p. Let
the number of times the learner plays s and s; be denoted by random variables N? and
NP respectively, where NP shows the exclusive dependence on p. It is always true that
N? + NP = T. Moreover, let the expected per round regret be e, when learner plays 5
, where the expectation is taken over the randomization of adversary. Now, assume that
adversary selects {R1, ..., Rr} from product distribution ®p. The corresponding notations
become N? and NJ and e;. Then,

E(Pq,...,RT)~®pE(51,...,8T)[Regret«‘sh ceey ST)a (Rla ey RT))] =0- E[Nilp] + €p - E[Ng}

and
E(ry..... RemoiBisr,. .on) [Regret((s1, ..., s7), (R, ..., Rr))] = ¢5 - E[NJ] + 0 - E[N}]

Since p and p are indistinguishable from perspective of learner, E[N}] = E[Nlﬁ | = E[NVy]
and E[N}] = E[Ng ] = E[N2]. That is, the random variable denoting number of times s is
played by learner does not depend on adversary distribution (same for s;g.). Using this fact
and averaging the two expectations, we get:

€5 €
E(Rl7“"RT)N%@;E(SIW7ST)[Regret((sl, ce ST), (Rl, - ,RT))] = Ep . ]E[Nl] + Ep . E[NQ]

> min(%p, %) E[Ni + No] =¢-T

Since

sup E[Regret((si,...,s7), (R1,...,Rr))] >
Ri,...Rp

E(Rl,...,RT)N%WE(SlV”’ST) [Regret((817 s 78T)7 (R17 R RT))]

we conclude that for every learner algorithm, adversary has a strategy, s.t. learner suffers
an expected regret of Q(7T).

Now, the thing left to be shown is the existence of two indistinguishable distributions p
and p, s.t. s, # s;';.

Characterization of indistinguishable strategies in our problem setting: Two
adversary’s strategies p and p will be indistinguishable, in our problem setting, if for ev-
ery score vector s, the relevances of the top-ranked item, according to s, are same for
relevance vector drawn from p and p. Since relevance vectors are restricted to be bi-
nary, mathematically, it means that Vs, Pr.p(R(7s(1)) = 1) = Prs(R(ms(1)) = 1)
(actually, we also need Vs, Pr,(R(ms(1)) = 0) = Prp(R(ms(1)) = 0), but due to
the binary nature, Pr,(R(75(1)) = 1) = Prs(R(7s(1)) = 1) = Prp(R(ms(1)) =
0) = Prp(R(ms(1)) = 0)). Since the equality has to hold Vs, this implies Vj € [m],
Prp(R(j) = 1) = Prp(R(j) = 1) (as every item will be ranked at top by some score
vector). Hence, Vj € [m], Epp[R(j)] = Erp[R(j)] = Egp[R] = Egr3[R]. It can be
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Table 3: Relevance and probability vectors.
p 0.0 0.1 0.15 0.05 0.2 0.3 0.2 0.0
p 0.0 03 0.0 0.0 0.15 0.15 0.4 0.0

Rel. Ri Ry Rs Ry Rs Rg Ry Rs

0o 1 1 0 1 0 0 1

o 1 o 1 o0 1 0 1
o o 1 1 0 0 1 1

seen clearly that the chain of implications can be reversed. Hence, Vs, Prp(R(75(1)) =
1) = Prp(R(ms(1)) = 1) <= Ery[R] = Erp[R].
Explicit adversary strategies: Following from the discussion so far and Theorem 20,
if we can show existence of two strategies p and ps.t. Eg,[R] = Ep~;[R], but argsort (IE Rp [@} ) #

Z(R)
argsort (E R~p [%} ), we are done.

The 8 possible relevance vectors (adversary’s actions) are (R1, R, R3, R4, R5, Rg, R7, Rg) =
(000, 110,101,011, 100,010,001, 111). Let the two probability vectors be:

p = (0.0,0.1,0.15,0.05,0.2,0.3,0.2, 0.0)
5 = (0.0,0.3,0.0,0.0,0.15,0.15, 0.4, 0.0).

The data is provided in table format in Table. 3.
Under the two distributions, it can be checked that Eg~,[R] = Egs[R] = (0.45,0.45,0.4) .

R R
However, Er~, {ZER” (0.3533,0.3920, 0.3226) ", but Eg.; [ (R)} (O 3339,0.3339,0.4000) .
Hence, argsort (ERNP [GE?D =[2,1,3]" but argsort (ERNP [TRD T3,2,1]T}.
O
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