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Abstract

We present a systematic study of the bipartite ranking problem, with the aim of explicating its connections
to the class-probability estimation problem. Our study focuses on the properties of the statistical risk for
bipartite ranking with general losses, which is closely related to a generalised notion of the area under the ROC
curve: we establish alternate representations of this risk, relate the Bayes-optimal risk to a class of probability
divergences, and characterise the set of Bayes-optimal scorers for the risk. We further study properties of a
generalised class of bipartite risks, based on the p-norm push of Rudin (2009). Our analysis is based on the rich
framework of proper losses, which are the central tool in the study of class-probability estimation. We show
how this analytic tool makes transparent the generalisations of several existing results, such as the equivalence
of the minimisers for four seemingly disparate risks from bipartite ranking and class-probability estimation. A
novel practical implication of our analysis is the design of new families of losses for scenarios where accuracy
at the head of ranked list is paramount, with comparable empirical performance to the p-norm push.
Keywords: bipartite ranking, class-probability estimation, proper losses, Bayes-optimality, ranking the best

1. The Bipartite Ranking Problem

Bipartite ranking problems (Freund et al., 2003; Agarwal et al., 2005; Clémengon et al., 2008; Kotlowski
et al., 2011) have received considerable attention from the machine learning community. In such problems,
we have as input a training set of examples, each of which comprises an instance (typically a vector of features
describing some entity) with an associated binary label (typically denoted “positive” or “negative”, describing
whether the instance possesses some attribute). The goal is to learn a scorer, which assigns to each instance
a real number, such that positive instances have a higher score than negative instances. Violations of this
condition are penalised according to some loss ¢, and the bipartite ranking risk of a scorer is its expected
penalty according to #. When ¢ corresponds to the 0-1 loss, the bipartite ranking risk is one minus the area
under the ROC curve (AUC) of the scorer (Agarwal and Niyogi, 2005; Clémencon et al., 2008; Krzanowski
and Hand, 2009). Applications of bipartite ranking range from content recommendation, where the goal is to
rank a set of items based on an individual’s preference for them, to epidemiological studies, where the goal is
to a rank a set of individuals based on how likely they are to have a particular disease.

While bipartite ranking has received considerable study, the focus has primarily been on algorithm design.
There has been relatively little theoretical study of issues such as the properties of its statistical risk, and it
is only recently that its relationship to extant supervised learning problems has been formally established
(Narasimhan and Agarwal, 2013b). While the design of computationally and statistically efficient methods
for bipartite ranking is important, we believe there is value in explicating the statistical risk assumed by the
problem, the optimal solutions that result from it, and the implied relationships to other learning problems.

To this end, in this paper,’ we systematically study bipartite ranking through its statistical risk. In brief,
we study the properties of the bipartite risk (and hence the AUC) for an arbitrary scorer, the properties of
the Bayes-optimal bipartite risk and the bipartite regret for an arbitrary scorer, and characterise the set of
the Bayes-optimal scorers. While some of these topics have been touched upon in prior studies, we aim to

1. A preliminary version of this work appeared in (Menon and Williamson, 2014).
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provide a comprehensive, unified treatment of the material. Our analysis rests heavily upon the framework
of proper losses (Buja et al., 2005; Reid and Williamson, 2010)—the machinery underlying the analysis of
the class-probability estimation problem—which we hope to demonstrate to be the natural lens with which to
study bipartite ranking problems. The proper loss framework has previously been employed in the analysis of
a reduction of bipartite ranking to class-probability estimation (Agarwal, 2014). In this paper, we show how
this framework additionally provides a clean way of generalising existing results on the Bayes-optimal scorers
(§7.3, §9.5), makes transparent the connections between bipartite ranking and class-probability estimation
(§10.2), and immediately establishes the equivalence of minimisers for seemingly disparate risks (§11). A
novel practical implication is a means of designing losses suitable for the task of “ranking the best” (§9.6),
which we show to perform favourably compared with existing approaches (§9.7).
Table 1 provides an overview of the material covered in this paper. In more detail:

We formally define the bipartite ranking problem for a general loss via its statistical risk (§3.3), and
derive its equivalence to a classification problem over pairs (§4).

We study the properties of the ROC curve, such as its connection to the calibration transform (§5.2.5),
and its value in determining thresholds for cost-sensitive classification (§5.2.6). We derive a (to our
knowledge novel) result (Proposition 13) on how dominance of one calibrated scorer over another in
ROC space implies dominance with respect to any proper composite loss, which establishes the coher-
ence of using the ROC curve to compare calibrated scorers.

We discuss several interpretation of the AUC, including its relationship to the bipartite risk (§5.5) and
a number of integral representations (§5.6). We show how one of these representations, due to Hand
(2009), is related to the integral representation for proper losses, and discuss its implications for the
coherence of the use of AUC to compare scorers (§5.6.2).

We relate the Bayes-optimal bipartite risk to an f-divergence between product measures for the class-
conditional distributions (§6.2), generalising a result for the case of 0-1 loss due to Torgersen (1991).
We further relate the bipartite regret to a generative Bregman divergence (§6.3).

We determine the set of Bayes-optimal scorers for surrogate bipartite ranking risks (§7.3, §7.4, §7.5),
demonstrating how the proper loss framework helps generalise existing results on the topic. We use
these results to derive surrogate regret bounds, and thus AUC-consistency, for algorithms that minimise
a suitable surrogate loss over pairs (§8).

We formalise the “ranking the best” extension to bipartite ranking (§9.1), and the study the Bayes-
optimal scorers for the p-norm push risk (§9.5). We show how the risk can be related to a proper
composite loss with asymmetric weight function over misclassification costs (§9.6.1).

We show how the weight function view of a proper composite loss suggests a strategy for designing
losses suitable for “ranking the best”. We then describe several such new loss functions (§9.6.3). We
evaluate these losses empirically on a number of real-world data sets (§9.7), and demonstrate their
favourable empirical performance compared to the p-norm push risk.

Based on the corresponding Bayes-optimal solutions, we relate bipartite ranking to the learning prob-
lems of pairwise ranking, class-probability estimation, and classification (§10.1, §10.2). This formally
elucidates the relative “difficulty” of each of these problems.

Based on the corresponding Bayes-optimal solutions, we establish the equivalence between the min-
imisers of seemingly disparate risks for four popular approaches to bipartite ranking (§11). This further
illustrates the close links between bipartite ranking and class-probability estimation.

We relate bipartite ranking to axiomatic characterisations of ranking relations, and in particular show
how theorems characterising the existence of utility representations describe the class of ranking prob-
lems over pairs that it can model (§12.4).
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Topic Description Reference
RISk Bipartite ranking risk for general loss 7 §3.3
Equivalence to pairwise ranking risk §4
RELATION TO AUC AUC and generalisation to a general loss ¢ §5.3,8§54
Equivalence of bipartite ranking risk and £-AUC §5.5
Integral representations of the AUC and #-AUC §5.6
AUC and the Neyman-Pearson problem §D
OPTIMAL RISK Relationship between Bayes risk and f-divergences §6.2

Relationship between regret and generative Bregman divergences  §6.3

OPTIMAL SCORERS Bayes-optimal pair-scorers §7.3
Bayes-optimal univariate scorers §7.4,87.5
SURROGATE REGRET Surrogate regret bounds for pairwise minimisation §8
GENERALISED RISK Ranking the best formulation §9.1
Bayes-optimal scorers for p-norm push §9.5
Proper composite approach to ranking the best §9.6
Empirical comparison of algorithms for ranking the best §9.7
EQUIVALENCES Reduction to classification and class-probability estimation §10.1, §10.2
Equivalent risks for bipartite ranking §11
AXIOMATIC CHARACTERIS-  Utility representation theorems §12.4
TION

Table 1: Summary of the results on bipartite ranking in this paper.

Before initiating our study with a description of bipartite risk, we fix notation and provide definitions of
key quantities that will be used throughout the paper.

2. Preliminary Definitions and Notation

We define the relevant quantities used in the rest of the paper, and fix some notation. Table 2 provides a
glossary of some frequently used symbols.

2.1 Notation

We use scripted calligraphic fonts e.g. X, Y to denote sets. We use X \ Y to denote set difference, and @ to
denote the empty set.

We denote by R the set of real numbers, and R, = [0, ). For a positive integer n, we write [n] =
{1,2,...,n}. For a function f: X — R, we denote its image or range by Im(f). If f is differentiable,
we denote its derivative by f/. For functions f, g, fog denotes functional composition, so that (fog)(x) =
f(g(x)). For a nonincreasing function f : R — R, define the pseudo-inverse f~! : R — R by

o) =inf{x €R : f(x) <y} (1)

If f is strictly decreasing, this coincides with the standard inverse function. When f is nondecreasing, we
replace the inf with a sup in Equation 1. For a constant ¢ € R, we write f = ¢ to mean that f(x) = c for
every x € X.



Symbol
[

AV

M, p

Mpair
T

D =<P,Q,zy =<{M,ny

s: X >R

Spair - XXX = R
Diff(s) : XXX - R
Specomp

Prb(; D,s) : R — [0,1]
Cal(-; D,s) : X — [0,1]
S, S

Y()

w(-)

Lspe

LSPC(\F)
Lpecomp
L(:,+0)
L(:6)
L(sD,?)
Lgr(:; D, ?)
L*(D,?¢)
Lir(D,0)
8*(D,?)
Syr(D,6)
regret(-; D,?)
regretgp(+; D, 0)

1,(-)
B, ()

TPR, TNR, FPR, FNR
AUC, AUC,
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Meaning

Indicator function

Minimum and maximum

Sigmoid function

Instance space, typically R”
Label space, typically {+1}

Set of all distributions over a set 8

Random variables, typically samples from D
Distribution over X x {+1}

Distribution over X X X X {+1}

Pairwise ranking distribution derived from D
Class-conditional distributions and densities of D
Observation distribution and density of D
Observation-conditional distribution of D
Observation-conditional distribution of Dgg
Positive class base rate of D

Constituent components of distribution D

Scorer

Pair-scorer

Difference pair-scorer

Set of all decomposable pair-scorers
Score-to-probability transform
Calibration transform

Random variable and distribution of scores

Loss function

Symmetrised loss function

Link function for a proper composite loss

Weight function for a proper composite loss

Set of all strictly proper composite losses

Set of all strictly proper composite losses with link ¥

Set of all losses with decomposable Bayes-optimal pair-scorer

Conditional risk for loss ¢

Bayes-optimal conditional risk for loss ¢

Risk for loss £

Bipartite risk for loss ¢

Bayes-optimal (minimal) risk for loss £

Bayes-optimal (minimal) bipartite risk over scorers for loss £
Set of Bayes-optimal scorers for classification for loss £

Set of Bayes-optimal scorers for bipartite ranking for loss ¢
Classification regret of scorer for loss £

Bipartite ranking regret of scorer for loss Z

f-divergence between distributions

Generative Bregman divergence between distributions

True (false) positive (negative) rates
Area under the ROC curve, 0-1 and # loss

Definition

§2.1
§2.1
§2.1
§2.1
§2.1
§2.2

§2.2
§3.1
§3.4
§3.3
§3.2
§3.2
§3.2
§3.3
§3.2
§3.1

§2.4
§2.4
§2.4
§2.4
Equation 5
Equation 5
§2.4

§2.6
Equation 8
§2.6

§2.6

§2.6

§2.6
Equation 20

§3.2
§3.2
§3.2
§3.3
§3.2
§3.3
§3.2
§3.3
§3.2
§3.3

Equation 3
Equation 4

Definition 4
§5.3,854

Table 2: Glossary of frequently used symbols used in this paper.
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For any function f : X — R, we denote by Argmin .- f(x) the set of all minimisers i.e. all x € X such
that f(x) < f(x") for all x’ € X. When the set is a singleton, so that f has a unique minimiser, we denote
this minimiser by argmin, .+ f(x).

We denote by Diff(f) : X x X — R the function satisfying (Diff(f))(x, x’) = f(x) — f(x') for every
x,x" € X. For a set of functions F = { f : X — R}, we define Diff(F) = {Diff(f) : f € F}.

Given any a,b € R, we use a A b = min(a, b) and a V b = max(a, b). We use the Iverson bracket
(Knuth, 1992) [p] to denote the indicator function, whose value is 1 if p is true and O otherwise. For any
xg € R, we use 6, (-) to denote the Dirac delta centred at x;,, which is a generalised function” satisfying
I 8y, () f(x)dx = f(xg) for any continuous f : R — R.

For any z € R, we define sign(z) = [z > 0] — [z < 0]. The sigmoid function o(-) is defined by

1

Vz€R)o(z) = =t

2

with its inverse ¢~ !(-) being the logit function,

y

(Vy € (0, 1)) 0! (y) = log 7= 5

2.2 Probability Distributions and Random Variables

We use sans-serif fonts e.g. X,Y to denote random variables. We denote by X ~ D that X is a random
variable with probability distribution D. We denote by Py _p[X € A] the probability that a random draw of
X according to D falls in the set A. We denote by X[ED [X] the expected value of the random variable X.

Given distributions P and Q such that P is absolutely continuous with respect to Q, we use % to denote the
Radon-Nikodym density of P with respect to Q. When it exists, we refer to the density of a random variable
with respect to Lebesgue measure (unless noted otherwise) by py. Alternately, when the random variable
is clear from context, we refer to the density of the underlying distribution (e.g. Q) by the corresponding
lowercase letter (e.g. q).

Given a set 8, we denote by Ag by the set of all probability distributions on 8. We denote by Ber(0) the
Bernoulli distribution with parameter 6 € [0, 1].

2.3 f- and Bregman-Divergences

For convex f : R, — R, the f-divergence (Csiszar, 1963) between distributions P, O is

(PO = E [(%)(X)]. 3)

This can be seen as a notion of discrepancy between P and Q. For normalisation purposes, one typically
enforces f(1) = 0.

A generative Bregman divergence is a distinct notion of discrepancy between two probability distributions.
It relies on the notion of a Bregman divergence (Bregman, 1967). For convex, differentiable f : R — R, the
Bregman divergence B between points x, y € R is

Bi(x,»)=fx)= =) - (x-y).
The generative Bregman divergence B, between distributions P, Q with densities p, g with respect to some
distribution M is then the average divergence between the densities (Reid and Williamson, 2011, Section 3.3),
B,(P,Q) = XLEM [B(p(X), g(X))] . 4)

2. Strictly, the Dirac delta is defined as a distribution or functional such that 5XO( f) = f(xq) for every smooth f (Rudin, 1973, pg.
156; Strichartz, 1994, pg. 5), or one interprets the integral _/R 5x0 (x)f(x)dx as _/R f(x) Hx, (dx) for Hx, being the Dirac measure.
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2.4 Scorers and Pair-Scorers

We are interested in supervised learning problems involving an instance or feature space X (often R”"), and a
label space Y. We call an element x € X an instance or feature vector, and an element y € Y a label. A scorer
s for the space (X, Y) is some (measurable) function s : X — V, where V C R!9! is the prediction space of
the scorer. The magnitude of each element of s corresponds to the degree of belief in an instance having the
corresponding label. A classifier is a scorer with V = Y, so that an instance is directly annotated with one
of the labels. A class-probability estimator is a scorer with V = Ay}, so that an instance is annotated by a
distribution over its possible labels.

This paper focusses on the setting of binary labels, where Y = {+1}. In the case of binary labels, a scorer is
some s : X — V, where V C R. Here, classifier c is often derived from a scorer® s via c(x; 1) = 2 [s(x) > ] —1
for some threshold ¢+ € R. Similarly, a class-probability estimator f is often derived from a scorer s via
f =¥ los for some (inverse) link function ¥~! : R — [0, 1].

When a scorer is applied to instances drawn from some distribution, one can consider the induced distri-
bution over scores. If X is a random variable over instances with distribution M, we denote by .S the induced
distribution over the scores. When it exists, we refer to the induced (marginal) distribution of the scorer as
M, and the distributions on the positive and negative classes by Pg and Q¢ respectively. We denote the
marginal density of the score distribution by y ¢, and the score densities on the positive and negative classes
by pg and gg respectively.

A pair-scorer spy;, for a product space X X X is some function sp;, : X X X — V. The magnitude of
Spair corresponds to a degree of belief in the first instance having a “larger” label than the second, according
to some metric. A ranker is a pair-scorer with V = {+1}. A ranker r is typically derived from a pair-scorer
Spair Via r(x, x';1) = 2 [s(x, x") > ] — 1 for some threshold r € R. Given a (standard, or univariate) scorer s,
we can construct a pair-scorer Diff(s) : X X X — V — 'V (where — denotes Minkowski subtraction) via

(Vx,x" € X)Diff(s)(x, x") = s(x) — s(x).
We call a pair-scorer spy;, decomposable if
- XXX . . .
SPair € Specomp = { Spair € v 1 (3s: X = R)sp,, = Diff(s)}.

We call a pair-scorer anti-symmetric if, for every x, x' € X, sp,i(x, x) = —sp,.(x’, x). Every decompos-
able scorer is anti-symmetric, but not conversely.

2.5 Calibration Transform

Given a scorer s and distribution D € ADCx{il}’ the score-to-probability transform Prb(-; D, s) : R — [0, 1]
maps each score to the actual probability when the score is observed:

(Va € Im(s)) Prb(a; D, s) = Pxvy~plY = 1|s(X) = a].

We call a scorer s calibrated with respect to D if each predicted score equals the probability of Y = 1 when
that prediction is made (DeGroot and Fienberg, 1983):

(Va € Im(s)) Prb(a; D, s) = a.

A scorer must be a class-probability estimator to be calibrated (i.e. it cannot output values outside [0, 1]). The
calibration transform Cal(-; D, s) : X — [0, 1] converts a scorer into a class-probability estimator via

(Vx € X)Cal(x; D, s) = Prb(s(x); D, s). (®)]

It is easy to check that for any scorer s : X — R, Cal(-; D, s) is automatically calibrated.

3. The case of s(x) = t can be considered as a tie, thus requiring a tie-breaking scheme. The above definition corresponds to breaking
ties in favour of the positive class.
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2.6 Loss Functions and Conditional Risks

A binary classification loss ¢, often just referred to as a loss, is some (measurable) function 7 : {1} XR —
R.. An important example is the 0-1 loss,*

for(r0) = o < 0] + 3 - [v=0].

Given aloss £, we use 1 (v) = £(1,v) and £_;(v) = £(—1, v) to denote the individual partial losses. We will
sometimes refer to a loss via the tuple £(v) = (Z_;(v), £{(v)).
We define the conditional ¢-risk L(-,-;¢): [0,1] xR — R, to be

(Vn e [0,1],s€R)L(n,S;f)iY E

[ZY,9)]=n-C1(s)+ (L —n)-2_(s). (6)
Ber(n)

The Bayes-optimal conditional ¢-risk L*(-;¢) : [0,1] = R, is then the best possible conditional risk,

(Vn € [0,11) L*(n; ) = ilel& L(n,s;?).

For the 0-1 loss, the optimal risk is attained for any score with the same sign as n — % More generally, we

call a loss classification calibrated if for every n € [0, 1] \ { % } (Bartlett et al., 2006, Definition 1),
)< oot L5 (7

i.e. every optimal prediction has the same sign as 21 — 1.
We call a loss ¢ symmetric if, for every y € {+1} and v € R, Z(y,v) = £(—y,—v). We denote the
symmetrised version of an arbitrary loss by

£, v)+2(-1,-v)

> ®)

Zsymm (V) =

We call aloss £ a margin loss if £(y, z) = ¢(yz) for some function ¢ : R — R,. A loss is symmetric if and
only if it is a margin loss; sufficiency is straightforward, and to see necessity, note that for a symmetric loss,
£y, v)=[y=1]¢,) + [y = -1] £,(-v) = £,(yv) = p(yv) for $(v) = £, (v).

2.7 Proper and Proper-Composite Losses

A probability estimation loss A is some (measurable) function 4 : {+1} X [0,1] - R, U {+oc0}. Wecall a
probability estimation loss proper” if its conditional risk is optimised by predicting the underlying probability
(Buja et al., 2005; Reid and Williamson, 2010),

(Yn,n' €10,11) L(n,n; A) < L(n, 1’5 A). ©)

We call a loss strictly proper if the inequality is strict.
In the following, we assume two mild regularity conditions: that A;(1) = A_;(0) = 0, and

limu - A,(u) = lim(1 = u) - A_, () = 0.
u—0 u—1

4. When V = {1}, so that we are assessing a classifier, the canonical definition of 0-1 loss is £(; (v, v) = [y # v]. When assessing a
scorer with V = R, we simply derive a classifier from the scores and compute the resulting 0-1 loss. The only mild complication is
that we consider a score of v = 0 to be a tie, which thus requires a tie-breaking scheme. In our definition, we break ties uniformly
at random, and thus generate a randomised classifier. This results in the extra second term compared to the classification case.

5. Proper losses are sometimes referred to as proper scoring rules (Gneiting and Raftery, 2007), especially in the statistics literature. A
“scoring rule” is distinct from our notion of a “scorer”: the former is a loss, and the latter is a prediction. In the literature on scoring
rules, our notion of a scorer is sometimes referred to as a (probabilistic) “forecast” (Gneiting and Katzfuss, 2014).
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Name A_y(u) A (w) w(c) L*(n; A)

0-1 [[u > %H [[u < %H 61/2(0) nA(l—=n)

Cost-sensitive  c* - [[u > %]] (1=c)- [[u < %]] 5,(C) (A=) -mAE*-(1=n)

Brier u? (1 —u)? 2 n-(1-n)

Log —log(l —u) —logu ﬁ —n-logn—(1—-n)-log(1 —n)
. L \1/2 _\1/2

Boosting (E) (17) m 2-vn-(—n)

Table 3: Examples of proper losses A with associated weight functions w and conditional Bayes risks L*(:; 4).

Name Symbol  #(y,v) A Y(u) ¥v-1p)
Square fsq i (1 — yv)? Brier 2u—1 (%1 \ 0) Al
Logistic Clog log(1+e7") Log log - %
Exponential 7, e Boosting = - log T 1+;_2U

. vy . 2u—1 1 v/2
Matsushita £ I+ 7 — = Boosting i 3 <1 + —\/W>

Table 4: Examples of proper composite losses with associated underlying proper loss 4 and link function ¥.

Any proper loss satisfying these conditions admits an integral representation as a weighted combination of
cost-sensitive losses (Shuford Jr. et al., 1966; Schervish, 1989, Theorem 4.2),

1
A (yu) "’/0 w(c) - Ay, w)de, (10)

where w: [0, 1] = R, U {400} is called the weight function of the loss, and Acg(.) is the cost-sensitive loss

Acs(+Luw) = (1 =) - [u<c] + % u=]
1 (11)
’ICS(c)(_l,M) =c- [[u > cﬂ + 5 . [[u — c]].

We call Equation 10 Shuford’s representation. A loss is strictly proper if and only if its weight function is
strictly positive. One can relate the weight function and conditional Bayes risk via (Reid and Williamson,
2010, Corollary 3) w(c) = —(L*(-; 1)) (c).

We call aloss Z (strictly) proper composite if there is some invertible link function ¥ : [0,1] > RU{zo0}
such that the probability estimation loss A(y, u) = £(y, ¥(u)) is (strictly) proper (Reid and Williamson, 2010).
By Equation 10, this implies that a proper composite loss also admits an integral representation; hence, we
define the weight function of a proper composite loss as that of its underlying proper loss. We denote the
set of strictly proper composite losses with invertible link function ¥ by Lgpc (W), and the set of all proper
composite losses by Lqpc.

When the proper composite loss £ is differentiable, we have (Reid and Williamson, 2010, Corollary 12)

HOR ,
7)) (12)

Vo e R)¥Y'(v) = <1
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Problem Input space Output Risk

Classification XxY c: X->Y X\[(E [£(Y, s(X))]
Class-probability ~ X x Y 70— Mgy X¥)~D

estimation

Bipartite ranking X X {£1} s: X >R x~PI§<'~Qfsymm(s(X) —s(X")
Pairwise ranking ~ XXX X {£1} spy 0 XXX - {£1} (x,x'ﬂ,EZ)~R [f(Z, Spair(X, X/))]

Table 5: Summary of learning problems in terms of input, output, and statistical risk.

Given a proper loss 4, we call a link function ¥ : [0, 1] - R U {00} canonical for that loss if
(Ve € [0, 1) ¥’ (c) = w(c). (13)

The canonical link function is monotone increasing, but is strictly so if and only if the loss A is strictly proper.
For a strictly proper loss A, the proper composite loss Z(y, v) = A(y, ¥~!(v)) is convex (Reid and Williamson,
2010, Theorem 28).

Table 3 provides some examples of popular proper losses, and Table 4 of popular proper composite losses,
along with their associated underlying proper loss A and link function .

3. Classification and Ranking: Statistical Setups

We now formally define the problems of interest in this paper. For each problem, we state the nature of their
assumed input, produced output, and measure of statistical performance (or risk). Table 5 provides a summary
of these problems. Our starting point is a general statistical perspective on learning from binary labels.

3.1 Learning from Binary Labels: Distributions and their Decompositions

Most problems of interest in this paper concern learning based on samples from some distribution D €
Axxix1) Over binary labels. The precise nature of these problems shall be specified momentarily, but we
first note two decompositions of D that shall prove useful. The first involves splitting any D € Aq, ., into

(VA CX) P(A) = P[X € AlY = 1]
(VA CX)O(A) = P[X € A|Y = —1]
r=PXeX,Y=1]

Equivalently, we may decompose D € Ay, into

VACXHMMA) =PIXeAY e {+x1}]
Vx € X)n(x) = PLY = 1|X = x].

We refer to P, Q as the class conditional distributions, and = the base rate; we refer to M as the observation
distribution and 7 as the observation-conditional distribution or class-probability function. We will denote
the densities of P, Q with respect to M by p,q. When M possesses a density, we refer to it as 4. When we
wish to refer to these constitutent distributions of D and their densities, we will explicitly parameterise D as
either D = <P,Q,xn» or D = {M, 5, as appropriate.

We now proceed to formalising the problems considered in this paper.
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3.2 Classification and Class-Probability Estimation

Classification is the canonical supervised machine learning task, and has received several decades’ worth of
study from a theoretical and practical perspective. Classification is often motivated by appealing to several
real-world problems, such as predicting whether an email message is spam based on its contents, predicting
whether or not a person is sick based on test results, or predicting whether or not an individual will enjoy a
movie based on its characteristics.

Formally, in statistical classification (Devroye et al., 1996), we are given samples from some distribution
D € Ayyy, and wish to learn a classifier ¢ : X — Y. In class-probability estimation (Buja et al., 2005; Reid
and Williamson, 2010), the input is identical, except we wish to learn a class-probability estimator 77 : X —
A[jy|;- In the binary case, classification involves learning some ¢ : X — {+1} and class-probability estimation
involves learning some 7 : X — [0, 1]. In this setting, one typically first learns a general scorer s : X - R,
and performs either thresholding to get a classifier or a monotone transformation to get a class-probability
estimator.

It remains to define how the performance of a candidate scorer s : X — R is assessed for the two problems.
Intuitively, as these problems assume examples drawn from a probability distribution, one would like to incur
a small disutility or loss for a randomly drawn example. This notion is captured by the notion of statistical
risk. Givenany D = <M, ny € Ay, and loss Z, we define the Z-classification risk for a scorer s to be the
average loss incurred on a random sample from D,

L(s; D,?) = (X,\[(E)ND [, s = E [L#(X), s(X);: )], (14)

recalling that L(-,-;?) is the conditional #-risk (Equation 6). The Bayes-optimal ¢-classification risk, or
simply the Bayes risk, is the infimal £-classification risk:

L*(D,¢)= inf L(s;D,?).
(D)2l (L6 D.2)

N

Similarly, the Bayes-optimal conditional risk, or simply the conditional Bayes risk is

L*(n; ) = inf L(n,5;2).

When the infimum is achievable,® the set of Bayes-optimal scorers for a loss £ and distribution D comprises
scorers that attain the Bayes-optimal #-classification risk:

8*(D,?¢) = ArgminlL(s; D, ).
s: X->R
Under appropriate measurability assumptions, this set may be discerned pointwise, by studying the minimisers
of the conditional risk L(:,-;Z) (Steinwart, 2007). Finally, the £-regret of a scorer s : X — R is its excess
¢-classification risk over the Bayes #-classification risk:

regret(s; D, ) = L(s; D,?) — L*(D, ?).
In binary classification, the canonical goal is to minimise the risk for £,

1
L(s; D,%01) = Pixy)~p [Y - 5(X) < 0] + 3 Px.v)~pls(X) =01, (15)
i.e. we want our scorer s to achieve low misclassification error on future samples. Observe that the second term
above encodes that ties in the classification are broken uniformly at random. In class probability estimation

on the other hand, the canonical goal is to minimise L(s; D, £) for some proper composite loss £.

6. A simple example where this is not true is the case of separable data, where 5(x) € {0, 1} for every x. Under log-loss, which is proper,
the optimal scorer s*(x) = n(x). Under logistic loss, which is proper composite, the optimal scorer is in general s*(x) = log %
But for separable data, that would require s*(x) € {+o0}, and so the infimum is not attainable. Working with the extended reals

R U {00} is one possible fix, but in the sequel we will always assume the infimum is attainable.

10
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The binary classification £-risk has been extensively studied. Much of the literature has focussed on the
design of losses # with favourable computational and statistical properties, with specific focus on margin
losses such as in the support vector machine (which employs the hinge loss fhinge(y, v) = max(0,1 — yv)),
boosting (which employs the exponential loss £, (y, v) = e7>"), and logistic regression (which employs the
logistic loss £y, (v, v) = log (1 4+ e77)). There has also been theoretical study of how regret with respect to a
loss Z translates into the regret with respect to the 0-1 loss, via surrogate regret bounds (Zhang, 2004; Bartlett
et al., 2006).

3.3 Instance Ranking

Many applications traditionally used to motivate binary classification are more appropriately cast as ranking
problems. For example, rather than merely predicting an individual’s enjoyment of a single movie, it is po-
tentially more useful to have a system capable of producing a ranked list of movies that the individual may
enjoy. Similarly, in epidemiological studies, rather than merely predicting whether a single individual has a
disease, it is potentially more useful to have a system that can produced a ranked list of individuals deemed
most likely to have a particular disease. Instance ranking is of similar interest in most other settings where
classification is, such as credit fraud detection and clickthrough rate analysis.

Formally, in instance ranking (Fiirnkranz and Hiillermeier, 2010, pg. 6; Crammer and Singer, 2001;
Shashua and Levin, 2002), we are given samples from some distribution D € Ax,y, where each sample
comprises asingle x € X and alabel y € Y, where Y is a (finite) totally ordered set. The goal is to learn a scorer
s : X — R such that the ordering of instances by their scores scores mimics the ordering by their labels. Note
that Y, while ordered, does not necessarily have an associated metric e.g. for Y = {Hate, Indifferent, Like},
there is a natural ordering over the outcomes, but it may not be possible to assign numeric values to the
comparison of two outcomes. When Y does not have an associated metric, instance ranking is identical to
ordinal regression (Agresti, 1984), and thus one can solve ordinal regression problems by ranking methods
(Herbrich et al., 2000). When Y has an associated metric, instance ranking is a hybrid between traditional
multi-class classification (where Y is finite but unordered) and regression (where Y is ordered but not finite)
(Li and Lin, 2006).

When Y = {£1}, the goal of instance ranking can be seen as scoring positive examples higher than negative
examples. This special case is known as the bipartite ranking problem, and has received considerable attention
(Freund et al., 2003; Agarwal and Niyogi, 2005; Clémencon et al., 2008; Kotlowski et al., 2011). Bipartite
ranking is the main focus of this paper.

As per the previous section, to specify the bipartite ranking problem, we begin with its underlying risk.
Givenany D =<P,Q, 7y € AxX{il} and loss ¢, we define the £-bipartite risk for a scorer s : X — R to be

Lgr(s; D,?) = i o [Z symm(s(X) = s(X"))]
1

= T ey 100 (= 1) - £ (56) = sOX)) 16)

The first equation indicates that this risk is independent of the base rate 7. When the loss ¢ is symmetric, the
equation reduces to

L ; D, 0) = E £1(s(X) — s(X)] . 17
pr(5: D)= B (210 = s(X)] (17)
A canonical goal is to minimise the bipartite risk for £,;, which is
1
I]_BR(S, D, 501) = [P)XNP,X,NQ[S(X) - S(X,) < 0] + 5 . [P)XNP,X,NQ[S(X) - S(X,) = 0],
i.e. we want s to achieve low pairwise misclassification error, in the sense of scoring a negative higher than a

positive, on future samples. The reader may wonder how, if at all, this relates to the misclassification error of
Equation 15; such discussion shall be deferred to §10.

11
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Equipped with a notion of statistical risk, we can define the Bayes-optimal risk, Bayes-optimal scorers,
and regret by analogy with the quantities from the previous section:

Lig(D.€) = inf Lyg(s: D.2)

Spr(D,€) = Argmin Lgg(s; D, )
st X-R

regretggp(s; D,7) = Lgp(s; D,7) — L (D, £). (18)

As in binary classification, a large body of literature has focussed on the design of losses £ with favourable
numerical and statistical properties, again with specific focus on margin losses such as in SVMRank (Joachims,
2002; Herbrich et al., 1998) (corresponding to hinge loss), RankBoost (Freund et al., 2003) (corresponding to
exponential loss), and RankNet (Burges et al., 2005) (corresponding to logistic loss).

3.4 Pairwise Ranking

Pairwise ranking problems involve labelled pairs of instances, where we only know which of two instances
is more likely to possess some characteristic. For example, in web search click-log data, we can elicit pair-
wise preferences to determine which of two search results is more likely to be clicked (Joachims, 2002). (In
information retrieval, the problem is sometimes referred to as “average view paper ranking”, Liu, 2009, pg.
203.)

Formally, in pairwise ranking (Cohen et al., 1999; Herbrich et al., 1998; Fiirnkranz and Hiillermeier, 2010,
pg. 7) we are given samples from some distribution R € Ay, (41}, Where each sample comprises pairs of
instances (x(1), x?), and a label {+1}, denoting that x1) ranks above or below x® respectively. Following
the notation used for binary classification, we will write R as either R = {Pp;r, Opair» Tpair? € Aocxaxi+1} OF
R = {M i, ipir »» Where for example (VA C X x X) Py (A) = P[(X, X) € A|Z = 1] for random variables
X, X', Z defined over the instances and label respectively.

The goal in pairwise ranking is to learn a pair-classifier cp,;, : XXX — {+1} that specifies whether or not
the first instance ranks above the second. As with standard classification, this is often done by thresholding a
pair-scorer spy;, : X X X — R. A pair-scorer is nothing more’ than a scorer defined on X X X, and thus the
notion of risk for pairwise ranking is as expected: given any R = {M i, pgir» € Dxrxcx(+1) and loss £, we
define the £-pairwise ranking risk for a pair-scorer sp,;, to be

Lispur: RO) = E [£(Z, 5paic (X, X))] = o Ent [L(pgir X X spgie X X )] (19)

pair

A canonical goal is to minimise this risk for the 0-1 loss,

1
L(spairs R, £o1) = [FD(X,X/,Z)~R[Z * Spair (X, X") < 0]+ EP(X,X/,Z)~R[SPair(X’ x")y=0],

i.e. we want our pair-scorer sp,;, to achieve low pairwise misclassification error on future samples. Observe
that the second term above encodes that ties in the ranking are broken uniformly at random.

As in the previous sections, we may define the Bayes-optimal risk, Bayes-optimal scorers, and regret for
pairwise ranking as:

L*(R,?) = infx_)R L(spairs R, O)

SPair * Xx

8*(R,£) = Argmin L(spy; R,?)
Spair - XXX =R

regret(spy; R, €) = L(spyirs R, €) — L* (R, ?).

7. Nonetheless, making a distinction with a standard scorer shall be useful in our subsequent analysis.

12
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4. Reducing Bipartite to Pairwise Ranking

Having defined the risks for three seemingly disparate problems, it is worth noting how they relate to each
other. First, the pairwise ranking risk (Equation 19) is clearly equivalent to the classification risk (Equation
14), except that we operate over pairs of instances X X X. Thus, pairwise ranking is equivalent to classification
on pairs; see also §10.1. Further, we may view bipartite ranking as a special case of pairwise ranking in the
following sense: any D € Ay, ) may be converted to a pairwise ranking distribution, Dgg € Axyx(+1}s
such that the risks of the two problems are equivalent. Thus, the methods described above for pairwise ranking
are equally applicable for bipartite ranking.

Definition 1 (Derived pairwise ranking distribution) Given any D = <{P,Q, 7wy € Ay (+1} the derived
pairwise ranking distribution Dpg € Aqcyyy(s1) corresponds to drawing (X, X',Z) € X x X X {£1} via:

e Draw Z ~ Ber(1/2)

o IfZ=+1,draw X ~ P,X" ~Q

o IfZ=—1,draw X ~ O, X' ~ P.

An equivalent process is:

e Draw (X,Y)~ D

e Draw (X', Y') ~ D.

o IfY =Y/, reject and re-sample; else, let Z =Y.

The following risk equivalence can be easily verified, and is well-known for the case of #;; (Balcan et al.,
2008; Kotlowski et al., 2011; Agarwal, 2014). (See Proposition 62 for a proof of a more general result).

Lemma 2 For any distribution D = {P,Q, )y € Axy(.1}, loss £ and scorer s : X — R,
Lr(s; D, €) = L(Dff(s); Dyg, £).
Proof By Equation 16,

Lor(s: D)= E, [Z ymm(s(X) = s(X"))]
- % o 11600 = 50X + 21 (50X) = 500)
= 3 B [0SO + 3 E [ (50X = 5000
= 2 B IGO0 = SO + 3+ E [ (50¢) = s(30)
1

- / l "N _
"o ny 1O SO+ 5+ B ey (£ = 500

[\

where in the penultimate equation we have simply renamed the random variables in the second expression.
By definition of Dgg and the pairwise ranking risk (Equation 19), this is exactly L(Diff(s); Dgg,?). M

We summarise the conditional and marginal probabilities of Dgg in Appendix B. For example, if (X, X', Z)
denotes the random variables distributed according to Dgp, it is not hard to check that

PI(X, Xy e Ax B|Z =+1] = P(A) - O(B)
PI(X, XY e Ax B|Z=—-1] = P(B) - Q(A).

The risk equivalence in Lemma 2 has a subtlety that will prove important in our subsequent analysis: the
bipartite risk for a scorer relates to the pairwise risk of a decomposable pair-scorer. Consequently, we cannot
in general equate the Bayes-optimal bipartite risks for the two problems, as the following makes precise.

13
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Proposition 3 For any distribution D € Ay} and loss ¢,
KER(D’ f) = [L*(DBR’ f) — S*(DBR’ f) N SDecomp # ﬂ
Proof By definition,

Lig(D.€) = inf Lyg(s: D.¢)

N

. i:?cf n L(Diff(s); Dggr,?) by Lemma 2

N

inf I]-(SPair; DBR’ Lﬂ)

Spair € S Decomp

By contrast,

L*(Dgg,%) = inf L(Spairs DeR> ©)-

( BR ) Spaip | CXXoR ( Pair> ~"BR )

The two Bayes-risks involve minimisation of the same functional, L(sp;.; Dggr, ). but the former requires
the constraint spyj; € Specomp- FOr the results of an unconstrained and constrained minimisation to coin-
cide, at least one solution to the unconstrained minimisation must belong to the constraint set. Thus, the two
Bayes-risks will coincide if and only if there is at least one minimiser of L(spyj;; Dgr,¢) that is in Specomp.
ie. £ € Lpecomp-

The condition in the right hand side above shall prove important in our subsequent analysis, so much so
that we shall use Lpecom, to denote the set of losses satisfying it:

[“Decomp = {Z’ﬂ | (VD e Af)C><{il})'"S*(l)BR’ )N SDecomp # ﬂ} : (20)

We shall revisit this condition when computing the Bayes-optimal scorers for the bipartite ranking risk. In
particular, Proposition 44 characterises the set of proper composite losses for which & € Lpeomp, Which turns
out to involve a condition on the link function for the loss.

5. The Area Under the ROC Curve (AUC) and Bipartite Risk

The canonical performance measure for a scorer in bipartite ranking is the area under the ROC curve (AUC).
In this section, we formally define the ROC curve and AUC, and show how the latter is related to the bipartite
risk defined in Equation 16. We then establish several properties of the ROC curve and AUC, and contrast
them to those of the classification risk for proper composite losses. We also describe a generalisation of the
AUC based on our general bipartite risk. While some of these results are not new, presenting them together
shall further delineate the distinctions between bipartite ranking and class-probability estimation.

Before describing the ROC curve, we must define the true and false positive rates for a scorer.

5.1 True and False Positive Rates

The goal of bipartite ranking is to produce a scorer s : X — R. However, as many practical applications
require a classifier ¢ : X — {£1}, it is of interest to convert a scorer into a classifier. The simplest approach
to doing so is to threshold the scorer at some t € R, producing a classifier ¢(x;¢) = [s(x) > ¢]. One may
assess the performance of the resulting classifier based on the true and false positive rates,® which intuitively
measure the accuracy (error) rates on each of the classes. These are defined below.

8. Depending on the literature, different terms may be used for these quantities. The true positive rate is sometimes referred to as the
recall or sensitivity, and the true negative rate the specificity. The false positive rate is sometimes referred to as the Type I error rate,
and the false negative rate the Type II error rate.

14



BIPARTITE RANKING: A RISK-THEORETIC PERSPECTIVE

Definition 4 (True and false positive rates) Givenany D = <P,Q,7n) € Ay (+1} andascorers: X - R,
define the true (false) positive (negative) rates of the scorer at a thresholdt € R U {+o0} to be

TPR(1; D, 5) = Py _pls(X) > 1] + % - Py.pls(X) =1]
- / 1 !
FPR(; D, 5) = Pxrols(X') > 1]+ 5 - P ols(X) = 1]
TNR(#; D,s) = 1 = FPR(1; D, 5) = Py _o[s(X') < 1] + % Pyrols(X') =1]
FNR(#; D, s) = 1 = TPR(1; D, 5) = Py _p[s(X) < 1] + % Py pls(X) =1].

When the scorer s and distribution D are clear from context, we use e.g. TPR(¢) to denote TPR(t; D, s).

In order to describe the properties of the true and false positive rates, it will be convenient to express them
in terms of the distribution of the scorer. Denoting by Pg, Q¢ the conditional distribution of scores on the
positive and negative class when applied to instances drawn from D, we may write the true and false positive
rates as:

1
TPR(1; D.5) = Psp[S > 1]+ 5 - Ps_p S = 1]

1
FPR(t; D, 5) = Py [S' > 1] + 5 Psig; IS =1].

The second term in each expression encodes that ties are broken uniformly at random between the positive and
negative classes. Observe that the second term is zero unless there are isolated scores; i.e., the distribution of
scores has a discrete random variable component. It is evident that both rates are non-increasing functions of
t, and thus possess pseudo-inverses (Equation 1).

We are now in a position to describe the ROC curve and its basic properties.

5.2 The ROC Curve and Its Properties

As discussed above, given a scorer s : X — R, one may threshold it to produce a classifier. However, it is not
a priori clear how to choose a suitable threshold. The ROC curve (Egan, 1975; Fawcett, 2006) is a graphical
representation of a scorer that spells out the implications of every threshold choice. It is formed by tracing
out the relationship between the true and false positive rates of a scorer across all possible thresholds.

Definition 5 (ROC curve) Given any D = {P,Q,n) € AxX{il}, and a scorer s . X — R, the ROC curve
is defined by the parametric representation’

ROC(s; D) = {(FPR(; D, 5), TPR(t; D, s)) : t € RU {+o0}} C [0,1]%.
Equivalently, let p(a; D, s) be the power of s at a false-positive rate of a, defined as
(Ya € [0,1]) p(a; D, s) = TPR(FPR™()), (21)
where we use the pseudo-inverse (Equation 1) of the false-positive rate. Then,
ROC(s; D) = {(a, p(a; D, 5)) : a € In(FPR)} C [0, 1]%.

Put plainly, for all possible thresholds ¢ € R, we create a classifier from s using the threshold, and assess the
resulting accuracy on the positive and negative classes respectively. Every point on the ROC curve represents
a pair of realisable true and false positive rates, i.e. rates that may be attained by a classifier based on an

9. At a threshold t = +o0, both the FPR and TPR are 0, while at = —oo, the FPR and TPR are both 1. Thus, varying ¢ in this way
traces a curve from left to right.
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appropriate thresholding of the scorer. Thus, the ROC curve visually summarises the set of realisable error
rates for various choices of classifier derived from the underlying scorer s.

In general, two points on the ROC curve represent different tradeoffs in terms of the true and false positive
rates. Thus, there is no clear automated mechanism to pick the “best” threshold for generating a classifier
without additional information as to one’s underlying utility.

5.2.1 BASIC PROPERTIES OF THE ROC CURVE

We make some basic observations about the ROC curve for any scorer s : X — R and distribution D.

(1) we have {(0,0),(1,1)} € ROC(s; D). This is because lim,_,, TPR(#) = 0, lim,_,_,, TPR(¥) = 1, and
similarly for the FPR.

(ii) the curve does not have self-intersections. This is because FPR and TPR are monotone functions.

(iii) the curve is invariant to strictly monotone increasing transformations of the scorer s. This is because the
FPR and TPR are invariant to strictly monotone increasing transformations (see also Proposition 15).

(iv) the curve is not necessarily surjective onto [0, 1]?, and may comprise only a finite number of points in
[0, 1]%. This is a consequence of the fact that FPR and TPR are not necessarily strictly monotone.

(v) even if the curve is surjective, the set of points below the curve is not necessarily a convex set i.e. p(-) is
not necessarily a concave function.'’

Figure 1 gives examples of various properties an ROC curve may possess, and in particular illustrates
points (iv) and (v). We now discuss these last two points further.

5.2.2 INTERPOLATION OF THE ROC CURVE

In practice, one typically only has access to an empirical distribution D with finite support. The resulting
empirical ROC curve will thus comprise a number of isolated points. In such situations, it is common to
linearly interpolate between these points. To justify this interpolation, recall that each point on the ROC
curve summarises the performance of a classifier derived from a specific threshold. Every interpolated point
is similarly achievable by some randomised classifier derived from s (Scott et al., 1998, Theorem 1; Provost
and Fawcett, 2001, Theorem 7). To see why this is so, suppose ROC(s; D) = {(fi,ti)}l’,’zl, where f; <
fiz1:1; £ t;41. Forany i € [n— 1], pick any « € [0, 1], and consider the interpolated point (f’, ') defined by

() =a-(fiut)+ (L= a) - (fig1-tig)-

This corresponds exactly to the false positive and true positive rates of a randomised classifier derived from s
using a threshold ¢;, where ties are broken in favour of positives with probability a. Therefore, linear interpo-
lation of the ROC curve summarises the performance of all possible classifiers with randomised tie-breaking
that can be derived from the underlying scorer.

5.2.3 THE CONVEXIFIED ROC CURVE

To further build upon linear interpolation, one may construct a convexified ROC curve from the convex hull of
ROC(s; D)!'! (Provost and Fawcett, 2001), which we denote by ROC,,,(s; D). As with the linearly interpolated
ROC curve, every point on this curve is achievable with a suitable randomised classifier derived from the
scorer (Provost and Fawcett, 2001, Theorem 7). It is not hard to justify the use of classifiers derived from
ROC,,,(s; D), rather than those of ROC(s; D): for every false positive rate, the classifiers derived from the

10. Recall a function is convex iff its epigraph is a convex set, and is concave iff its negation is convex.

11. Strictly, if co(-) denotes the convex hull of a set, one considers ROC,,,(s; D) = {(0,0), (1, 1)} U (co(ROC(s; D)) N {(a, p) | p > a}),
so that only the portion of the convex hull strictly above the diagonal line is retained. When the original curve is entirely below the
diagonal line, one just uses the diagonal line itself.
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(e) Continuous but non-concave. (f) Concave and differentiable.

Figure 1: Illustration of various properties an ROC curve may possess. In each example, we use X = [0, 1],
and in most cases fix n7(x) = x. For (a), we use the scorer s = sign(2 - n — 1), so that the score
distributions Pg, Q¢ are discrete. For (b), we use the scorer s(x) = #(x) Vv 0.75 when 7(x) < 0.5
and s(x) = n(x) A 0.25 else, so that the score distributions have isolated areas. For (c), we round #
to {0, 1} and use the scorer s predicting uniformly 0.5 or 1 when 7(x) > 0.5 and % - n(x) else, so
that the positive score distribution has isolated elements. For (d), we round # to {0, 1} and use the
scorer s predicting uniformly in [0.25,0.5]U[0.9, 1] when n(x) > 0.5 and [0, 0.25]U[0.5,0.75] else,
so that the score distributions have interleaved support. For (e), we use the scorer s(x) = 7(x) —0.5
when 7(x) < 0.5 and s(x) = 4 - (x) — 3 else, so that the score distributions are overlapping. For
(f), we use the scorer s = 7, so that the result is the maximal ROC curve.
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former possess a true positive rate at least as good as that of a classifier derived from the latter. That is, the
curve ROC,,(s; D) dominates ROC(s; D).

When ROC(s; D) comprises a number of isolated points, ROC,,,(s; D) is trivially the linear interpolation
of the ROC curve for a scorer whose realisable true and false positive rates are the hull points. Such a scorer
may be derived from s by introducing suitable ties. This process can be shown to be equivalent to performing
an isotonic regression (Ayer et al., 1955) on the original scorer s (Fawcett and Niculescu-Mizil, 2007).

5.2.4 EXTREMAL ROC CURVES

Given a distribution D, different scorers will induce different ROC curves. It is natural to ask whether there
is a “best” possible curve for a given D, that is, a curve that dominates every other one. It turns out that there
is such a curve, corresponding to any scorer which is a strictly monotone increasing transformation of the
class-probability function #. This fact is a consequence of the classical Neyman-Pearson lemma, which plays
an important role in hypothesis testing. Appendix D provides some background on this lemma.

Lemma 6 Given any distribution D = {M,n) € ADCx{J_rl} and scorer s . X — R,
(Yo € [0, 1]) p(a; D, 5) < p(a; D, ¢pon)
where ¢ is any strictly monotone increasing function.

Proof By the Neyman-Pearson lemma, the uniformly most powerful test (i.e. the test with maximal p(-) value)
at any « is given by the likelihood ratio. For the distribution D, this is nothing but a strictly monotone trans-
formation of #. As the ROC curve is invariant to such transformations, the result follows. |

We may equally consider the “worst” possible curve for a given D, that is, a curve that is dominated by
every other one. Since the curve for a scorer s has as mirror image the curve for the scorer —s, evidently, such
a curve will correspond to any strictly monotone decreasing function of #, such as e.g. s = —#.

Finally, it is easy to check that a non-informative scorer s that uniformly predicts a constant (e.g. s = 0)
will induce a ROC curve that is the diagonal, viz. p(a) = a. Thus, intuitively, a scorer must induce a ROC
curve significantly away from the diagonal in order to be useful.

5.2.5 DIFFERENTIABILITY AND CONCAVITY OF THE ROC CURVE

We now consider properties of the derivative of the ROC curve, when it exists. When the curve comprises a
number of isolated points, then the derivatives of the interpolated version of the curve can be easily computed.
More generally, from the definition of the power function (Equation 21), it is apparent that the differentiability
of the ROC curve relies on that of the true- and false-positive rates. The following makes this precise.

Proposition 7 (Clémencon and Vayatis, 2009, Proposition 24) Given a distribution D = <{M,ny €
A1) With M absolutely continuous and scorer s : X — R with corresponding induced class-conditional
distributions Pg, Q g, the curve ROC(s; D) is differentiable if and only if Pg, Q ¢ are absolutely continuous.

While in practice one’s operating Pg, O ¢ may be discrete, it is common to construct continuous approxi-
mations to them e.g. the binormal ROC model (Krzanowski and Hand, 2009, Section 2.5). Observe that when
the false and true positive rates are differentiable, we have

(V1 € R)TPR/(r) = —pg(1)

, (22)
FPR'(1) = —q5(1).

where pg, g are the densities of the class-conditional score distributions. When the ROC curve is differen-
tiable, the derivative turns out to have a well-known form involving the score-to-probability transform of the
scorer, as stated below. (Appendix C gives a proof for completeness.)
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Proposition 8 (Krzanowski and Hand, 2009, pg. 22; Clémencon and Vayatis, 2009b, Lemma 1) Given
a distribution D = {P,Q,xy € ADCx{il} and scorer s © X — R such that ROC(s; D) is differentiable, the
slope of the ROC curve at a false positive rate a € (0, 1) is

_ ps(FPR™(a))
qs(FPR™!(a))

_1-7  Prb(FPR™(a))

"7 1—Prb(FPR ()

p'(a)

(23)

Proposition 8 establishes that the score-to-probability transform Prb(- ; D, s), and thus the calibration trans-
form Cal(- ; D, s), may be computed based on the derivatives of the ROC curve. The fact that the ROC curve
may be used to obtain a class-probability estimator is well-known (Fawcett and Niculescu-Mizil, 2007; Flach,
2010). Indeed, the relationship implies a characterisation of the monotonicity of the calibration transform
when the ROC curve is differentiable.

Corollary 9 Given a distribution D € Axy(, 1y and scorer s: X — R with differentiable ROC curve and
invertible rates, ROC(s; D) is (strictly) concave if and only if the function Prb(-; D, s) is (strictly) increasing.

Proof By Proposition 8, the derivative of the curve at any point comprises a strictly monotone transform of
Prb composed with the invertible and hence strictly monotone function FPR™!. As (strict) concavity of the
curve is equivalent to (strict) monotonicity of its derivative, the result follows. |

Non-concave regions of the ROC curve thus correspond to regions where the function Prb(- ; D, s) is non-
invertible. As we have seen, one may compute the convex hull of the ROC curve to remove such regions, which
corresponds to introducing ties in the scorer. We note that the assumption of invertibility of rates in Corollary
9 does not by itself imply invertibility of Prb(- ; D, s), as the former relates to the cumulative distributions of
the scores, while latter relates to the densities of the scores. For example, when Pg = Q¢ and thus pg = gg,
we might have invertibility of the rates, but we will not have invertibility of Prb(-; D, s).

When the scorer s is calibrated (Equation 5), Equation 23 implies that the slope of ROC(s; D) at a false
positive rate « € (0, 1) simplifies to

-z FPR Y@
T 1-FPR Na)

P =1 24)

Further, Proposition 8 implies the following useful fact.

Corollary 10 Given a distribution D = {P,Q, n)y € AxX{il} and calibrated scorer s . X — R with differ-
entiable ROC curve and invertible rates, ROC(s; D) is strictly concave.

Proof As s is calibrated, by definition Prb(:; D, s) is the identity mapping, and thus strictly monotone. By
Corollary 9 the result follows. |

This implies that for the calibrated scorer s = #, the ROC curve is concave (provided that the curve is
additionally differentiable), as noted before in e.g. (Clémencon and Vayatis, 2009, Proposition 8). We note
that Corollary 10 relies crucially on the ROC curve being differentiable: the trivially calibrated scorer s = z
would have an ROC curve comprising isolated points, whose interpolation would not be strictly concave.

5.2.6 THE ROC CURVE AND COST-SENSITIVE THRESHOLD SELECTION

The true positive and negative rates measure the accuracy of a classifier on the positive and negative classes
respectively. Observe that the standard 0-1 classification risk (Equation 15) can be expressed in terms of the
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false positive and negative rates using a threshold of 0. More generally, given a cost ratio ¢ € [0, 1], the
cost-sensitive risk of a scorer s : X — R when using a threshold # may be written

L(s; D, Ccs(er) =7 - (1 —¢)- FNR(#; D, s) + (1 — z) - ¢ - FPR(#; D, 5), (25)
where £ ;) denotes the cost-sensitive loss with cost ratio ¢ and threshold choice 7:

Cosen(+1,2) =1 =¢) - £y 1(+1,2=1)

: (26)
fCS(c,t)(_l’ zZ)=c- f()l(—l, z—1).

Clearly, £cg(c.c) = €cs(e)» and for 7 = 0 and ¢ = % we recover the (scaled) 0-1 loss. The optimal threshold
function t* : [0, 1] ~ 2R maps costs to the set of thresholds yielding minimal cost-sensitive risk:

(Ve € [0,1]) t*(c; D, s) = Argmin [(s; D, fCS(c,t))'
teR

Determining the optimal threshold function for a scorer is intimately related to the gradient of the ROC curve.
(Appendix C provides a proof for completeness.)

Proposition 11 (Krzanowski and Hand, 2009, pg. 24) Given any D = {P,Q, 7wy € Axy .1 and scorer
s X — R with differentiable ROC curve, for any cost ratio ¢ € (0, 1), any optimal threshold t, € t*(c; D, s)
Jor the cost-sensitive risk L(s; D, £ g s) satisfies

c ‘l—zr

p'(FPR(1)) =

l-¢c =~

or equivalently,
Prb(#y) = c.

Further, when the score-to-probability mapping Prb(-; D, s) is invertible,
*(¢) = {Prb!(¢)}.

Intuitively, there are multiple optimal thresholds for a given cost ¢ when Prb(:; D, s) is not invertible,
which by Corollary 9 occurs when the ROC curve is not strictly concave. The derivative may also have an
image that is a strict subset of R . In this case, the risk in Equation 25 is monotone as a function of ¢, and so
the optimal threshold is one of +oo.

The relationship between the slope of the ROC and the optimal threshold is useful in two ways. First,
given a particular c, to find the optimal threshold, we draw a line of slope ﬁ . 1_7” The point at which it
touches the ROC curve corresponds to the optimal threshold. Second, at a given false positive rate a achieved
by some threshold, the derivative of the ROC curve gives us the cost for which the given threshold is optimal.

For the case of calibrated scorers, we have a simpler characterisation of the optimal threshold for a cost-
sensitive loss: it is simply the corresponding cost itself.

Corollary 12 Given any D = {P,Q,n) € Axy(41y and calibrated scorer s: X — R with differentiable
ROC curve, for any cost ¢ € (0, 1), the optimal threshold function for the cost-sensitive risk is t*(c) = {c}.

Proof As s is calibrated, Prb(- ; D, s) is the identity mapping, and thus invertible. Thus, applying Proposition
11, we know there is a unique optimal threshold #(c) for each cost ratio c. Applying Equation 24, the optimal
threshold satisfies
o) ¢
1—ty(c) 1-c

i.e. the optimal threshold is #y(c) = c. |

[}

Corollary 12 is again evident for the trivially calibrated scorer s = #.
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5.2.7 ROC DOMINATION AND CLASSIFICATION RISK

Suppose one scorer dominates another in ROC space. What can one say about the risks of the two scorers
with respect to a proper loss? The following establishes that, for calibrated scorers, dominance in ROC space
implies dominance with respect to any proper composite risk. This supports the use of the ROC curve as a
means of assessing the performance of a scorer. While simple to prove, the result is to our knowledge novel.

Proposition 13 Pick any distribution D € Axy .1y, andlet sy, sy * X — R be any scorers that are calibrated
with respect to D, with differentiable ROC curves. If the ROC curve of s, dominates that of s,

(Va € [0, 1]) p(a; D, s1) < p(a; D, s5).
then any proper loss A, s, must have risk no larger than s :
L(sy; D, A) < L(sy; D, A).

Proof Our basic idea will be to show that s, has a lower cost-sensitive risk than s; for any conceivable
cost-ratio, which by Shuford’s representation (Equation 10) will yield the desired result. For brevity, in the
following we use e.g. TPR(c) as a shorthand for TPR(c; D, s).

Pick any ¢ € (0,1). Consider the cost-sensitive risk of a scorer s using a threshold ¢ (Equation 25).
Since sy, s, are calibrated, by Corollary 12, they both have optimal threshold t*(c; D, s) = {c}. With this
threshold, scorer s; achieves a false-positive rate of a; = FPR; (¢), and true-positive rate TPR (c). By the
ROC domination assumption, we have

TPRSl(c) =p(a;; D,s)) < play; D, sy) = TPRSZ((FPRSZ)_I(al)).
Thus, the corresponding false negative rate of s, must be smaller than that of s, i.e.
FNR, ((FPR, )"!(a;)) < FNR; (c).
This implies that using a threshold of ¢, = (FPRSz)_l(al), s, achieves a lower cost-sensitive risk than s;:
L(s2:€cs(esy) =@ (L =) - FNR (1)) + (1 — 7) - ¢ - FPR, (1)
<z-(1-¢)-FNRy (O)+ (1 —7m)-c-a
7-(1=c)-FNR, (¢)+ (1 — m) - c - FPR, ((FPR, )7'(a)))

= I]_(Sl ,C, fcs(c))

But since c is the optimal threshold for s,, we further have

L(s23 Zcs(e)) = (523 Zcse.c))
< L2 Cesiey)
< L(sy; fcs(c,c))
=L(s;; fCS(c))'

Since s, has a lower cost-sensitive risk than s; for any cost ratio ¢, by Shuford’s representation (Equation 10),
it must also have lower risk with respect to any proper loss. |

An immediate consequence of the above is that for scorers with strictly monotone calibration transforms
Cal(-; D, s) (in turn relying on strict concavity of the ROC curve, by Corollary 10), ROC dominance implies
dominance with respect to any proper loss. Note also that for the optimal ROC curve, given by s* = #, the
above is trivially true as any proper loss will have its risk minimised by exactly #.

Proposition 13 relies on ROC dominance. When the ROC curves for two scorers cross, it is not hard to
construct examples of losses where one scorer is superior to the other. This indicates that in such situations,
caution must be used before declaring one scorer to be superior to another, as is well known (Hand, 2009).
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5.3 The Area Under the ROC Curve (AUC)

The ROC curve is a graphical display of the performance of a scorer. It is often desirable to additionally have
a single numeric summary of performance. One such popular summary statistic is the area under the ROC
curve, or AUC.

Definition 14 (Area under the ROC curve (AUC)) Given any D € Ay, and scorer s: X — R, the
area under the ROC curve or AUC of s is the area under the curve ROC(s; D),

1
AUC(s; D) = / pla; D, s)da, 27
0

where p(a; D, s) is the power of s at a (Equation 21).

A subtlety in the above definition is that we only defined ROC(s; D) in terms of the power when a €
Im(FPR). However, the power itself is defined for every a € [0, 1], due to the use of the pseudo-inverse.
Thus, the integral is well-defined even when ROC(s; D) comprises isolated points.

A further subtlety is that the curve traced out by {(a, TPR(FPR™!(a))) : a € [0, 1]} is not always equiv-
alent to that generated by linear interpolation of ROC(s; D). Nonetheless, the area under the two curves
will in general be the same. To see this, suppose Pg, Q¢ have an isolated component at some ¢ € R, with
FPR(:7) = a;, FPR(t*) = a, and TPR(+7) = §,, TPR(t*) = B,, and further TPR() = %(/31 + f,) due to the
breaking of ties uniformly at random. We will then have two consecutive disconnected points in ROC(s; D),
(ay, 1) and (@, f,). With linear interpolation, this region of the ROC curve has area % (ay —ay) - (1 + Py).

For any a € (;,a,), we have (FPR)™!(a) = ¢, and so TPR((FPR)~!(a)) = TPR(?) = %(ﬂl + f,). Thus with
the pseudo-inverse, the corresponding area of this region is that of the corresponding rectangle with height
%(ﬁl + f,) and width (&, — ), which is also exactly % (o —ay) - (P + Po).

5.3.1 BASIC PROPERTIES OF THE AUC

Some basic properties of the AUC are immediate from the above definition. First, the AUC is in [0, 1]; as we
shall subsequently discuss, higher AUC values indicate a “better” scorer.

Second, the AUC is independent of the base rate z, and only depends on the class-conditional distributions
P, Q for a distribution D € Ay} This means that a scorer s will have the same AUC with respect to all
distributions in the family { D = <P, Q, 7} c(0.1]-

Third, the AUC is invariant to strictly monotone increasing transforms of the scorer, as shown below.

Proposition 15 (Clémencon and Vayatis, 2009, Proposition 24) Given any D € Ay, and scorer
s: X = R, for any strictly monotone increasing ¢ : R - R,

AUC(s; D) = AUC(¢pos; D).
Proof This is because the 0-1 loss is invariant to monotone increasing transformations of the scorer:
(Vi € RYEPR(1; D. gos) = | E [£01(=1, $(s(X)) = 1]
= E [£y(—1,s(X)—t
(E o1 (=1s0) =]
=FPR(t; D, s),

and similarly for TPR. It follows that the power function p is unaffected by ¢, and thus so is the ROC curve
and the area under it. n

Fourth, the AUC is optimised by any strictly monotone transformation of the underlying #.
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Corollary 16 Given any D =<{M,ny € Axy (.} and any strictly monotone increasing ¢ : [0,1] = R,

sup AUC(s; D) = AUC(¢pon; D).
s: X=R

Proof By Lemma 6, the optimal ROC curve is achieved by any ¢o#. Such a scorer must thus have maximal
AUC. ]

We now show how the AUC can be viewed in terms of loss functions, which makes apparent its connection
to the bipartite ranking risk.

5.3.2 A LOSS REPRESENTATION OF THE AUC

Although not immediately obvious from the above definition, the AUC of a scorer with respect to a distribution
D € Ayy 41y 1s the probability a randomly drawn positive has a higher score than a randomly drawn negative,
with ties broken uniformly at random. This observation goes back to at least Hanley and McNeil (1982,
Section III), and has been noted in machine learning community in e.g. Cortes and Mohri (2003, Lemma 1),
Clémencon et al. (2008).'?

Proposition 17 (Cortes and Mohri, 2003, Lemma 1) Given any D = <P,Q,7y € Axy.) and scorer
s X - R,

AUC(s; D) = Pyx.pxr~gls(X) > s(XN] + % “Pxpx~glsX) = s(X)]. (28)

Equation 28 is often taken as the starting definition of the AUC, due to its convenience to manipulate.
Indeed, on a sample D = {(x;, +1)}:’=1 U {(x;. —1)};,"=1, the empirical AUC is

AUC(s: D) = —! 3 [[[s(x,.) > s(x))] + % st = s(xj)]]] :

n m
emoia =
which is equivalent to the Mann-Whitney statistic (Mann and Whitney, 1947). The resulting empirical estimate
can be computed in O(N log N) time for N = n 4+ m with a single sort operation, rather than attempting
numerical integration of the empirical ROC curve (Hand and Till, 2001).

Observe that Proposition 17 may be expressed in terms of a risk involving 0-1 loss as follows.

Corollary 18 Given any D =<P,Q,xy € AxX{il} and scorer s . X - R,

AUC(s:D)=1-_ E [[[S(X) — s(X') < 0] + % [s(x) = s(x’)]]]
=1- F [£01(1, s(X) — s(X"))] . (29)
~PX'~Q

Building on this representation, we now describe a generalisation of the AUC, which will be a useful basis
for further analysis.

5.4 Generalisation: the 7-AUC

We define the following generalisation of the AUC, which uses any loss function # : {+1} xR = R,.

Definition 19 (£-AUC) Given any D = <P,Q, 7y € Axy 41y and aloss & @ {£1} X R — R, define the
¢-AUC of a scorer s with respect to D € Ay 41y as

. 1 _ _ !
AUC(s:D.O) =1~ E [Zymm(sCX) = s(X' )],

12. Compared to the cited works, we have introduced an extra term that accounts for ties.
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14 AUC(s; D, ?)
for 1= Exepxing [[500 < sOX)] + £+ [500 = 5(x')]
lyq 1 =Exepxing [(1=s(X)+s(X))?]

f]og 1- IEXNP,X’NQ log <1 + es(x/)_s(x)ﬂ

[ es(X’)—s(X)]

fexp - [EX~P,X’~Q

Table 6: Examples of £-AUC for various losses, given some D = {P,Q,zp € Axx{i—l}'

recalling that € ., is the symmetrised version of ¢ (Equation 8). When ¢ is symmetric, this simplifies to

. 1 _ _ /
AUC(s: D) =1~ E [£1(s(X) = s(X"))] .

Table 6 provides some examples of the £-AUC. Clearly, AUC(s; D, £y ) is the standard AUC as defined earlier
(see e.g. Equation 28). When we do not explicitly refer to the loss, it is understood that we are referring to the
standard AUC.

When using the cost-sensitive loss £ g, of Equation 26 with a threshold of # = 0 and any ¢ € (0, 1), we
also recover the standard AUC. This is because the symmetrised version of such a loss is

Ceseo(10) + Ceseo(—1—0) = (1= 0) - [0 < 0] + ¢+ [-0> 0] + 3 - [v = 0]
=(l—c)-[[u<0]]+c-[[u<0]]+%-[[U:O]]

=[o<0]+5[0=0]
ZKOI(I’U)

This is intuitively because of the symmetry inherent in the bipartite ranking problem: scoring a positive below
a negative is equivalent to scoring a negative above a positive. Therefore, one cannot expect to have different
costs associated with the two errors.

We have assumed the prediction space for the loss £ above to R because we require the prediction space
to be closed under negation, and for an arbitrary scorer that requires we can compute the loss for any real
valued prediction. This rules out using a proper loss (or indeed any probability estimation loss), which is only
defined on the prediction space [0, 1]. However, we may use a proper composite loss, which operates on a
real-valued prediction space but converts this to [0, 1] via a link function.

5.4.1 THE ¢Z-AUC AS AN AREA

One property of the AUC that is inherited is that the #-AUC may be interpreted as the area under a curve
parameterised by the false positive rate, and a smoothed version of the true positive and false positive rates,
defined below.

Definition 20 Givenany D = {P,Q,x) € Ax)({il}’ loss ¢, and a scorer s . X — R, define the ¢-true (false)
positive (negative) rates at a threshold t € R to be

ENR(: D, 5.6) = E [£1(s(X) = 1)]
FPR(; D,5,6) = | [£_,(500) = 0]

TPR(t; D,s,#) = 1 — FNR(t; D, 5, £)
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TNR(#; D,s,©) =1 —FPR(t; D, s, 7).
When the scorer s and distribution D are clear from context, we shall use e.g. TPR »(t) to denote TPR(t; D, 5, ).
‘We then have the following analogue to Equation 27 for a general loss.
Proposition 21 Given any D € Axy.1y, loss ¢, and scorer s : X — R with differentiable ROC curve and
invertible false- and true-positive rates'3,
1
AUC(s; D,¢) = / pla; D,s,0)da, 30)
0
where p(a; D, s,¢) is the £-power of s at a, defined for a € [0, 1] as
pla; D,s,0) = % . (TPRf(FPR_l(a)) + TNRf(TPR_l(a))) . 31)
When ¢ is symmetric, this simplifies to
1 1
AUC(s; D,?) = / TPR,(FPR™! (a)) da = / TNR,(TPR!(a)) da.
0 0
Proof The proof is a generalisation of e.g. Cortes and Mohri (2003, Lemma 1); Clémencon et al. (2008,
Proposition B.2) to cover an arbitrary loss # : {1} X R — R,. Recall that for any t € R,
TPR,(t)=1—- E [£,(s(X)—1
()= 1= E[£1(s(X) = 1)
TNR,(1) =1— X[EQ[z,”_l(s(X) -]

Starting from the definition, and by swapping the expectation and integral (which is justified by Tonelli’s
theorem Folland, 1999, pg. 67, since ¢ is nonnegative and measurable):

1 1
/ TPR,(FPR™!(a)) da = 1 — / E [£,(s(X) — FPR" ()] da
0 0o X~P

X~P

1
=1- E / f](s(X)—FPR‘l((x))da]
0

=1-E |- / £,(s(X) — 1) - FPR'(¢) dt] with @ = FPR(?)

X~P |/ -0

=1- E / fl(s(X)—t)-xEQ [850x) ()] dt]

X~P | [ oo

=1-_ E [£60) = sX))].
X~PX'~Q

where the last line follows from the definition of Dirac delta. Similarly,

1 1
/ TNRf(TPR_l(a)) da=1- / E [z,”_](s(X') — TPR_I((x))] da
0 0 X'~0

1
=1- FE l/ zf’_l(s(X’)—TPR_l(a))da]
xX'~0 | Jo

13. This restriction ensures that we can employ the integral substitution formula in the proof.
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=1- E —/oof_l(s(x’)—t)~TPR'(t)dt]

[0e]

=1-F /oo"ﬂ—l(s(xl)—t)‘l’s(t)dt]

o0

=1- X,[EQ | /_ ) £_(s(X")y=1)- Ep [5060®)] dt]
=1-_ E_[£_1(s(X") = s(X))] .

X! ~Q X~P

Thus,

1
AUC(s; D, ?) = % / (TPR,(FPR™!()) + TNR,(TPR"!(2))) da.
0

For a symmetric loss, we can thus interpret the £-AUC as being the area under a curve that plots the false
positive rates of a scorer against the £-true positive rates, or equivalently, the true positive rates against the
¢-true negative rates. (These two curves are not equivalent in general, but the area under them is.) Clearly,
when ¢ = ¢, the £-power is the standard power (Equation 21), and the above is exactly the standard AUC.

5.4.2 BASIC PROPERTIES OF THE #-AUC

Like the standard AUC, the £-AUC does not depend on the base rate z. However, the £-AUC does not inherit
all properties of the standard AUC. First, in general the £-AUC lies in R, not necessarily [0, 1]. Second, the £-
AUC is not invariant to strictly monotone increasing transforms of the scoring functions. Indeed, the £-AUC
penalises the magnitude of differences between predictions. Intuitively, this makes the Z-AUC closer to a
classification or class-probability estimation risk, as it is not sufficient to simply order instances well. Similar
magnitude-sensitive metrics have been explored by Wu and Flach (2005); Ferri et al. (2005); for example, Wu
and Flach (2005, Equation 5) proposed the “scored AUC”,

AUC,,(s; D) = s o [max(0, s(X) — s(X"))] .

corresponding to the Z-AUC with non-convex loss £{(v) = (1 —v) A 1.

5.5 The 7-AUC and Bipartite Ranking Risk

As mentioned, the AUC is a canonical measure of performance for bipartite ranking problems. Thus far,
we have used the bipartite risk (Equation 16) as our measure of performance. In fact, these measures are
equivalent: from the definition of the Z-AUC for a scorer s (Definition 19), it is apparent that it is a linear
transformation of the bipartite ranking risk for the pair-scorer Diff(s). Equivalently, by Lemma 2, the £-AUC
may be seen as a linear transformation of the pairwise ranking risk over Dgg.

Lemma 22 Forany D € Ay, (41, loss ¢, and scorer s : X — R,
AUC(s; D, ) =1 — Lggr(s; D, %) (32)
= 1 — L(Diff(s); Dgg,?), (33)
so that the £-AUC can be seen as a linear transform of € -bipartite ranking risk.

We may further relate the Bayes-optimal scorers for AUC and bipartite risk. For a distribution D €
Axxi+1}» define the Bayes-optimal £-AUC to be the supremal £-AUC:

AUC*(D,?) = sup AUC(s;D,?).
s X-R
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Representation of AUC(s; D) Interpretation Reference

1
/ TPR(FPR_1 (@) da Area under ROC curve Equation 27
0

Py~ p xr~o[s(X) > s(X")] + % - Pyopxrgls(X) = s(X")]  Probability of random positive scor- ~Equation 28
ing higher than random negative

1- “ P[Ex’ 0 [z/”m(l, s(X) — s(X’))] Average 0-1 accuracy on pairs Equation 29
1 — Lgr(Diff(s); D, ;) One minus bipartite ranking risk Equation 32
I (@)
2a(1 = m)xV)~D | Jo ~CHCD Weighted combination of cost- Equation 34
Acsio(Ys Cal(X; D, 5)) dc] sensitive losses

2- X[EP [BACC(s(X); D, s)] — % Average balanced accuracy Equation 39
x[EP [TNR(s(X))] Average rank of positive examples Equation 37
x’[EQ [TPR(s(X’ ))] Average rank of negative examples ~ Equation 38

Table 7: Various representations for the AUC of a scorer s: X — R with respect to a distribution D €
Axx(+1)- Each gives a different interpretation, and possibly means of estimating the AUC.

This supremal AUC is simply one minus the Bayes-optimal bipartite ranking risk; thus, it is a measure of the
inherent difficulty of bipartite ranking with a given distribution D.

Corollary 23 Forany D € Ay, .y and loss ¢,
AUC*(D,?) =1 =Lz (D,?).

Proof Take the supremum of both terms in Equation 32. |

5.6 Alternate Representations of the AUC

We now outline several equivalent representations of the AUC, summarised in Figure 7. Each gives a different
perspective about how it measures the performance of a scorer, as well as potentially different means of
estimating it from samples. Many of these representations are specific to £, but we begin with two related
representations that hold for general £.

5.6.1 THE SHUFORD REPRESENTATION

Suppose the loss £ is proper composite with link . Recall Shuford’s integral representation (Equation 10),

1
£(y,v) = /0 w(c) - Acsey(»- ¥ (w) de.

We can apply this to the definition of pairwise ranking risk (Equation 19) to get a representation of the
bipartite ranking risk in terms of cost-sensitive bipartite ranking risks, assuming ¥ has some symmetry.

Proposition 24 For any D € Axy .1y, £ € Lgpc(Y) where Y-l(—p) =1 -¥1(v) and scorer s : X - R,
1
[]_BR(S; D, Lﬂ) = / LU(C) . [I_(lP_l Olef(S), DBR’ Asymm,CS(c)) dC,
0
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where w(-) is the weight function corresponding to the proper loss A = £o¥™!, and

ACS(C)(+1’ u) + ACS(C)(_I’ 1- ll)
) .

(Ve € [0, 1]) (Vu € [0, 1] Agymm, cs(e) @) =

Proof By the equivalence of bipartite ranking and classification on pairs, the given condition on the link
function, and applying Shuford’s representation to the partial losses 7, |,
Lgg(s: D, ) = L(Diff(s); Dgg. £)

(£ symm((DifE(s))(X, X))]

_ o [QUIEEE)X X)) + £ (~(Diff(s)X, X'»]
X XN~(PX0) | 2

_ o [ DI X)) + A (FTHDIfE(s)X, X'»)]
X XN~(PX0) | 2

_ o [ OIRf) X)) + 4 (1= ¥ DIff)X, X’»)]
X XN~(PX0) | 2

_ [ /1 o Acsie 1 P DI XN + desio1. 1 = ¥ (DIFFX, X’)»]

0 2

= E
(X.X")~(PxQ)

= E
(X XN~(PxQ)

1
= / w(c) - L(P~'oDiff(s); Dgg; Asymm,cs(e)) d¢
0

where
ﬂCS(c)("'ls Ll) + jvCS(c)(—l, 1- u)

A
2

symm,CS(c) (u) =

Without the assumption on ¥ above, one can still obtain an integral representation, but it will not cleanly
relate to weighted combination of probability estimation loss risks.

Given the connection between the #-AUC and bipartite ranking risk (Lemma 22), one might hope for a
result of the form

1
AUC(s; D,?) = / w(c) - AUC(s; D, ACS(C)) dc.
0

However, the AUC can only be equated with the pairwise ranking risk when the latter uses a decomposable
scorer (Equation 33). In the above equation, if we require W~!oDiff(s) to be decomposable, then it must be
that ¥~! is the identity function, i.e. the loss # must be proper, and not merely proper composite. But recall
that the Z-AUC is not defined for a proper loss, because its prediction space is not closed under negation.
Thus, an integral representation cannot be found here, either.

Interestingly, if we allow the weights to depend on the scorer s, it is possible to get an expression for the
AUC with strong resemblance to Shuford’s result for proper losses, as we now explore.

5.6.2 HAND’S REPRESENTATION

We now generalise a result of Hand (2009, Section 4) to the case of general £-AUC. Informally, the result
is a representation of the £-AUC as a weighted combination of cost-sensitive risks, where the weighting is
distribution and scorer dependent. More specifically, the result states that the AUC of a scorer s is a weighted
combination of cost-sensitive risks, where the weighting factor on costs depends on s, and the threshold for
cost ¢ is set to the optimal choice (c.f. Proposition 11) of Prb~!(c).

Proposition 25 Givenany D € Ay (£1} loss ¢, and scorer s . X — R such that ROC(s; D) is differentiable
and Prb(; D, s) is differentiable and invertible,

1
AUC(s; D, ) =1 - ——— / V() - (53 D, £ pans(e)) de
2r(1 —m) Jo )
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where the transformed loss €',y With parameter c is

(flrans(c))(y9 U) = (T(f7 c, Prb_l (C)))(y7 U)
(TE e,y v)=10=-¢)-[y=1]-;v=-0+c-[y=-1]-Z_(v—1),
and the weighting factor is
Vs(e) = Prb™Y(c) - pus(Prb~!(c)

for marginal distribution over scores lg.

Proof By the rate-based representation from Equations 30, 31,
1 -AUC(s; D,?) = % / (TNR'(r) - ENR (1) + FNR'(¢) - FPR (1)) d.

Recall from §2.4 that we refer to the marginal density of scores by p g, and the class-conditional densities
by pg.qg. Recall from Equation 22 that for any ¢t € R,

TNR'(1) = g5(1)
1
=7, M- U= Prb(1)),
-7
and similarly,

FNR'(f) = % - ug(t) - Prb(r).

Thus, the integrand is

1(t) = TNR'(r) - ENR4(7) + FNR'(¢) - FPR ()
1

(1l -n)
1

- z(l — ) ) HS(I) -L(s; D, ftrans(Prb(t)))»

~us@ - (- (1 = Prb(n)) - ENR,(1) + (1 — 7) - Prb(z) - FPR,(1))

where

(Z’ﬂ[rans(c))(y’ U) = (T(f7 c, Prb_l(c)))(y’ U)
TN ) =1 -c)-[y=1]- 1= +c-[y=—1] - £_,@w—1).

transforms the loss £ to use a cost weighting ¢ and corresponding optimal threshold Prb~!(¢) (c.f. Proposition
11). Thus, returning the original integral,

1 o0
1= AUC(s: D.6) = 7 /_ ps(®) - L(53 D, € ypans(proiry)) 41t

1 1 '
- M/o Vs(e) - L(s; D, c)de,

using the substitution ¢ = Prb(z), wit] ¢) = (Prb™ ") (c) - b~ (¢)).
ing the substituti Prb(1), with Vg(c) = (Prb™")(¢) - ug(Prb™"(c)) u

The right hand side above features two seemingly opaque objects: a transformed version of the loss and a
weighting factor, both of which depend on the score-to-probability transformation Prb(- ; D, s). Fortunately,
both of these simplify when we consider £;; (corresponding to the standard AUC), and calibrated scorers.
First, it is easy to check that for £y;, the transformed loss is the cost-sensitive loss with threshold ¢,

(T(f’ c, t))(y’ U) = fCS(C,t)(y’ U)
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where £cg(. ;) 1s as in Equation 26. Further, if we calibrate our scorer, we find

(PrboCal)(t) = P[Y = 1[s(X) = Prb~' ()] = 1
Veaii:p.s)(€) = uc(e),

where C is the distribution of the calibrated scorer Cal(- ; D, s). When the calibration transform is invertible,
we may use this to express the standard AUC as the following, which is also a consequence of Hand (2009,
Equation 6).

Corollary 26 Given any D € Axy .1y, loss £, and scorer s : X — R such that ROC(s; D) is differentiable
and Cal(-; D, s) is strictly monotone increasing,

1

1
. (X’%ND lA //lc(c) . iCS(C)(Y’ Cal(X, D, S)) dC] . (34)

If in particular s is calibrated with respect to D,

. — 1 1
AUC(s; D) =1— m . (X,\%ND l/() us(c) - /lCS(c)(Y’ s(X)) dc] .

Equation 34 gives two interesting perspectives on the AUC. First, when it is possible to calibrate a scorer
without losing information, the AUC can be thought of as implicitly calibrating a scorer before computing a
particular risk. Second, by Shuford’s representation (Equation 10), the risk computed is in fact identical to
that for a proper loss, with the caveat that one considers a score- and distribution-dependent weight function'*
w(c) = pc(c). Thus, the AUC is equivalent to the risk of a score- and distribution-dependent proper loss.
(This is the finding of, for example, Hernandez-Orallo et al. (2012, Theorem 34), which equates the AUC to the
squared loss risk under a special case. We illustrate this equivalence empirically in Appendix K.) In particular,
for a fixed distribution D, the AUC employs a different weighting for different scorers. Consequently, Hand
(2009) calls the AUC an “incoherent” measure of classifier performance. Hand (2009, Section 6) proposes
replacing this scorer dependent weight with one derived from the Beta family:

1 .
B(a.p)

where B(a, f) is the normaliser for the Beta distribution. From Shuford’s integral representation, it is apparent
that the corresponding risk exactly corresponds to that of a proper composite loss. Indeed, the Beta family was
proposed as a template for generating a proper loss in Buja et al. (2005, Section 11). For another perspective on
this issue from the perspective of threshold selection, see Flach et al. (2011); Hernandez-Orallo et al. (2012).
Another perspective on the “incoherence” can be gained from Proposition 13. Suppose we have (cali-
brated) scorers sy, s, such that AUC(s;; D) > AUC(s,; D). If it is further true that the ROC curve of s;
dominates that of s,, then we know that s; will have lower risk than s, with respect to any proper composite
risk, or equivalently any (distribution-independent) weighted combination of cost-sensitive risks. Thus, it is
“coherent” to compare the two scorers based on their AUC in this case, because every other measure will
result in s; being adjudged superior. When the ROC curves of the two scorers cross, however, the AUC is an
incomplete measure of performance; with some proper losses, s; will be favoured over s,, and vice versa.

ca—l . (1 _ C)ﬂ_l,

wic;a, f) =

5.6.3 RATE-BASED REPRESENTATIONS

We proceed with some rate-based representations for the AUC. From a graphical perspective, these all derive
from the fact that the AUC is the area under the ROC curve, and that this area is invariant to rotation of the
horizontal and vertical axes i.e. instead of plotting the false positive versus true positive rate, we can equally
plot the true negative versus false negative rate.

14. By definition /01 pg(c)de = 1, and so this equivalence can only be established to proper losses that satisfy /;)l w(c)dc < oo. This
rules out, for example, logistic and exponential risk being equivalent to AUC.
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Proposition 27 Givenany D € Ay, and scorer s : X — R with differentiable ROC curve and invertible
false- and true-positive rates,

1
AUC(s; D) = / TPR(FPR ™! (a)) da
0
1
= / TPR(TNR (@) da
0
1
= / TNR(TPR (@) da
0

1
= / TNR(FNR (@) da.
0

Proof The first equation is simply Equation 27. The subsequent expressions follow from a few simple facts.
First, if f(x) = 1 — g(x) and f is invertible with inverse f~!, then

gl =1 -x).

This implies that

FPR™!(a) = TNR™'(1 — a)
TPR™'(«) = FNR™!(1 — a).

1 I
/ f(l—x)dx:/ f(x)dx.
0 0

Combined with the above, this implies

Second, for any f,

1 1
/ TPR(FPR™!(a)) da = / TPR(TNR (@) da
0 0
1 1
/ TNR(TPR ! (a)) da = / TNR(ENR ! (a)) da.
0 0

Third, for any f, g, integration by parts implies that

b b
/ f')g(x)dx = f(b)g(b) — f(a)g(a) —/ f(0g'(x) dx. (35)

Fourth, for any f, g such that g(a) =0, g(b) =1,

1 b
/Of(g_l(t))dt=/ g0 f(x)dx. (36)

This implies that:

1 [+
/ TPR(TNR ! (a)) dar = / TNR'(t) - TPR(t) d1
0 _

[Se]

o0
=- / TPR/(¢) - TNR(¥) dt by Equation 35

oo

1
= / TNR(TPR ™! () da by Equation 36.
0
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Now recalling the definition of the AUC (Definition 14) as /01 TPR(FPR™!(«)) da, we see that we have
proved the proposition. |

From the above proof, we see that one can equivalently express the AUC as a weighted average of indi-
vidual rates over a range of thresholds.

Corollary 28 Given any D € Ay, .1y and scorer s : X — R with differentiable ROC curve and invertible
false- and true-positive rates,

AUC(s; D) = — / FPR(¢) - TPR(Y) dt

= / B TNR'(¢) - TPR(?) dt

o0

= — / " TPR'(f) - TNR(?) dt

[e5]

= / " FNR/(#) - TNR(?) dt.

o0

The weighting over thresholds as expressed above is not particularly intuitive, but recall from Equation
22 that the derivatives of the rates are the corresponding class-conditional densities of the scores. That means
that we can interpret the above choice as equivalently drawing thresholds from these distributions. This is
explored in the next section.

5.6.4 RANK REPRESENTATION

We now show how the AUC can be interpreted as the average of ranks of the instances, where the average is
over thresholds drawn in accordance with the distribution of scores.

Corollary 29 Given any D =<{P,Q, 7y € Axy(y1y and scorer s: X = R,
AUC(s; D) = X[EP [TNR(s(X))] 37

= _E _[TPR(s(X")]. (38)
X'~Q

Proof This follows immediately from Corollary 28 and the definition of the derivatives of the rates. Alter-
nately, by Proposition 17, and rewriting probabilities as expectations,

AUC(s; D) = Py p.x1-ols(X) > s(X')] + % Py pxnplsX) = s(X)]
1
= 4 o [1500> 5001+ [s00 = 0]
= XED [TNR(s(X))] .

Swapping the order of expectations in the other direction gives Equation 38. |

On a finite training set, the empirical version of TNR(s(x)) is related to the (normalised version of) what
is typically called the “rank” of an instance x € X, where a higher rank is better. Specifically, the empirical
TNR(s(x)) counts the fraction of negative instances that x is scored higher than. In this sense, the AUC can
be seen as measuring the average rank of the positive examples.
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5.6.5 BALANCED ACCURACY REPRESENTATION

Our final representation of the AUC more explicitly relates it to a measure of classification performance: we
show how to rewrite it as the average “balanced accuracy” across a range of thresholds, where the balanced
accuracy is the average of the accuracies on the positive and negative class individually (Chan and Stolfo,
1998),

TPR(z; D, s) + TNR(?; D, s)

> .
This suggests that the AUC explicitly considers good performance on both classes simultaneously, which
indicates it is useful for problems with class imbalance (Ling and Li, 1998). For a related representation on a

finite training set, see Flach et al. (2011, Theorem 4, 5), while for a different proof strategy, see Menon et al.
(2015, Proposition 20).

BACC(t; D, s) =

Proposition 30 For any D € Ay, .1y and scorer s: X — R with differentiable ROC curve and invertible
false- and true-positive rates,

AUC(s: D) =2+ E_[BACC(s(X): D.s)] - %

, 1 (39)
=2.- E |BACC(s(X");D,s)| — =.
X,NQ[ (s(X'); D, 5)] 5
Proof This is from Corollary 29 and the fact that
E [TPR(s(X); D,s)] = E [TPR(S;D
(E [TPR(s(X); D, 5)] SNPS[ (S; D, )]
= / —TPR’(¢) - TPR(?) dt
—00
1
= / udu with u = TPR(?)
0
1
=-. 40
> (40)
A similar argument yields the second identity. |

The representation of Equation 39 can be contrasted with the risk for a proper composite loss. Using
Shuford’s formula (Equation 10), for a proper composite loss £ with surjective and differentiable link ¥, we
have (Reid and Williamson, 2011, Proposition 20)

LsD.O= E [ACY, P~ (s(X)))
1
= /0 w(c) - x %ND [Acse (Y- ¥~ (s(X)))]
1
= / w(c)- (1 =n)-c-FPRMYW(c); D,s)+x-(1 —c)- FENR(¥(c); D, s))dc
0

0 -1

= / Wl ) (1 =7)-¥7Y(r) - FPR(t; D, s) + 7 - (1 = ¥~L(r)) - ENR(1; D, 5)) dt.
—eo V(P1(D)

Compared to Equation 39, we see that the proper composite risk has potentially asymmetric, but distribution

independent, weights on the FPR and FNR. We also observe that the weights on the FPR and FNR are not

equal, and vary with the thresholds. As per Hand’s representation (Equation 34), we may find that for a fixed

distribution, there is a choice of link ¥ and weight w such that the two representations agree.
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5.7 Relation to Existing Work

Lemma 22, which relates the AUC with the pairwise ranking (and hence pairwise classification) risk, is well
known for the case of 0-1 loss (Kotlowski et al., 2011; Agarwal, 2014). The extension to an arbitrary loss £,
while simple, is to our knowledge new. More generally, our definition of the #-AUC as a generalisation of
the standard AUC appears to be new, although in the special case where ¢ is a convex margin loss, the risk
counterpart has been discussed (Clémencon et al., 2008). The study of integral representations of the £-AUC
is to our knowledge new.

The representations in §5.6 are not new, although several of them only appear to have been stated for a
finite training set.

6. Relating the Bayes Risk and Regret to Divergences

The previous sections studied the bipartite risk for an arbitrary scorer. In this section, we study the bipartite
risk for the Bayes-optimal scorer, as well as the regret or excess risk for an arbitrary scorer. These help
understand the inherent difficulty of a bipartite ranking problem, and formalise the sense in which “closeness”
to the optimal scorer relates to the minimisation of the risk. Our characterisations rely on two classes of
divergences between distributions, namely, the f- and Bregman-divergences. A review of the role of these
divergences in characterising Bayes-risk and regret for classification is provided in Appendix E.

6.1 Warm-up: Bayes-Optimal Pairwise Ranking Risk and Regret

As pairwise ranking is readily shown to be equivalent to binary classification over pairs of instances (see
§10.4), plugging in a pairwise ranking distribution R € Axyyy(41} into existing results for classification
immediately implies the following.

Proposition 31 For any R = <{Pir, Opairs Tpair? € Aocxxie1)y convex f 1 Ry — R, and loss ¢ with
conditional Bayes risk

1- 1—x
Vnpe 0,1) L*(n;¢) = — no. 7 < pair 7 ) ’
- T pair Tpair 1-7

the Bayes pairwise ranking risk can be written
L*(R #) = L* (e €) = 1 (Prgis Cpair)- @1)

Conversely, Equation 41 holds for any R = {Ppyi;, Opair Tpair? € Boxxxxi+1) l0ss £ with concave con-
ditional Bayes risk L* : [0,1] = R, and f: R, — R defined by

- « T pair 1
(Vi e R)f(t) =L (”pair;l’ﬂ) - (ﬂpair e+ 1 - ”pair) L 7).
-+ 1 - ﬂpair

T pair
An important example of the above is for the case of the 0-1 loss ¢, where the corresponding f-
divergence is the variational divergence (or total variation distance) V' (-, -), given by

V(P,Q) = sup 2-|P(A) — Q(A)| =/ |p(x) = q(x)] dx.
ACX x

Proposition 31 thus implies that the Bayes pairwise ranking risk is an affine transformation of V' (Ppir, Opair)-
We similarly have a simple expression for the pairwise ranking regret with a proper loss.
Proposition 32 Forany R = {M i, fipair? € Dok} ¢ € Lspe(W), and pair-scorer spy, @ XXX - R,
regret(sPair; R.?) = B—L* (’7Pair’ T_l osPair)
where in an abuse of notation L* = L*(-;£).

We now see how these results can be translated to the bipartite ranking setting.
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6.2 Bayes-Optimal Bipartite Risk as an f-Divergence

For bipartite ranking, we can hope to exploit the connection between bipartite and pairwise ranking (Lemma
2), and derive analogues of the above for the distribution Dgg. A subtlety is that, as noted in Proposition 3, it
is not necessarily true that I]_ER(D, ¢) = L*(Dgg, ?). Therefore, to translate the previous results, we need an
additional condition ensuring this holds, which is simply that £ € Lpecopp-

Proposition 33 For any D = <P,Q,7) € Axyyy), convex [ Ry — R, and loss £ € Lpecoyp With
conditional Bayes risk

Ve 1)L m)=—2-(1—n)- f <1 in)’
the Bayes-risk can be written
Lir(D, &) = L*(1/2;¢) = 1,(P X Q0,0 X P). )

Conversely, Equation 42 holds for any D = {P,Q,7) € Axyi1y, loss £ € Lpecomp With concave
conditional Bayes risk L*(-;¢) : [0,1] = R,, and f : R, — R defined by

. 1+1¢ t
VIER) f() = LN(1/20) - - L (=i ).
( ) () (1/2:¢) > o7
Proof By Proposition 3, the assumption on ¢ inducing a decomposable Bayes-optimal pair-scorer for Dgp
implies we can equate Ly, (D, ) and L*(Dgg, ¢). We then apply Proposition 31 to Dgg, so that

Lir(D,?) = L*(Dgg, ¢) by Proposition 3
= L*(ﬂpair; f) - I]f(PP
=L*(1/2;¢) - 1,(PxQ,0 x P)by Appendix B .

air> Opair) by Proposition 31

The other direction follows similarly. |

As we shall see in Proposition 44, the requirement that £ € Lpeomp for a proper composite loss is
equivalent to a condition on its link function. Importantly, there is no restriction on the underlying proper loss
itself. Therefore, the above holds for a large class of losses. One such example is the 0-1 loss £ = ¢, where
we have following relationship between the Bayes-optimal AUC and the variational divergence between the
product measures P X Q and Q X P.

Corollary 34 Given any D = {P,Q, 7y € Axy (41} the Bayes-optimal bipartite ranking risk is related to
the variational divergence between the product distributions P X Q and Q X P via:

1 1
L*(Dgr. £o1) = 5 = 7 - V(P X Q.0 X P).

Proof This follows from Proposition 33 and the fact that for £,

(Ve [0,1])L*(11;f01)=11/\(1—11)=%—‘n——’,

with L*(1/2;¢,,) = 1/2. It is easy to check that this corresponds to f(¢) = |t — 1| /4 + (1 — t)/4, which is a
scaled version of the convex generator for the variational divergence. |

By Corollary 23 and Equation 48, Corollary 34 is equivalent to a result of Torgersen (1991, pg. 582),

AUC*(D)==+--V(PXQ,0 X P).

N [ —
ENIP
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This may be further manipulated to explicitly express the Bayes-optimal AUC in terms of the concentration
of the values of # (Clémencon et al., 2008),

" _1 1 ) _ ’
AUCT(D) = 5+ e B [1n(X) = n(X)]] .

This expression may be further related to the earth mover’s distance (or L;-Wasserstein metric) between the
class-conditional distribution of scores (Clémengon et al., 2009).

6.3 Bipartite Ranking Regret as a Generative Bregman Divergence

The bipartite ranking regret for proper composite losses may similarly be re-expressed by exploiting the re-
duction to classification on pairs. We again need to restrict ourselves to those proper composite losses that
induce a decomposable Bayes-optimal pair-scorer.

Proposition 35 Pickany D € Ax, 1y with derived pairwise ranking distribution Dgr = <M i; , fipyi p, and
any ¢ € Lgpc(¥) N Lpecomp- Then, for any scorer s X — R,

regretgp(s; D,Z) = B_; «(1ipyi,» P~ oDiff(s))

where in an abuse of notation L* = L*(-;£).
Proof By definition of the bipartite regret (Equation 18),

regretgr(s; D,£) = Lgp(s; D,£) — Lp(D, ?)
= L(Diff(s); Dgg,?) — Lgg(D,?)
= regret(Diff(s); Dgg,¢) + L*(Dgg, £) = Lgr (D, ©)
= B_ 1+ (fpgis. ¥~ oDIff(5)) + L*(Dpg. &) — Ljp (D, £),

where the last line is by the standard expression for the regret with respect to a proper composite loss (Propo-
sition 78). We thus need L*(Dgg,?) = I]_ER(D, ¢), which by Proposition 3 is true iff £ € LDecomp. |

In the case of £ = ¢, the regret can be seen to measure the concentration of # in the region where the
candidate scorer s disagrees with #, as is well known.

Corollary 36 (Clémencon et al., 2008; Agarwal, 2014, Theorem 11) Forany D = {M,n) € Ay, (1} and
scorers. X - R,

regretgr(s; D, %g;) = " E

L, 100 = )] Us X, X))

where |
I(s, 1 X, X') = [(n(X) = n(X")) - (s(X) = s(X)) < 0] + 3 [n(X) = n(x"] .

6.4 Relation to Existing Work

As noted above, the connection between Bayes risks and f-divergences in classification is well known (Oster-
reicher and Vajda, 1993). For the bipartite ranking problem, the connection between the AUC and variational
divergence has been made by (Torgersen, 1991; Reid and Williamson, 2011). The extension to the case of
general Z-bipartite risk (Proposition 33) is simple in hindsight, as the variational divergence is well known to
correspond to the use of 0-1 loss; however, to our knowledge, the extension is novel.
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7. Bayes-Optimal Scorers for Bipartite Ranking

The previous section studied the risk associated with a Bayes-optimal scorer for bipartite ranking. We now
characterise the set of Bayes-optimal scorers itself. Knowledge of the optimal scorers gives further insight
into the problem, and helps relate it to the more familiar tasks of binary classification and class-probability
estimation. As we shall see in the next section, this will also help in establishing the statistical consistency of
the minimisation of surrogate losses on pairs for the task of AUC maximisation.

Before proceeding, we first recall the Bayes-optimal scorers for the latter problems given some D =
P,0Q,7y =<M,ny € Axy.1;- Table 8 summarises the findings of this section.

Loss type Bayes-optimal (pair-)scorers Reference
Classification-calibrated 8*(D,?¢) C {s X >R "Fx) #1/2 => } Equation 43
sign(s(x)) = sign(2n(x) — 1)
n(x) #n(x') =
8*(Dgr>?) C A Spair © XXX = R & sign(spy,(x, x")) = Equation 49
sign(n(x) — n(x"))
{¢pon} CSHp(D, &) ={s: X = R : = ¢os} Proposition 42
Proper composite {Yon} C 8*(D,?) Equation 44
with link ¥ {PocoDiff(con)} C 8*(Dgg,?) Equation 50
SER(D, )={Pon+b:beR}for¥Ye Zgig Corollary 45

Table 8: Bayes-optimal scorers and pair-scorers for various classification and bipartite ranking risks.

7.1 Binary Classification

Consider a binary classification problem with distribution D = {M, 1> € Ay, (). If the loss £ is classifi-
cation calibrated (Equation 7), every Bayes-optimal scorer must have the same sign as 7(x) — 1/2, with the
prediction for #(x) = 1/2 being irrelevant (Bartlett et al., 2006):

8*(D, ) C{s: X >R :nx)#1/2 = sign(s(x)) = sign(2n(x) — 1)} . 43)

When ¢ is the 0-1 loss, the above is an equality (Devroye et al., 1996). Thus, for £(;, what is of interest is
determining whether or not each instance has a greater than random chance of being labelled positive.

When 7 is a proper composite loss with link ¥, from the definition of properness (Equation 9) we can
specify one minimiser of the conditional risk, which applied pointwise gives:

{Woy} C 8*(D,?). (44)

This is an equality if and only if £ is strictly proper composite. Thus, a strictly proper composite loss requires
precise information about #, unlike ;. Observe that Wox may be trivially transformed to give an optimal
scorer for Z;; thus, exactly solving class-probability estimation also solves binary classification. For an
approximate solution, one can bound the excess £;; error via a surrogate regret bound (Reid and Williamson,
2009).

7.2 Pairwise Ranking

Recall from §3.4 that pairwise ranking is identical to binary classification over pairs of instances. Thus, in
the pairwise ranking setting with distribution R = <M i, lpsir» € Axxxxi+1)» the above results can be
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translated. For a classification calibrated loss, the Bayes-optimal pair-scorers must have the same sign as
pqir (X, X') — 1/2, with the prediction for 7p,;.(x, x") = 1/2 being irrelevant:

8*(R,€) C {spyir : XXX = R pyir(x,x') # 1/2 => sign(spy (x,x")) = signnpy; (x, x') = D} .
(45)
When ¢ is the 0-1 loss, the above is an equality.
When ¢ is a proper composite loss with link ¥, by definition we can specify one Bayes-optimal pair-scorer,
though there may be others:
{Worp,ir } C S*(R, 7). (46)

This is an equality if and only if £ is strictly proper composite.

7.3 Bipartite Ranking

The relationship between bipartite and pairwise ranking (Lemma 2) suggests we can simply compute the
Bayes-optimal scorers for pairwise ranking with Dgg. Specifically, let Dgg = <M, fip,i; - To determine
8*(Dgg,¢), we need the following elementary but important property of #p,;, .

Lemma 37 Forany D = <M ,ny € Ay, 1), Dgr has observation-conditional distribution given by

Hpair = ooDiff (6~ o), (47)
where o(-) denotes the sigmoid function (Equation 2).
Proof Suppose (X, X', Z) ~ Dggr. Recall P[Z = +1] = % Then,

(Vx, X" € X0) fpyip(x, x') = P[Z = +1|X = x, X' = x']
PX=x, X' =x'|Z=+1]-P[Z = +1]
P[X = x, X' = x']
PX =x|Z=+1]-P[X'=x'|Z=+1]-P[Z = +1]
P[X = x, X' = x’]
PX =x|Z=+1]-P[X' =x'|Z = +1]
PIX=x|Z=+41]-PX' =x'|Z=+1]+P[X=x|Z=-1] - P[X' =x'|Z=-1]
1

| 4 PX=x|Z=-1PIX'=x'|Z=-1]
PX=x|Z=+11-P[X'=x'|Z=+1]

= o(c™ (n(x) — o~ (x))).

The last identity follows because

P[X = x|Z = +1]
PIX=x'|Z=-1]

67! (n(x)) = log —— + log
1-7x

From Lemma 37, the Bayes-optimal scorers for a classification calibrated loss are immediate.

Lemma 38 Forany D =<{M,ny € AxX{il b and any classification-calibrated ¢,

8*(Dgr, %) C {SPair T AXX - R:px) # () = sign(spy;, (x, x")) = sign(n(x) — n(x’))} .

When ¢ is the 0-1 loss, the above is an equality.
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Proof For a classification calibrated loss #, for every x, x’ € X such that #(x) # 5(x’), any Bayes-optimal
pair-scorer sp, . - € $*(Dgg, ¢) must satisfy

sign(sp,. (x, x")) = sign(2hpy;, (x, x') = 1)
= sign(26(c' (1(x)) — 6~ (n(x"))) — 1) by Lemma 37

= sign(c™ (n(x)) — 67 (n(x)))
= sign(n(x) — n(x)). (48)

When 7(x) = n(x'), we can pick any Spair (6 x") € R. Thus, forall D = {M, ) € Ay, and classification-
calibrated losses 7,

8*(Dgr.€) € {Spair : XXX = R 2 7(x) # n(x") = sign(spy; (x, X)) = sign(n(x) —n(x')}.  (49)

For 7, every pair-scorer satisfying the above is optimal, thus yielding an equality. |

When 7 is a proper composite loss with link ¥, by definition we can specify one Bayes-optimal pair-scorer,
though there may be others:

{Wonp, } = {YoooDiff(c ' on)} C 8*(Dgr, ©)- (50)

This is an equality if and only if £ is strictly proper composite.
Having computed the optimal pair-scorers, when attempting to translate the results to bipartite ranking,
we immediately face a challenge, as

Argmin Lgg(s; D, ) = Argmin L(Diff(s); Dgg,?)
s: X-R s: X-R
= Argmin L(spy;; Dggr,?)-

Spair € S Decomp

That is, finding the set of scorers s that minimise Lgg (Diff(s)) is equivalent to finding the set of pair-scorers
Spair that minimise L(spy;,; DR, ), subject to the pair-scorers being decomposable. Formally, in the notation
of Equation 20, we need every such optimal 53, . - € Lpecomp- While the latter constraint seems innocuous,
it means we need to reason about a minimiser in a restricted function class. Thus, in general, it is no longer
possible to simply study the conditional risk and make a pointwise analysis.

Of course, we can easily make progress in the special case where the optimal pair-scorer is in fact decom-
posable. In this case, we can effectively ignore the restricted function class, because the optimal pair-scorer
must be the difference of the optimal univariate scorer. The following makes this precise.

Proposition 39 Given any D € Ay, .1y and loss ¢,
f (S LDCCOI’I‘IP — 8*(DBR’ f) N SDecomp = lef(SER(D, f))

Proof The ( <= ) direction is immediate, since S (D, ?) # @ and thus Diff (Sgr(D,2)) # @. We show the
( = ) direction.

(©). Pick any s, . € $*(DgRr,¢) N Specomp- Then sp, .= Diff(s) for some s : X — R. By optimality of
s

Pair’ .
(vt : X = R) Lgg(s) = L(sp,, s Dpr»¢) < L(Diff(2); Dgg, £) = Lgg(®).

Thus s € SER(D, £), and so S;air € Diff(SER(D, 7).

(2). Pick any s* € S*BR(D, ), and let sp,;, = Diff(s*). Then, by definition,

Spair (S Argmin IL(tPair; DBR’ f)
Pair ESDecomp
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This is a constrained optimisation problem. When £ € Lpecqnp, there is at least one solution to the unconstrained
optimisation that lies in Specomp., call it 7py;. Clearly fpy;, is a feasible solution for the constrained problem
above. Thus, it must have an identical risk to sp,;.. But then sp,;, is a solution to the unconstrained problem
as well, and s0 sp,j € 8*(DgRr»¢) N Specomp- |

The result simplifies somewhat when every Bayes-optimal pair-scorer is decomposable, which occurs
when there is a unique optimal pair-scorer.
Corollary 40 Given any D € AI)Cx{il} and loss €,
8*(Dr>?) C Specomp = S*(Dpg,¢) = Diff(Sgr (D, £)).
Proof ( = ) follows by Proposition 39, and ( <= ) follows by definition of decomposability. |
Simply put, the decomposable Bayes-optimal pair-scorers are exactly the Bayes-optimal scorers passed
through Diff(-). Thus, if we can show that S5, (D, ) N Specomp # @ for a loss £, we automatically deduce

the Bayes-optimal scorer from the results of the previous section. We determine when this condition holds
below.

7.4 Bipartite ranking: Decomposable Case

We study the Bayes-optimal scorers for losses that induce a decomposable Bayes-optimal pair-scorer. We
begin with the case ;.

7.4.1 OPTIMAL UNIVARIATE SCORER FOR 0-1 LOSS

For 7, itis not hard to see that our earlier results imply that Dgy has at least one decomposable Bayes-optimal
pair-scorer.

Lemma 41 Givenany D =<{M,ny € Axy(41}
S*(DBR’ LﬂOl) N 8Decomp # g.
Proof By Equation 49, we see that {Diff(n)} C 8*(Dggr.Z1) N Specomp- That is, £ induces at least one

decomposable Bayes-optimal pair-scorer in the pairwise ranking risk. |

We can now show that the optimal scorers for the 0-1 bipartite risk are those that preserve the ordering of
the class-probability #, which includes all strictly monotone transformations of #.

Proposition 42 Given any D = <{M,ny € Axy(.1}>
SEr(D.€o1) = {s: X = R : n=¢os for ¢ : R - [0, 1] non-decreasing}.

Proof Let A = 8*(Dgg, £1) N Specomp- Since A is nonempty by Proposition 41, A = Diff (8§, (D, £;)) by
Proposition 39. Equivalently, by Lemma 38,

A = {5psir € Specomp © M(X) # n(x') = sign(spy,(x, x")) = sign(n(x) — n(x")) }
=Diff ({s: X > R : n(x) # n(x’) = sign(s(x) — s(x")) = sign(n(x) — n(x"))})
= Diff ({s: X - R : 5 = ¢pos for non-decreasing ¢p}) by Lemma 72.

We thus have equality of the differences of the sets of interest. But for any sets of scorers 8, 8,, Diff(§;) =
Diff(8,) = (¥s; € 8))(3s, € 8,,c € R)s; =5, + ¢, i.e. the scorers in the two sets must be related by a
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linear translation. But if for a scorer s we have # = ¢pos for some monotone ¢, then it must also be true that
17 = ¢o(s + c) where ¢ : x — ¢(x — c¢) is also monotone. Thus, the result follows. |

The transform ¢ in Proposition 42 is not required to be strictly monotone increasing since if n(x) = n(x")
for some x # x’ € X, it is allowed for s(x) # s(x'). (In the extreme case where n(x) = c for every x,
then every scorer will trivially be Bayes-optimal.) Nonetheless, an immediate corollary is that any strictly
monotone increasing transform of # is necessarily an optimal univariate scorer.'?

Corollary 43 Given any D = <{M,ny € Axy (4} and any strictly monotone increasing ¢ : [0,1] - R,

¢on € Sp(D, Cyy).

We see that like class-probability estimation, bipartite ranking with £;; aims to find a transformation of .
Unlike class-probability estimation, one is satisfied with any strictly monotone transformation, not necessarily
one specified by the loss itself. Loosely, then, bipartite ranking is less “strict” than class-probability estimation.
(See also §10.)

7.4.2 OPTIMAL UNIVARIATE SCORER FOR STRICTLY PROPER COMPOSITE LOSSES

We now proceed to the case where ¢ is a strictly proper composite loss. To apply Corollary 40, we characterise
the subset of proper composite losses for which there exists a decomposable pair-scorer. This shall turn out
to rely on the following set of inverse link functions from the sigmoid family,

(e . 1
Zsig={‘P 'R [0.1]] @a e R\ {0}) (Yo € R)¥W 1(0)=m}. 51)

Proposition 44 (Decomposability of Bayes-optimal bipartite pair-scorer.) Given any £ € Lgpc(P) with
Y differentiable,

(VD € Axs1)) 8 (Dpr- ) C Specomp < ¥ € .
Proof ( <) Let the link function of # have the specified form, so that ¥(v) = % log 1TUU = lcr‘l(v), and so

a
(Woo)(v) = E From Equation 50, the'® Bayes-optimal pair-scorer is

1 . -
sltair = 7 Diff(c 10’7)
— Diff <(1 : 0'_1> on)
a
€ 8Decomp'

Thus S;air S 8*(DBR’ f) n SDCCOIHP'

(=) The proof here uses a similar idea to Uematsu and Lee (2012, Theorem 7). If £ € Lpecomps

Yoo oDiff(c™" 0n) € Specomp-
We wish to determine the nature of W that permits this to hold. Let f = Wooo log, so that the above becomes

, e () ,
(Vx, x eDC)f( >:g(x)—g(x)

eo L (n(x")

15. Combined with the connection between the 0-1 optimal scorer for the bipartite ranking risk and AUC (Corollary 23), this constitutes
an alternate proof of Corollary 16, without an appeal to the Neyman-Pearson lemma.

16. For a non-strict proper composite loss, the following argument holds, but only for one possible optimal pair-scorer. Thus, it may not
be true that all Bayes-optimal pair-scorers are decomposable; however, for the choice of link function above, we can guarantee that
there is at least one that is. Nonetheless, for a strictly proper composite loss, there is a unique Bayes-optimal pair-scorer. Thus, the
above result characterises when this pair-scorer is decomposable.
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for some g : X — R. Now note that

oo (1(x)

vx,x', x" e X -
( I\ e

> =g(x) —g(x") + g(x"") — g(x")

oo () e (")
= f -1 " + f -1 ’ :
) o~ (n(x")
We require this to hold for any D, and thus for any #. Therefore, equivalently, we have
(Va,b e Ry) f(a-b) = f(a)+ f(b).

Note that f is continuous by assumed differentiability of W. Thus the only solution to the equation is f(z) =
i -log z for some a € R (Kannappan, 2009, Corollary 1.43), or equivalently that ¥~!(v) = 6(a - v) = H_e%ab
Note that the case a = 0 is ruled out by assumed invertibility of ¥, and thus equivalently of f.

We emphasise that the class of proper composite losses satisfying the above condition is “large” in the
following sense: one may take any strictly proper loss and compose it with any member of the given link
family. Two specific implications are noteworthy. First, the loss # need not be symmetric; Appendix G has an
empirical illustration of this fact. Second, the loss £ may be non-convex; nonetheless, we can easily determine
the optimal scorers for all such losses, as below.

Corollary 45 Given any D =<{M,ny € Axy 1y and ¢ € Lgpc(Y) with inverse link function y-l e Zgigr
Sgr(D, ) = {Yon+b: beR}.
Consequently, when ¥ is monotone increasing (viz. when a € R, in Equation 51),
SEr(D,€) C 85 (D, Cy).
Proof By Proposition 44 and Corollary 40,
Diff(85 (D, ) = S5 (D, ?).

Further, by Equation 50, and letting ¥~ : v — o(a - v),
8t (D, £) = Diff (% : a_lon> — Diff(Wor).
The result follows because
Diff(f) = Diff(g) < (FbeR)f =g+ b.
|

The admissible family of links X, can be easily checked to contain those employed for the logistic and
exponential losses, and thus we can deduce the decomposability of the Bayes-optimal scorers for these losses.

Corollary 46 For the strictly proper composite logistic and exponential losses,
C10g(y, 2) = log (1 + e77%)
fexp(yv Z) = e—yz’

1

with inverse link functions ¥~ (v) = o
is decomposable for any D € Axy .1y Le.

and ¥~ (v) = 1+e+20 respectively, the Bayes-optimal pair-scorer

S*(DBR’ f) < SDecomp'
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While Proposition 44 follows easily from the proper loss machinery, the requirement on the link function
is a priori non-obvious. What is special about link functions that are scaled versions of the sigmoid? The
answer is simply that the scorer #p,;, inherently involves a sigmoid link function (Lemma 37). This form of
TIpgie 1N turn can be understood via utility representations for binary relations on sets, as we discuss in §12.

7.4.3 COMMENT ON CONVEXITY

In general, an invertible link function ¥ can be composed with any proper loss to yield a proper composite
loss. For numerical convenience, it is useful to consider only those proper losses which yield a convex proper
composite loss. For a proper loss 4, let £(y,v) = A(y, P~ (v)) for ¥~ (v) € Zsig ie. ¥ l(v) = 0 el_av for

some a. Such a loss will have Bayes-optimal scorer as given by Proposition 44; but when will such a loss be

additionally convex? Suppose the weight function w for 4 is normalised such that w (%) = 1. Then, 7 is

convex only if the weight function w satisfies (Reid and Williamson, 2010, Theorem 29)

. 1 1 1 1
mm<a-c2'(1—c)’aoc-(l—c)2>’max<a-c2-(1—c)’a-c-(l—c)2>].

The above gives necessary conditions'’ for obtaining a convex proper composite loss with the given link.
As a sanity check, two losses encountered earlier in Corollary 46 will indeed satisfy the above. For the

admissible weight function w(c) = it is easy to check that with a sigmoidal link we recover a

w(c) €

1
a-(c-(1-¢))3/2°
generalised version of the exponential loss, £ (y,v) = %e‘y“”. (We will revisit these family of losses in a
different context in §9.5.) Recall from Equation 13 that a link ¥ is canonical for a given proper loss A with

/
weight function w when w(c) = ¥/(c). For P~ (v) = ﬁ, we have w(c) = % . <log ﬁ) = M_(ll_c). The
resulting proper composite loss is
£(3.0) = 20, 7' (0) = © - log(1 + ),
a

which is a generalised logistic loss. (Masnadi-Shirazi and Vasconcelos (2010) call this the canonical logistic
loss.) Note that lim,,_, élog(l + e77) = max(0, —v), which is the perceptron loss.

7.5 Bipartite Ranking: Non-Decomposable Case

We now turn to the case where the loss £ does not have a decomposable Bayes-optimal pair-scorer. As noted
earlier, we can no longer resort to reasoning solely via the conditional risk. Fortunately, the simple structure of
Specomp Means that we can hope to directly compute the risk minimiser via an appropriate derivative. Under
some assumptions on the loss, it turns out that the Bayes-optimal scorer is still a strictly monotone transform
of n; however, the transform is now distribution dependent, rather than simply the fixed link function V.

Proposition 47 Pick any D = {M,ny = {P,Q,ny € ADCx{i—l} and a differentiable, convex, symmetric
strictly proper composite loss £(y, v) = ¢p(yv). If ¢’ is bounded,'® or the support of D is finite,

SER(D’K) = {S* . x - R | n= fD,s*oS*}v

where ,
- E [£7 (v —s*(X))]

£ @w=s 0] - =m)- E_[£1(w=-sX))]
~0

17. More complex sufficient conditions may also be derived; see (Reid and Williamson, 2010, Theorem 24).
18. We suspect this requirement may be dropped, but defer to future work investigation of minimal conditions for the result to hold.

(V0 ) 0=
X~P
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Proof The basic proof strategy follows Uematsu and Lee (2012, Theorem 3), although the subsequent steps
and connection to proper loss concepts are novel; we will shortly discuss the connection to the results of that
paper.

LetZ(y, v) = ¢(yv). For fixed D, let S(D) denote the space of all Lebesgue-measurable scorers s : X — R,
with addition and scalar multiplication defined pointwise, such that

Ler(s: D.6) = B [9(s00 = s(X))] < co.

Then Lgg : 8(D) — R is a convex functional, by virtue of ¢ being convex. Thus, its minimisers may
be determined by considering an appropriate notion of functional derivative. We shall employ the Gateaux
variation.

Pick any s,t € S(D). For any € > 0, define

Fs,,(e) = Lgr(s +€t)

= [E [B(s(X) = s(X) + e(1(X) — 1(X)))] .
X~ P X! ~Q

The Géteaux variation of Ly at s in the direction of ¢ is (Troutman, 1996, pg. 45; Giaquinta and Hildebrandt,
2004, pg. 10)

Lgr(s + €1) — Lpr(s; D, )
€

Slgr(s; 1) = lim
e—0
= F!(0),

assuming the latter exists. To show that F’ S’ ,(0) exists, we will justify interchange of the derivative and expec-
tation. For any € € (0, 1] and x, x" € X, by convexity and nonnegativity of ¢,

(DIff (s + en))(x, x")) — ((Diff(5))(x, x"))

€

< |p(DIfF(s + 1)(x, X)) — (Diff(s))(x, X))
< G((DIff (s + ))(x, X)) + G((Diff (5))(x, x")).

By assumption, Lgr(s + ¢) and Lggr(s; D, ¢) are both finite. Further,

lim 26 = s(x") + e(t(x) — 1(x"))) — p(s(x) — s(x))

e—0 €

= (t(x) — 1(x")) - ¢’ (s(x) = s(x")).

Thus, by the dominated convergence theorem (Folland, 1999, pg. 56), we have

F;,(0) = X~P[|§(’~Q [(1(X) = 1(X")) - ¢ (s(X) = 5(X"))]
= XNPfE(,NQ [1(X) - ¢' (s(X) = s(X"))] = XNQ[E(,NP [1(X) - ¢’ (s(X") = 5(X))]

= / t(x)-r(x)dx,
X

(Vx € X) r(x) = p(x) - Exr g [ (s(x) = s(X')] = q(x) - Excop [¢ (s(X) = s(x))] .

Now suppose s* : X — R minimises the functional L. By convexity of Lgg, it is necessary and sufficient
that the Gateaux variation is zero for ¢t € L£(D) (Gelfand and Fomin, 2000, Theorem 2; Troutman, 1996,
Proposition 3.3). That is,

where

WVt e L(D))0 = / t(x) - r(x)dx.
X
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A sufficient condition for this to hold is that r is zero (almost) everywhere, and this is in fact necessary as well
(Lemma 71). That is, for (almost) every x, € X, we equivalently need

p(xq) - Exrog [0/ (s*(xg) = s*(X')] = q(xg) - Exop [@' (s (X) = s¥(x0))] .
which means for (almost) every x, € X,

n(xq) ] 1—-x _ p(xg)
1 —n(xg) T q(xq)
E (#6700 = 5G]

(o [#/(57(xg) = 5" (X')
S [2165700 = 5%(xg)) = 27 (5% (xg) = 57 (X))]

X’[EQ [—£1(s*(xg) = s* (X)) + £ (s*(X) = s*(x0))]

E

o [£1(s%(xg) = (X)) = €7, (s(X) = 5*(x0))]

X[EP [l/”'_l(s*(xo) - 5* (X))
== since ¢ is symmetric,
F iG]

£ (5%(xg) = s*(X)) = £} (5*(X) = s¥(x0))]

which means
*
7’] = fD,s* oS N

where f, i+ is given by

m- E[£7 (0= s*(X)]

(fps)(®) = —.
e E L 0= 00 = =m) - E (61057 (X)

In order to express any optimal scorer s* in terms of #, as we have done for the previous cases, it remains
to check whether or not the above the function f, (« defined above is invertible. The following corollary
provides sufficient conditions for this to hold.

Corollary 48 Pick any D = <M,ny € Axy .1y and margin-based strictly proper composite loss £ (y, v) =
@(yv), where ¢ is differentiable, strictly convex, and satisfies

Vv eR) P (v)=0 <= ¢'(-v)#0.
Then if ¢ is bounded or the support of D is finite, fp, .« is invertible and
Sip(D,6)={s*: X > R | s* = (fp,) " on} C8sa(D, o)),
where [, o« is defined as in Proposition 47.
Proof We show that f, i+ strictly monotone, by establishing the strict monotonicity of
E [fi(v - s*(X"))]
X' ~0
— ; " .
NN GRCERNCY)]
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The derivative of this function is

1

(5 o0y

g'(v) = [f’_lw — s O (0= 5*(X))—

. ( E
X~P.X'~Q

" (v = s" (XN (v = s*(x/»] )

By convexity of Z, the terms # i'(v —s*(X")) and 2" ,(v—=5*(X)) are positive. Further, by (Vernet et al., 2011,
Proposition 15), | and #_; are increasing and decreasing respectively, or vice-versa. By assumption their
derivatives cannot simultaneously be zero. Therefore the expectand is always positive or negative for every
v, and hence g’(v) is always strictly positive or negative. Thus g is strictly monotone, which means f D.s* 18
as well. Therefore, s* = (fp )" lon. [ |

The link function fp, .« is at first glance peculiar because it depends on the distribution D, as well as the
optimal scorer s*. From a practical perspective, the result is thus not helpful in terms of helping quickly dis-
cover the optimal scorer s*. However, what is of interest to us is simply that this function is strictly monotone.
This means that from an AUC perspective, using a proper composite surrogate loss asymptotically results in
a desirable scorer i.e. if we rank examples according to s*, it is equivalent to ranking them according to #.

As before, any optimal scorer for such a proper composite loss is also optimal for £, despite the link
function f, ;« depending on the distribution D. Appendix H provides an empirical illustration that this link
is indeed invertible under the specified conditions, albeit distribution dependent. The results of this section
established that a suitably restricted notion of convexity is sufficient for the optimal scorer to be a strictly
monotone transform of #, while the previous section established convexity is not necessary, since one can
have a non-convex loss resulting from a suitable link ¥ = %o"l.

7.5.1 COMPARISON WITH STANDARD LINK FUNCTION

Recall from Equation 12 that the link function ¥ associated with a proper composite loss £ satisfies

)

—1 _
= ERCETA0)
This is in general not the same as the inverse link function (fp +)~! from the above result for a simple reason:
the latter potentially depends on the distribution D, and the optimal scoring function s* itself. However, the
forms of the two functions are closely related: in (fp )~ !, each quantity from the inverse link ¥~! is replaced
by its expected value under an appropriate distribution.
In the previous section, we saw that under certain conditions s* = Yoz, where W is the standard link
function associated with . In such cases, it is of interest to see whether f, .« simplifies. For example, for the

case of exponential loss Z(y, v) = e™*", with inverse link function ¥~!(v) = we get

1
I4e20°

(&, 100 )

(B 100 e 0 e

(fps)” @) = —
G (1 =n00) - em ]
It can be verified that when plugging in s* = Yoy, one finds (f D,s*)_1 (v) = ¥~ (v) as expected, and therefore
the dependence on the distribution “disappears”. Determining conditions beyond ¥ € X;, for which fp o
simplifies would be of interest.

In class-probability estimation with a proper composite loss, there is a separation of concerns between the
underlying proper loss and the link function ¥, with the latter primarily chosen for computational convenience,
and not affecting statistical properties of the proper loss (Reid and Williamson, 2010). For bipartite ranking,
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however, such a separation of concerns is guaranteed only when one operates with the family of link functions
from Proposition 44. For this family, the Bayes-optimal scorer is any translation of Wo#, while Corollary
48 indicates that outside this family, the optimal scorer may be a distribution-dependent transformation of
n. Thus, changing the link function in bipartite ranking can change the optimal solutions to the risk in a
non-trivial way.

7.6 Relation to Existing Work

The study of Bayes-optimal scorers for pairwise and bipartite ranking problems does not seem as extensive as
for the binary classification setting. The study of the Bayes-optimal scorers for both problems under proper
composite losses appears to be novel, although Agarwal (2014) employs proper losses in theoretical anal-
ysis related to the bipartite ranking problem. Even our derivation of the form of #p,;, does not have many
precedents, though Uematsu and Lee (2012) implicitly derive the formula.

This section generalised and unified several earlier results through the theory of proper losses. For £,
our Corollary 43 is well-known in the context of scorers that maximise the AUC, which is one minus the bi-
partite £ risk. The result is typically established by the Neyman-Pearson lemma (Torgersen, 1991), whereas
we simply use a reduction to binary classification over pairs. For exponential loss with a linear hypothesis
class, Ertekin and Rudin (2011) studied the (empirical) Bayes-optimal solutions. For a convex margin loss,
Uematsu and Lee (2012) and Gao and Zhou (2012, 2015) independently studied conditions for the Bayes-
optimal scorers to be transformations of #. Our Proposition 44 is a generalisation of Uematsu and Lee (2012,
Theorem 7); Gao and Zhou (2012, Lemma 3); Gao and Zhou, 2015, (Corollary 1), where our result holds
for non-symmetric and non-convex proper composite losses; Appendix G has an empirical illustration of this.
Our Corollary 48 is essentially equivalent to Uematsu and Lee (2012, Theorem 3); Gao and Zhou (2012,
Theorem 5); Gao and Zhou (2015, Theorem 2), although we explicitly provide the form of the link function
relating # and s*. (We translate these results in terms of proper losses so that the connection is more apparent
in Appendix F.)

Uematsu and Lee (2012, Theorem 5) also showed that for the hinge loss, which is classification calibrated,
there are possibly ties introduced in the ranking, which is not covered by our results as the hinge loss is not
proper. Gao and Zhou (2012, Theorem 2, 3); Gao and Zhou (2015, Lemma 3) similarly show that hinge and
absolute loss do not produce a consistent ranking.

8. Surrogate Regret Bounds for Pairwise Surrogate Minimisation

At this stage, we have established that for suitable £, minimisers of the Z-bipartite risk will also minimise
the £y, bipartite risk. Equivalently, these scorers will maximise the AUC. This can be seen as a justification
for the minimisation of a pairwise surrogate to £, for the task of maximising the AUC; this is sometimes
referred to as the pairwise approach to bipartite ranking.

In practice, of course, we cannot expect to perfectly minimise Lgg, due to having access to a finite sample,
and (or) using a restricted function class of scorers. Thus, we would ideally like a bound as to how much
worse the AUC can be when using a suboptimal minimiser of Lgr(s; D, £). This is the analogue of surrogate
regret bounds for classification, which establish that convex risk minimisation is consistent for the problem
of 0-1 minimisation (Zhang, 2004; Bartlett et al., 2006; Reid and Williamson, 2009).

Surrogate regret bounds have previously been shown for bipartite ranking by Clémencon et al. (2008,
Section 7), under the implicit assumption of decomposable scorers, and for the symmetric exponential and
logistic losses by Gao and Zhou (2012, Corollary 6, 7); Gao and Zhou (2015, Corollary 5). It turns out that
the analysis of the previous section automatically implies the existence of surrogate regret bounds for pairwise
minimisation of suitable (possibly asymmetric) proper composite losses. Formally, we have the following.

Proposition 49 Pick any D € Ay, and scorer s: X — R. Given any ¢ € Lgpc (V) with inverse link
function -l e 3t . there exists a convex function F, : [0,1] = R, with F(0) = 0 such that,

sig’

F, (regretgr(s; D,?¢y))) < regretgg(s; D, 7).
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Proof Forany s: X — R, sp,;, ¢ X X X — R, recall that
regret(sl:)air; DBR’ f) = n_(SPair; DBR, f) - inf l]—(tPalr; DBR’ f)
tpyir - XXX =R
regretgr(s; D, &) = Lgr(s; D,?) — iD?fR Lgr(®).
1 X—

Existing surrogate regret bounds for proper composite losses (Reid and Williamson, 2009) imply that there
exists some convex F, : [0,1] — R, such that, for any D € Ay, (. and scorer s : X — R,

F, (regret(Diff(s); Dgr. 501)) < regret(Diff(s); Dgg,?).

By the reduction of bipartite ranking to classification over pairs (Lemma 2), for any ¢ satisfying the
conditions of the proposition,

regretgr(s; D,¢) = Lgr(s; D,?) — :i)?fR Lgr(®)
. X—>

= L(Diff(s); Dgg,?%) — inf L(tpairs Dpr> %)
tPairesDecomp
= [I_(lef(s), DBR’ bp) - - l&l)f(tx:_)[R [I_(tPaiI'; DBR’ lxﬂ)

= regret(Diff(s); Dgg, %),

where in the penultimate line we have used the fact that the restriction to Specom, can be removed by virtue
of the loss ¢ inducing a decomposable Bayes-optimal pair-scorer for Dgi (by Proposition 44). We similarly
know that #;; induces a decomposable pair-scorer (Proposition 41). Thus, we can write the regret bound as

F, (regretgr(s; D, ?y))) < regretgg(s; D, ?).

The function F, : [0,1] = R, in Proposition 49 is exactly that which appears in bounds relating 0-1 to £
classification regret for proper composite losses, and may be specified in terms of the conditional Bayes-risk
of £ as (Reid and Williamson, 2009, Theorem 3)

Foium L* (%) +G () V G (—u)
G,:um —L* (% +u) (LYY (%) .

We make three observations about this result. First, the bound implies the consistency of pairwise surro-
gate minimisation for losses satisfying the conditions of the proposition, and whose underlying proper loss 4
additionally satisfy the regularity condition L*(0) = 0, as

regretgr(s; D, ) - 0 = Fy(regretgg(s; D, %)) — 0
= regretgr(s; D, %) = 0,

where the second line is because L*(#) > 0 on (0, 1/2] by strict concavity of the conditional Bayes risk (a
consequence of strict properness of the loss), and L*(0) = 0 by assumption.

Second, the bound places no convexity restriction on #. This is akin to similar regret bounds for classifica-
tion (Bartlett et al., 2006, Theorem 1), where the surrogate loss need not be convex. Of course, for non-convex
¢, guaranteeing regretgg(s; D, ) — 0 is more challenging.

Third, when the optimal pair-scorer is not decomposable, the proof breaks when attempting to equate
regretgr(s; D, £) and regret(Diff(s); Dgg, ¢), and so more effort is needed to derive a surrogate regret bound.
This further illustrates the value of the decomposability of the Bayes-optimal pair-scorer as studied in the
previous section. Note that while we do not have a regret bound for such losses, Corollary 48 established a
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sufficient condition for agreement of the Bayes-optimal scorers. Further, Gao and Zhou (2012, Theorem 2)
showed that for a subset of such losses, one has asymptotic consistency of the surrogate minimisation (even
when a regret bound is elusive).

As afinal note, the above is distinct from Agarwal (2014) as the latter bounds the AUC regret in terms of the
regret with respect to a proper composite loss. That is, the result shows the consistency of the class-probability
estimation approach to bipartite ranking. This is distinct to our bound, which shows the consistency of the
surrogate pairwise ranking approach to bipartite ranking.

9. Ranking the Best Instances

In most practical applications of ranking, accuracy at the head of the ranked list is more important than accu-
racy at the tail. For example, in information retrieval, typically only the first few elements of the ranked result
set for a query are considered by a user of the system. It is thus of interest to consider notions of risk that
focus on accuracy at the head of the list. This problem is sometimes called ranking the best (Clémengon and
Vayatis, 2007) or accuracy at the top (Boyd et al., 2013). We will use the terminology “ranking the best”.

We will now formalise the ranking the best problem, and see how the tools we have developed thus far
may be applied to address it.

9.1 Formal Definition of Ranking the Best

Corollary 43 shows the AUC is maximised by any strictly monotone increasing transformation of #, the
observation-conditional distribution. Thus, from the perspective of the AUC, the optimal ranked list in bi-
partite problems involves ordering instances based on their # values. In the ranking the best problem, our
goal is to ensure that instances x € X for which #(x) is large are correctly ordered relative to other instances,
potentially at the expense of incorrectly ordering instances x’ € X for which 7(x") is small.

Formally, given any g € [0, 1], we call a loss £ a g-RTB loss (for g-rank-the-best) if the Bayes-optimal
scorer for D = <M, ny € Ayyiiqy IS

$(D,#) = (¥,on),

where
(Vz [0, 1)V, (2) € {{Z} ifz24q (52)
[0,z) ifz<gq,
Such a scorer does not demand accurate estimation of # below the fixed threshold g¢: all that is required is that
the ordering is preserved relative to those instances with score bigger than g.

According to Equation 52, any loss for which 8*(D, ) = {Woy} for some invertible ¥ is also a ¥~!(g)-
RTB loss for any ¢ € [0, 1]. This simply says that if we accurately model all ranks, then by definition we
accurately model ranks at the head of the list. Indeed, if we could operate on the distribution directly, there
would be no tradeoff to be made between accurately modelling any particular portion of the list: # would
be recovered exactly, and thus the entire list could be ranked perfectly. The value of a loss that relaxes the
modelling requirements for # < g arises when we have either finite samples or a misspecified hypothesis class,
in which case tradeoffs are necessary.

Having defined the goal of the ranking the best problem, we look to review some performance measures
for this task. We then explore alternate risks that have similar characteristics, but are designed using the theory
of proper composite losses. We shall begin with a general framework that follows Clémencon and Vayatis
(2008); Rudin (2009).

9.2 The (Reverse) (¢, g)-Push Framework for Ranking the Best

Most established performance measures encourage focussing on the head of the ranked list in one of two
(related) ways:

(1) ensuring that most negative instances appear below the positive instances, or

49



MENON AND WILLIAMSON

(ii) ensuring that most positive instances appear near the head of the list.

The former approach involves ensuring that the false negative rate is small for certain negative instances. The
latter approach relies on minimising the following quantity: given an instance x € X, we define its normalised
rank under a scorer s : X — R and distribution D = {M, 1) to be the fraction of examples that have a higher
score than it:

NRank(x; D, s) = Py [s(X) > s(x)] + % Py [s(X) = s(x)] (53)
=z - TPR(s(x); D, s) + (1 — ) - FPR(s(x); D, s).

Small normalised ranks are desired for positive examples, and large ranks for negative examples. Our defini-
tion of the normalised rank is simply called the “rank” by Rudin (2009, Section 7).

For each of the above approaches, we consider a general family of risks that can be specialised to yield
various performance measures of interest. For approach (i), Rudin (2009); Swamidass et al. (2010) studied a
family of risks parameterised by a monotone increasing function.'” Generalising these proposals to the case
of an arbitrary symmetric loss £, and a pair-scorer sp,;,. : X X X — R, we obtain the (¢, g)-push risk:

Push(spyi D.£,8) = E [g (xﬁo [£1(pir O X)) )] :

where g : R — R, is a monotone increasing function. For decomposable pair-scorers,

Push(Diff(s); D, 7, g) = X/[EQ [g (FNR,(s(X")))] -

Compared to the standard bipartite £-ranking risk (Equation 16), the difference is that the inner expectation
is transformed by the function g(-). Intuitively, if g(-) is convex with a sharply increasing slope, the risk
penalises high false negative rates, or equally encourages high true positive rates when thresholding around
the negatives.

For approach (ii), following Clémencon and Vayatis (2008); Rudin (2009, Section 7), we have an analo-
gous reverse?? (¢, g)-push risk, where the order of expectations is reversed, and one uses the normalised rank
in place of a rate:

RevPush(spy,; D, ¢, g) = xgp [g <X’[EM [£1(spais (X, X))] )] ’

where g © R — R, is a monotone increasing function, For decomposable pair-scorers,

RevPush(Diff(s); D, 7, g) = Xgp [¢ (NRank ,(s(X)))] .

where NRank, involves replacing the TPR and FPR in Equation 53 with their TPR, and FPR, counterparts.
To gain some intuition for these approaches, we show how the AUC is a special case of each.

9.3 The AUC and the (Reverse) (7, g)-Push Risk
We first relate the AUC to the (¢, g)-push risk. Recall from Equation 38 that the AUC is

AUC(s; D) = X,[EQ [TPR(s(X"); D, 5)] .

A high AUC thus means that the negative instances, on average, are placed below the positive instances: were
this not the case, then we would achieve only a low true positive rate when thresholding scores around the
negatives. Formally, we have

AUC(s; D) = Push(Diff(s); D, %y, &)

19. This family has also been considered, in a different context, by Xie and Priebe (2002).
20. Our use of the word “reverse” is as per Rudin (2009, Section 7).
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where g: x —» 1 —x.
We next relate the AUC to the reverse (7, g)-push risk. At first glance, the AUC appears to involve a
different consideration, as

AUC(s; D) = X[EP [TNR(s(X); D, s)],

so that the AUC focusses on placing positives ahead of negatives, while when maximising the normalised
rank, we also consider the relationship of positives to other positives. (A similar observation is made by
Rudin (2009, Section 7), where the false positive rate is called the “reverse height”.) However, note that

JEINRank(X; D, )] =7 - E_[TPR(s(X): D.5)] +(1 =) E_[FPR(s(X): D, )]

JE[TPR(s(X); D )] + (1 = x) - (1 — AUC(s; D)) by Equation 37

-
% + (1 —=x)- (1 — AUC(s; D)) following Equation 40 ,

and so
2—-r _ 1
2-01-n) 1-—=m

A high AUC thus means that on average, the positive instances have a small normalised rank i.e. they appear
near the head of the list. Formally, we thus have

AUC(s; D) = - E_ INRank(X: D, 5)].

AUC(s; D) = RevPush(Diff(s); D, g)

where g: x > —%_ _ L . &
g 2-(1-7) 1—7

9.4 Established Performance Measures for Ranking the Best

In both the above interpretations of the AUC, one focusses on average case behaviour. This is manifest in the
AUC having a linear dependence on the true positive rate, as well as on the normalised rank. The basic idea
of adapting the measure to focus on the head of the list is to consider a suitable nonlinear transformation g(-)
in the (reverse) (7, g)-push risk, so as to strongly penalise errors at the head over the tail. We now define some
popular measures! for ranking the best that do precisely this. Table 9 summarises the measures considered.

9.4.1 PARTIAL AUC

The partial AUC (PAUC) (McClish, 1989; Dodd and Pepe, 2003; Narasimhan and Agarwal, 2013a) of a scorer
only computes the area under the ROC curve for false positive rates between [a, b] C [0, 1]:

b
PAUC(s; D, a, b) = / TPR((FPR) "' (a)) da

= E_ [TPR(s(X)) - [a < FPR(s(X)) < b]] .

When a = 0 and b < 1, this intuitively focusses only on performance at the head of the ranked list (as this
corresponds to thresholds with low false positive rate). This measure is evidently related to the special case
of the reverse (¢, g)-push risk for g : x = (x V a) A b, where one uses the true positive rate in place of the
normalised rank.

21. Most of these measures have their origins in information retrieval. Here, they are typically stated in terms of results for “queries”.
We effectively treat our labelled samples as the set of results for a single query. Measures that average across multiple queries, which
would correspond to a multilabel learning problem, are thus not considered.
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Performance measure Symbol Definition

Partial AUC PAUC(s; D, b) Xgp [TPR(s(X)) - [FPR(s(X)) < ]|
Average precision AP(s; D) Ex.p [%ﬁ);g:g

Discounted cumulative gain DCG(s; D) Ex.p [m

Average reciprocal rank ARR(s; D) Ex.p [m]

Reciprocal rank RR(s; D) SUP xesupp(P) m

(Negated) p-norm push Push(s; D, -P) x,[EQ [— (FNR(S(X’); D, s))p]
Positives at top PTop(s; D) inf X' esupp(Q) TPR(s(x"); D, 5)

Table 9: Performance measures for ranking the best. For each measure, larger values are desirable.

9.4.2 AVERAGE PRECISION

Our next measure relies on the following two quantities.

Definition S0 Given any distribution D € Ay, 41y and scorer s : X — R, define the precision and recall at
a thresholdt € RU {xo0} to be

Prec(t; D, s) = P[Y = 1]|s(X) > 1]

Rec(t; D, s) = TPR(#; D, s) = P[s(X) > 1]Y = 1] + % CPLsX) = t|Y = 1].

When the scorer and distribution are clear from context, we shall drop the dependence on them and simply
write Prec(t), Rec(?).

The precision may be related to the more familiar rates introduced earlier: if the distribution of scores has
no discrete components, then by Bayes’ rule,

Pls(X) > t|Y = 1] - P[Y = 1]
P[s(X) > 1]
7 - TPR(?)

~ Z-TPR() + (1 — ) - EPR(t) o4

|4 =7 FPRO) -l
7 TPR(?) '
Note that if we use as threshold 7 = s(x) for some x € X, then the denominator of Equation 54 is nothing but
NRank(?).
We now define the average precision (AP) of a scorer s (Yue et al., 2007; Chakrabarti et al., 2008; Agarwal,

2011; Boyd et al., 2012) to be the average of the precisions obtained using the scores of positive examples as
thresholds:

Prec(t; D, s) =

AP(s; D) = Ex_p [Prec(s(X); D, 5)]
TPR(s(X); D, s)]

55
NRank(X; D, 5) (55)

=”'[Ex~P[
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where the second equation follows from Equations 53 and 54.

The average precision can be shown to favour accuracy at the head of the list more than the AUC (Yue
et al., 2007). Intuitively, this is because when there is a spurious negative example high in the ranked list, it
will substantially affect the precision of the nearby positive examples. This may also be seen through Equation
55: we encourage very low normalised ranks for the positive examples, which corresponds to placing them
at the very top of the list. Compared to the AUC, placing a few positives at the very top gives a greater gain
than placing many positives only roughly near the top.

Further intuition for the average precision can be gained by considering the precision-recall curve, a com-
plement to the ROC curve.

Definition 51 Given any distribution D € Axy .1, and scorer s: X — R, the precision-recall curve is
defined by the parametric representation

PR(s; D) = {(Rec(t; D, s), Prec(t; D, s)) : t € RU {+o0}} C [0, 1]2.

The area under the precision recall curve (AUPRC) of s is the area under the curve PR(s; D) (Boyd et al.,
2013):

1
AUPRC(s;D)i/ Prec(Rec_l(a))da.
0

We immediately see that compared to the ROC curve, the PR curve depends on the base rate z. We also
see that like the ROC curve, the curve can be computed from the TPR and FPR. Following the Neyman-
Pearson analysis (Corollary 16), we can conclude that the area under the PR curve is optimized by any strictly
monotone increasing transform of #(x) (Clémencon and Vayatis, 2009a).

In fact, the average precision is exactly equal to the AUPRC.

Lemma 52 (Boyd et al., 2013) Given any D € Axy(yy and scorer s: X — R with differentiable ROC
curve and invertible rates,
AUPRC(s; D) = AP(s; D).

Proof By definition,
1
AUPRC(s; D) = / Prec(Rec™ ! (a)) da
0

= - / TPR'(¢) - Prec(¢) dt using a = TPR(¢)

(e8]

[00]
= / ps(t) - Prec(t) dt by Equation 22

()

T X~P
= XE} [Prec(s(X))] .

9.4.3 DISCOUNTED CUMULATIVE GAIN

The discounted cumulative gain (DCG) of a scorer s (Jarvelin and Kekildinen, 2002; Agarwal, 2011; Boyd
et al., 2012) is the average of the inverse logarithm of the normalised rank for all positive examples:

1
E .
X~P 11g(1 + NRank(X; D, 5))

DCG(s; D) =
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Compared to average precision (Equation 55), the DCG applies a nonlinear decay on the effect of lower
ranked positives. It is evident that the DCG is a special case of the reverse (£, g)-push risk with g: x —
1/1og(1+ x). It may also be seen as a limiting case of the family of risks with gyt x> 1/p)/a +x)1/P—1)
as p — oo.

9.4.4 AVERAGE RECIPROCAL RANK

The average reciprocal rank (ARR) of a scorer s (Rudin, 2009, Section 7) is the inverse of the harmonic mean
of the normalised ranks for all positive examples:

ARR(s; D) = Ex..p [;] .
NRank(X; D, s)
This measure encourages small normalised rank values for the positives, meaning that spurious negatives near
the head of the list will adversely affect the scores for several examples. Compared to the average precision
(Equation 55), one does not additionally weigh this inverse rank by the true positive rate. It is evident that the
ARR is a special case of the reverse (£, g)-push risk with g : x — 1/x.

9.4.5 RECIPROCAL RANK

The reciprocal rank (RR) of a scorer s (Voorhees, 2001; Chakrabarti et al., 2008) is the inverse of the rank of
the top positive:

RR(s; D) = sup __
, xesupp(P) NRank(x; D, s)

where supp(-) denotes the support of a distribution. This measure directly encourages the first element of the
ranked list to be a positive. Compared to average precision (Equation 55), roughly, we replace the average
performance over all positives with simply the performance of the best positive. The RR can be seen as a
limiting case of a family of reverse (¢, g)-push risks withg = g, x — 1 /xPasp - .

Compared to the RR, the ARR considers the ranks of all positives, not just the top one. This intuitively
makes the ARR more suitable when one is interested not just at the very first element of the list, but rather on
the first k elements for some small constant k.

9.4.6 THE p-NORM PUSH

Rudin (2009) provides a detailed study of the p-norm push, which the (¢, g)-push risk for the choice g : x —
xP for p € [1, o0) and symmetric ¢, leading to the p-norm push risk:

Push(Diff(s); D, 2, -P) = X,[EQ [(FNR,(s(X)))"]

= E_[(E, [£1600=s00] )] (56)

=Fo

By increasing the value of p, one strongly penalises high false negative rates.

9.4.7 POSITIVES AT THE TOP

The fraction of positives at the top (PTop) of a scorer s (Agarwal, 2011; Boyd et al., 2012) is typically defined
on an empirical sample D = {(x;, l)}l’.’=1 U {(x;, —1)}}"=1 as the number of positive instances ranked above
the highest negative instance, or equally, the minimum over all negative instances of the number of positives
ranked above that instance,

PTop(s; D) = min 37 £1(5(x;) = 5(x,).
T i=1
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Lietal. (2014) provided an efficient algorithm to optimise surrogates to this measure. Evidently, its population
counterpart is
PTop(s; D) = inf TPR(s(x'); D,s),
x'esupp(Q)
with negation
1 —PTop(s; D)= sup FNR(s(x); D,s). (57)
x'€supp(Q)

Compared to the AUC (Equation 38), which looks to make the average rank of all negative instances small,
the PTop looks to make the worst possible rank over all negative instances small. The PTop can be related to
the p-norm push risk, as

lim Push(s; D,Z,-»)/? = sup FNR,(s(x')).

p—oo x' €supp(Q)

For the case of ¢, this is exactly the negation of the positives at the top measure (Equation 57).

9.5 Bayes-Optimal Scorers for the (7, g)-Push Risk

Having introduced a number of performance measures, we now study why suitable choices of g for the (7, g)-
push risk can be seen to focus attention at the head of the list. This is done by analysing the Bayes-optimal
scorers for this family of risks, and seeing how they align with Equation 52. Specifically, we aim to determine
the Bayes-optimal pair and univariate scorers for the (7, g)-push risk, and study them in light of Equation 52.
Unlike bipartite ranking, the risk in this case cannot (obviously) be expressed as a classification risk over pairs
of instances; therefore, we separately consider the optimal pair- and univariate-scorers,

ngisf};*(p, ¢,8)= Argmin Push(sp,;D,?,g)
SPair * AxX=R

8* (D, ¢, g) = Argmin Push(Diff(s); D, 7, g).
pus s: X-R

We first analyse the case of pair-scorers, and then proceed to univariate scorers. While most of our analysis is
for general £ and g, we shall find the p-norm push risk of Equation 56 to be particularly amenable to analysis
when combined with the exponential loss.

9.5.1 BAYES-OPTIMAL PAIR-SCORERS

As with the standard bipartite risk, determining the Bayes-optimal scorer for the (¢, g) push is challenging
due to the implicit restricted function class Specomp- In fact, this is difficult even for the pair-scorer case:
the (7, g) push risk is not easily expressible in terms of a conditional risk. Thus, we explicitly compute the
derivative of the risk, as in the proof of Proposition 47. We end up with the following distribution-dependent
transformation of #p,;. as our optimal scorer.

Proposition 53 Givenany D = <M, ny € Ay, .1, adifferentiable functiong : R — R, and a differentiable
strictly proper composite loss ¢ with link function ¥, if £’ , f’_l are bounded or X is finite,

sgfsf];*(p, £,8) = {s;air XXX >R :sp = Yooo(Diff(6~'on) — G(D, s;air))}, (58)

where

g, (F(X; D, sPair))
g (F(x'; D, spyiy))

fl(SPair(x? x)) + f—l(SPair(xv X))
P 2 ’

G(x,x"; D, spy;,) = log

F(x, D, SPair) : X%
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Proof First, in the notation above,

Push(spy;; D, 7, 8) = X’[EQ [g (F(X,Q D, SPair))] .

For fixed D, let (D) denote the space of all Lebesgue-measurable pair-scorers sp,, : X X X — R, with addi-
tion and scalar multiplication defined pointwise, such that Push(sp,;,; D, 7, g) < oo. As before, we consider
the Gateaux variation of the functional. Pick any sp,i., tp,i € S(D). For any € > 0, define
R(e; spyirs tpair) = Push(spy + € - tpys D, 7)
= 5o g (FX"s D, spyir + € - tpyir) )] -

For simplicity, in the following we shall not explicitly write the dependence of F and G on D, sp,;,. Now
consider

£ (spair (X, X))
1\PPair \/*»
R,(O; sPair’tPair) = X,[EQ lg, (F(X,)) : XgP ltPair(X’ X,) T 5

2
£ (spair (X', X))] ]
tPair(X,’ X) g —
2
- %/ tpaie (6 X') - (PO)G) - € (F(X')) - €] (spyie (x, ')+
XAxX

p(x")q(x) - g'(F(x)) - | (spyir (X, %)) dx dx’,

where as in the proof of Proposition 47, the interchange of derivative and expectation is justified when X is
finite, or when the derivatives # ; ,¢' . are bounded.

1
For the optimal pair-scorer sy, . , the derivative must be zero for every 7p,;.. A sufficient condition for this

to hold is that the second term in the integrand is zero for (almost) every x, x" € X.
Now, since 7 is strictly proper composite, for any # € [0, 1], the solution to

n-¢is)+A—=n-¢" (5)=0
is s = W(n), by virtue of the above being the derivative of the conditional risk. Thus, the solution to

a b _
a+b a+b

fora,b > 0is s = W(a/(a + b)) = Y(c(log(a/b))). Letting
a=g (F(x)) - p(x) - g(x")
b=g (F(x))-q(x)- p(x'),

(s) + £ (s)=0

the optimal pair-scorer is, for every x, x’ € X,

p(x) - q(x") - g'(F(x"))

p(x") - q(x) - g'(F(x))

= Yooo (o' (n(x)) = o' (1(x") = G(D, 57,.)) .

*

Spair (X x") = Wooolog

where the second line is since
PO _ ) 1=z

gx) 1-n(x) =«

Thus,
5 . =Wooo (Diff(c™ on) — G(D, s )) .

sPair Pair
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The result follows by dividing through by the numerator. |

Requiring differentiability of the loss means that we cannot compute the optimal solution for ;. However,
we can compute the Bayes-optimal pair-scorers for a sequence of proper composite losses that approach 2.
Consider a sequence of losses {# 1y nen With corresponding links (g} nens With (Vo € R) lim pmy=lp) =
[v > 0]. This suggests the optimal scorer of

n—)oo(

SPU(D, £op,8) = {st,, T XXX = R : sign(s

push ) = sign(Diff(c™" o) = G(D, 53, )} »

*
Pair
but we defer a formal proof to future work.

When g : x — x, which corresponds to the standard #-bipartite ranking risk, the term G above is = 0
and so S;air = Wornp,;, as expected. For general (¢, g), however, it is unclear how to simplify the term G any
further. In general, s, . -appears to be a strictly monotone transform of #7p,;,, where the transform is distribution
dependent. However, surprisingly, for the special case of £ being the exponential loss and g : x — x?, the
optimal scorer is explicitly determinable as a simple transform of the conditional probability.

Proposition 54 Pick any distribution D = <M ,ny € Ayyyy1y. Let £(y,v) = e be the exponential loss
and g . x — xP for any p > 1. Then, the optimal pair-scorer s;‘,air for the (¢, g)-push bipartite ranking risk is

* 1 . 1
Spair = m - Diff(6™ on).

Proof We establish this by verifying that sp,;, = ﬁDif f(c~'on) satisfies the implicit equation in Equation
58. We begin with the term F(x; D, sp,;.) as defined in Proposition 53. Plugging in g : x — x” and

SPair —

) o
p+1 ° L opye = p+1 - Diff(o™"on),

we get

2

E e_SPair(X’x) + eSPair(xsX)
T X~P 2

-1 < Mpair (X, X) >_1/(p+1) + < pair (X, X) >1/(p+1)
2 X~P 1 — 11pg; (X, x) 1 — #pg; (xx, X)

= E, [exp((@™' (n(0) = 7' (X)) /(0 + 1))]
= exp(e™ (1x)/(p+ 1) - E_ [exp(=o™' X))/ (0 + D],

where crucially the dependence on 7 is separated from the dependence on the rest of the distribution.
Thus, for g: x — xP,

8 (FG:D.spar) _ explo™ () - (0= 1/(p+ 1)
g (FO<!: Duspyr))  exple™! () - (0= D/(p+ 1)

Vx,x' € X)

with the result now a simple function of #, and

g (Fx;D,spy))  p—1  _ _
vx,x' € X) 1 = (o7! — o~ (n(x")).
(x, x" € X) log o PO/ Do) P71 (o (n(x)) — o7 (n(x"))

57



MENON AND WILLIAMSON

Now recall that the link function for exponential loss is ¥ = %o-‘l. Plugging the above into the right hand
side of Equation 58, we get

-1
Wooo(Diff(c™ on) — G(D, sp,,,)) = (% - h) - Diff(c™" on)
1 oo
= —— - Diff
o+1 D (6™ on)
= SPair-

Therefore spy;, = I%Diff (6~ 'on) satisfies the implicit equation of Proposition 53, and hence must be an
optimal pair-scorer for exponential loss. |

To see why exponential loss simplifies matters, we note that the risk can be decomposed into

Push(Diff(s); D, exp, -¥) = <X[EP [e—s(X)] )p . <x'[EQ [ep~S(X’)]> ]

This decomposition into the product of two expectations simplifies the derivatives considerably. In fact, an
alternate strategy to determine the minimisers of the risk is to consider

p
argmax [E [e‘”(xl)] : < E e_s(x)]> <C;
s X—>R X'~0 X~P

this is reminiscent of the Neyman-Pearson approach to arguing for the optimal scorers for the AUC (which
incidentally is the strategy we shall employ for proving Proposition 56).

As with Proposition 47, we suspect the finiteness assumption on X can be dropped, although we have been
unsuccessful in establishing this. Nonetheless, for this special case, the optimal scorer can be expressed as
1% - Worp,;r» where W is the link function corresponding to exponential loss; comparing this to the optimal
pair-scorer for the standard bipartite risk (Equation 50), we see that the effect of the function g : x — x? is
equivalent to slightly transforming the loss £’; we will explore this more in the next section.

For other losses, the optimal pair-scorer appears to be a genuinely distribution specific transformation of
Tpair» s we illustrate in Appendix 1.

9.5.2 BAYES-OPTIMAL UNIVARIATE SCORERS

We now turn attention to computing Szush(D, ¢,g). For £, we were unsuccessful in computing the opti-

mal pair-scorer; nonetheless, a different technique lets us establish the optimal univariate scorers. The basic
observation is that the (¢, g)-push risk can be interpreted as the area under the parametric curve

{(FPR(#; D, 5), g(FNR(t; D, 5))) : t € R},

which, compared to the ROC curve ROC(s; D), transforms the true positive rates (or, equivalently, one minus
the true negative rates) at each corresponding false positive rate. By manipulating the choice of g, the area
under this curve can thus be focus more attention on certain ranges of false negative rates. The equivalence is
formalised below.

Proposition 55 Given any D € Axy.1), 8§ : R = R, and scorer s : X — R with differentiable ROC curve
and invertible rates,

1
Push(Diff(s); D, %y, &) = / g (FNR(FPR_I(a))) da.
0
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Proof The proof follows how we established the 0-1 bipartite risk to an area under the curve (Proposition 21):

Push(Diff(s); D, £y;, &) = X/[EQ [g (FNR(s(X")))]

= Eo [ /_ 5yx)(1) - 8 (FNR(1) dr

[Se]

= /_ o B g BNR@)] dt

= / qs(?) - g (FENR(?)) dt

[Se]

(s}
= / —FPR/(¢) - g (FNR()) dt by Equation 22

[Se]

1
= / ¢ (FNR(FPR™!())) da.
0

We can now establish the Bayes-optimal univariate scorers. (A similar result for the case of the reverse
(¢, g)-push risk was shown in Clémencon and Vayatis 2008, Proposition 7.)

Proposition 56 Lez g be a nonnegative, monotone increasing function. Given any D = <{M,ny € Axy(y1}
pon € 8 (D, %;,8),
for any strictly monotone increasing ¢ : [0,1] - R.

Proof Recall from Proposition 55 that the p-norm risk for the case of 0-1 loss is simply an area under the
parametric curve
{(FPR(?), g(FNR())) : t € RU {*+o0}}.

Following the Neyman-Pearson approach to ROC maximisation (Proposition 76), maximisation of the 0-1
risk is thus equivalent to solving, for each a € [0, 1]

Argmin g(FNR(#; D, s)) subject to FPR(¢; D, s) < a.
s X->R,teRU{+o0}

Since g is a monotone increasing function, it preserves the optimal solution of the case of g(x) = x (al-
though potentially introducing new ones), which is the standard Neyman-Pearson problem. This means that
for monotone increasing g, one family of optimal solutions is given by s* = ¢oy, where ¢ is strictly monotone
increasing. |

Proposition 56 says that the (£, g)-push objective is optimised by accurately recovering the entire ranked
list. However, while they share the same optimal solution, the ordering over scorers induced by the (£, g)-
push risk is different from that induced by the standard bipartite ranking risk. This means that under mis-
specification or with finite samples, one will likely choose a different scorer by optimising the (¢, g)-push
objective rather than the standard bipartite ranking objective. The examples in Rudin (2009) indicate that in
many such cases, the solutions of the (£, g)-push objective are superior to those of bipartite ranking at the
head of the list.

The above trick does not work when we use a general proper composite loss ¢, as we need to analyse a
generalised Neyman-Pearson problem. However, for exponential loss and g : x — x?, we can use the results
of the previous section.
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Proposition 57 Pick any D = <{M,ny € Axy .1y Let £ = €, and p > 0. Then, if X is finite,

exp

S;k)ush(D’fexp’ Py = {L (6o +b:be R},

p+1
Proof By Proposition 54, the unique optimal pair-scorer is s;‘,air = 1% - Diff (6~ o) = Diff <1ﬁ(0_lon)>,
which is decomposable. Corollary 40 may be adapted here to argue that any optimal univariate scorer s* must
satisfy S;air = Diff(s*), and so s* = 1% - (6~ on) + b for some b € R. [ |

For other losses, the optimal univariate scorer again appears to be distribution specific, as we illustrate in
Appendix J.

As before, the Bayes-optimal scorers for the p-norm push are closely related to those for appropriate proper
composite losses (namely, those with link functions given by ¥ = ﬁ - 0). We now study how the theory of
proper composite losses suggests a recipe for constructing a family of alternate losses suitable for the ranking
the best tasks.

9.6 Proper Composite Losses for Ranking the Best

Having studied the Bayes-optimality properties of the p-norm push, we now examine what this implies about
the design of alternate proper composite losses for ranking the best. As shall be made precise, the p-norm
push can be understood in terms of a suitable weight function over misclassification costs.

9.6.1 A WEIGHT FUNCTION PERSPECTIVE OF THE p-NORM PUSH

From Proposition 57, we see that changing p results in a scaling of the link function ¥ that is composed with
7. Thus, the p-norm push has equivalent Bayes-optimal solutions, up to translation, as any strictly proper
composite loss with the same link function ¥ = lﬁ - 6~!. One might then hope to understand the p-norm

push risk by considering the risks corresponding to a family of proper composite losses {#*)} pep» Where each
member of the family comprises some fixed proper loss A composed with an appropriately scaled sigmoidal
link ¥, However, for any p > 0, the resulting proper composite loss is

£P(y,0) = Ay, ¥P) = Ay, 6((p+ 1) - v) = 2O, (p + D).

That is, changing p simply scales the prediction space, and has no real impact on learning. This means that
even on a finite sample, and with a restricted function class, the family of proper composite losses given by
(@} pep Will have risks whose optimal solutions that are scalings of one another.

As with the 7, case, this is not surprising. It merely indicates that the p-norm push risk must be understood
in terms of its behaviour under a restricted function class or finite sample. Doing so requires that one move
away from Bayes-optimal scorers, which assume access to infinite samples and an unrestricted function class.
Our standard analysis based on the conditional risk thus cannot be applied.

Remarkably, it is possible to show that the p-norm push risk is equivalent to a specific proper composite
risk even when minimising over a linear function class: Ertekin and Rudin (2011, Theorem 1) shows that for
a linear function class, the p-norm push risk with exponential loss is equivalent to the proper composite risk
corresponding to the p-classification loss, defined by

(V0 € R) £y (v: p) = (11) -e”l’,e—”> . (59)

Interestingly, this loss is proper composite.
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Lemma S8 Foranyp >0, let? = £, (-; p) be the p-classification loss of Equation 59. Then, ¢ € £ spc(PP),
where (¥P)~1: v o((p+ 1) - v). Further, the underlying proper loss Apci (3 p) s

e haen = (1 () (52

Proof We can check that for ¥ = @),

1
VoeR)P ()= ———
(Vo Y~ (v) oo
R0
_ 1
T 14 e (D
=o((p+1)-0),

which is invertible, thus guaranteeing that £ is proper composite.
It may be checked that the underlying proper loss is

(Vu € [0, 11) Aoy (13 p) = €t (PP (w); p)

_ l.( U )1—,% <1—u>#
“\p \U—-u '\ u ’

Given the the loss £, is proper composite, the agreement of the p-norm and p-classification risk min-
imisers is trivial in the unrestricted function class setting; however, it is not obvious in the linear class setting.

The equivalence to p-classification is valuable, since we can analyse the proper composite loss to under-
stand how it focusses accuracy at the head of the ranked list. We will do this by considering the corresponding
weight function for the proper loss 4 = A,.(; p),

/

()
(Ve € (0, ) wpe(e; p) = — 11 (by (Reid and Williamson, 2010, Theorem 1))

—C

_ 1 1
p+1 1+
C

1 1 -
P (1 =) e

This is a generalised version of the weight for the boosting loss (Table 3), which corresponds to p = 1.

The above weight function view has at least three benefits. First, given the equivalence of the p-classification
and p-norm push risk, we have some insight as to how the latter encourages solutions to maximise accuracy at
the head of the ranked list: as p increases, the loss is seen to place relatively more weight on larger values of
c. That is, we pay attention to those instances with high # values, as accurate modelling of these is essential
for determining the behaviour about the boundary 7(x) = c.

Second, we can design normalised versions of the p-classification loss that have more interpretable be-
haviour when p — oco. Evidently, wy(c; p) above tends to the trivial zero weight as p — oo, owing to the
scaling factor of (p + 1)~!. Removing this scaling factor ensures that the weights are normalised for every
p > 0, in the sense that w(1/2; p) = 8. Further, the resulting proper loss is easily verified to be

(Vu € [0, 1]) A(u; p) = <<1+1_1)> , (liu)l—ﬁ,(pﬂ)_((l;u)ﬁ _1>>,
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with non-trivial limiting case as p — oo of

(Vu € [0,1]) A(u; +o0) = <1iu’_10gliu)'

When composed with the sigmoid link o(-), this normalised family of proper losses results in the proper
composite family

wuem@fwm)=<<1+$>-&%”4p+n-@‘ﬁ7—n>, (60)

with non-trivial limiting case as p — oo of
(Vv € R) £(v; +0) = (e, —0).

Third, the weight function view suggests a scheme of designing new losses for ranking the best, by con-
structing appropriate weight functions emphasising large values of #. We now pursue this idea.

9.6.2 STRICT PROPERNESS AND ¢-RTB LOSSES

We now study the design of g-RTB losses based on the theory of proper composite losses. We begin with the
simple observation that any strictly proper composite loss is a g-RTB loss for every g € [0, 1], by virtue of
choosing the corresponding link function ¥ in Equation 52. More generally, the set of g-RTB losses is exactly
the set of proper composite losses Z for which 4 = ZoW~! is strictly proper on the interval # € [g, 1] and (not
necessarily strictly) proper on the interval [0, g). This suggests a simple recipe for designing g-RTB losses;
however, as we shall see, not enforcing strict properness poses computational challenges.

A key difficulty in designing g-RTB losses is the following. Suppose A is a proper loss that is not strictly
proper on an interval I C [0, 1]. Then, 4 is non-convex, and more importantly, cannot be made convex via
a link function. To see this, recall that the canonical link function ¥ for a proper loss 4 is the function for
which 20%~! has the largest modulus of convexity. The weight function w of 4 is related to the canonical
link function ¥ by w = ¥'. As 4 is not strictly proper on I, we must have that w = 0 on I. But then ¥ must
be constant on I, and hence not invertible. Thus, to maintain convexity, it is essential to maintain strictness
of the proper composite loss.

As a simple example, suppose 4 is some strictly proper loss with weight function w. Now for some g > 0,
consider the loss Agrg(+; ¢) with weight function

wgrp(c; @) = [¢ > q] - w(c). 61)

This loss is not strictly proper on the interval [0, g), and is strict on [g, 1]. Therefore, the loss aims to accurately
model instances x for which n(x) > g. We can explicitly compute the partial losses for Agg(+; g) as follows.

Lemma 59 Pick any proper loss A with weight function w. For any q > 0, let wgrg(c; q) be the weight
function given by Equation 61. Then, this weight has corresponding proper loss

(Vu (S [O, 1]) )”RTB(_L”; q) = ﬁ_l(u) — /1_1(” A q)
Arte(+Lu;9) = A (uV q).

Proof By Shuford’s integral representation (Equation 10),
1
gt (=1 u;q) = / [e <u]-[c>q] c-w(c)de
0

1 1
=/ [[c<u]]-c-w(c)dc—/ [e <u]-[e<q] -c-wl)de
0 0
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1 1

=/ [[c<u]]-c-w(c)dc—/ [e <ung]-c-w()de
0 0

=AW = A (uAg.

1
ARTB()(+1, 45 @) = /0 [e>u]-[e>q]-(1=-c) wc)dc

1
=/ [e>uvg]-(1-¢) w(c)de
0
=A@V 9.

When the prediction u > ¢, the partial losses of Agrg(+;¢q) are unchanged from those of A, barring a
translation for A_;. However, when u < g, the partial loss for the positive class plateaus, whereas the partial
loss for the negative class drops to zero. The resulting loss is clearly non-convex, and further, no invertible
link function can be applied to make it convex: composing Azg(+; g¢) with a invertible link function ¥ yields

a loss £ with partial losses

Crrp(=l,0:q) =€_1(v) = £_1(v A¥(q))
Crre(+1,0;9) = ¢1(v VvV ¥(g),

which are not convex for any choice of W.

A natural alternative to a loss that is not strictly proper is one that is “nearly” so, i.e. one whose weight
function w is close to, but never exactly 0. However, this must be done with the following fact in mind: for any
a > 0, the proper loss with scaled weight function « - w is simply the scaled loss a - 4. Thus, uniformly scaling
a weight function does not affect the strict properness of the underlying loss. Scaling a loss on an interval
I c [0, 1] will however induce a qualitatively different loss: minimally, the new loss will be asymmetric, and
have a non-trivially different set of Bayes-optimal scorers compared to the original loss. We now explore how
proper composite losses can be designed to approximate a g-RTB loss.

9.6.3 PROPER COMPOSITE ¢-RTB SURROGATES

Our basic recipe for generating a g-RTB loss will be to combine the weight functions for two existing losses.
Specifically, let w,, w, be weight functions corresponding to proper losses v, u. We assume that w,, grows
w,,(c)
c—1 wv(l—c)
the limit is +00.) We now consider a hybrid weight function of the form

faster near 1 than w, does near 0, i.e. lim > 1. (We will typically be interested in the case where

o w© ife<gq
(Ve € (0, 1)) w(c; q) = {a(q) cw,(e) ife>gq

=w,(c) e <q]+alg) - w,(c)-[c=4q], (62)

where a(q) = Zjv—g; so that the there is no discontinuity at ¢ = q.
M

Since w(-; q) is the sum of two weights, we can compute the corresponding proper losses for each com-
ponent to get the form of the corresponding proper loss.

Lemma 60 Pick any weight functions w,,w,, : [0, 1] = R, with corresponding proper losses v, p. For any
q > 0, let w(-; q) be as per Equation 62. Then, the proper loss corresponding to this weight is

Vue 0,1 A wq)=alq) - p_ @) +v_jwAq)—a(q) - p_ A q)

N (63)
M) =viw+a(@ - uuv g —viuvg,
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w,(q)

where a(q) = o0
]

Proof By Lemma 59, the weight w,(¢) - ¢ < ¢q] = w,(¢) — w,(c) - [¢ > g] corresponds to the proper loss
V) = (Vo1 A q), vy () = v (uV q))
while the weight a(q) - w,(c) - [¢ > q] corresponds to the proper loss
@) = (a(q) - u_y ) — a(q) - p_ (WA ), a(q) - uy (W V q)).

Thus, the weight w corresponds to the sum of these losses, which is of the given form. |

We may similarly combine proper composite losses corresponding to the underlying weights into a con-
tinuous proper composite loss corresponding to the weight w(-; q).

Lemma 61 Suppose that proper losses v, u have corresponding proper composite losses p, k using invertible
link functions ¥, ®. For any q > 0, let w(-; q) be as per Equation 62. Then, w(-; q) has corresponding proper
composite loss £ with components

p_1(v) if v <vy(q)

Yo eR)Z_ (v;9) =
(Vv )C_1(v59) {E_I(U;q)+P_1(U0)_’Z—I(UO;q) else

21(v;q) = {1)1(0) + &1 (vg: @) — p1(vy)  if v < vy(q)
K1(v;q) else,

where vy(q) = ¥Y(q), and

k(y,v;9) =a(q) -k (y, 2o ﬁ(q)>
Y@

Blq) =¥(q) — y(q) - D(q)

R 40
r(g) = Q)

Proof By definition, we have

p(y.0) = v(y, ¥~ ()

K(,0) = u(y, @~ ().
Given any g > 0, we will construct a proper composite loss using the proper loss A(+; ¢) of Equation 63,
composed with a link function IT that is a suitable combination of ¥ and ®. The technical detail to attend to
is to ensure there are no discontinuities with the resulting loss.

First, to ensure that the link for the two pieces of w coincide, with the same derivative at the threshold g,
we modify the link for the second loss to

@(c;q) = y(q) - () + B(q),
where

plqg) =¥(q) —y(q) - D(g)

RO
y(g) = Q)
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Note that if ¥/(q) = ®'(g), this simplifies to the translated link ®(c) + ¥(g) — ®(q). This modified link has

inverse
& (9= 0! <U_—‘B(q)> )
’ r(@)

Now define the hybrid link
(c;q) = e < g - '¥(e) + e 2 g - Dle; @)
with corresponding inverse
™' (i 9) = [v < (@] - ¥~ () + [0 2 ve(@)] - &' (13 9)
for vy(q) = ¥(q) = ®(q; q). Then, the proper loss corresponding to t can be made proper composite, with

£(=1,039) = k_1(1;9) + p_ (VA vy) — K_1 (VA U3 q)
£(+1,0;9) = py(v) + k1 (VV ;@) — p1(VV V),

where
R, v59) = a(q) - u(y, (@ (v))

—ag)x <y, U—ﬁ(q)> _
7(@)

The basic idea of the loss £ in Equation 63 is intuitive: one switches between choosing one of the underly-
ing losses based on some threshold on the scores. The only additional ingredient is that scaling and translating
of one of the losses to ensure continuity of the end result. We provide examples that illustrate the basic idea.

o Consider the weight function

1
_Je(l=0
w(e) =4 2 /g=9

S (=032

ifc<gq

if ¢ > g,

which is a hybrid of the weights for logistic and exponential loss. Using the sigmoid link yields the loss
(for g = 3)

log(1 + ") ifv<0 Jlog(l+e™”)—log2+1 ifv<0
Z(v) = . , . .
e’/2 +log2 -1 ifo>0"|ev/? ifo>0
e Consider the weight function
4 ifc<gqg
w(c) = Wa(—g .
W if e > q,

which is a hybrid of the weights for square and exponential loss. Using an appropriate hybrid of the
identity and sigmoid link yields the loss (for ¢ = %)

1, 2 Lo+l
£) = 3 (1+1U) 1fv<0, > (1 v)+2 ifv<0 '
el -2 ifv>0" )| e v/? ifv>0

65



MENON AND WILLIAMSON

o Consider for p > 0 the family of weights
1
w(c;p) = - , 1
c-(1=c¢) »l

which are similar to those employed by p-classification, except that the behaviour near ¢ = 0 is fixed,
and does not vary with p. Though not explicitly a hybrid, the weight is asymmetric, and thus the role
of p is to tune the degree of focus on large values of #. For example, when p = 1, with the sigmoid link
we have the proper composite loss

f@)=<—¥i—yﬂmm4ﬁwfw»>.

o(—v)

As another example, when p = 3, we get

o= <L3/4 2tanh™ (o(=0)'/*) + 2 tan~ (o(-v))/ 4>> .
36(-v)

It is clear that the above recipe can be applied for any suitable combination of weight functions, which
we have argued to focus attention at the head of the ranked list. How do we choose amongst several such
candidate weight functions? Put another way, can we characterise which hybrid weight function is the “best”?
Answering such a question requires a precise sense in which one loss is “better” than another. This issue is
only superficially simple, as even in binary classification for example, one cannot expect any given surrogate
to be uniformly superior to all others in terms of resulting misclassification error (Reid and Williamson, 2010,
Appendix A). Nonetheless, relating for example the weight function of a proper loss to generalisation ability
in terms of a performance measure such as PTop would be of interest.

We emphasise also that the above represents just one recipe for generating suitable proper composite
losses. If one can generate a suitable parametrised family of weights and link function generating a convex
loss (e.g. the scaled p-classification loss of Equation 60), these would also be suitable for ranking the best
problems.

9.7 Experiments with Proper Composite Losses for Ranking the Best

We present experiments that assess the efficacy of several proper composite losses proposed in the previous
section for the problem of maximising accuracy at the head of the ranked list. The aim of our experiments is not
to position the new losses as a superior alternative to the existing p-classification and p-norm push approaches.
Rather, we wish to demonstrate that the proper composite interpretation gives one way of generating a family
of losses for this problem, with the p-classification loss being but one example of this family. An attraction
of these losses is that they are simple to optimise using gradient-based methods, with complexity linear in the
number of training examples (as opposed to methods that operate on pairs of examples).

To clarify the effect of the choice of loss and choice of risk, we consider all combinations of the three
risk types considered in this paper—proper composite (Equation 14), bipartite (Equation 17), and p-norm
push (Equation 56)—and the loss functions of interest. On the one hand, one expects the p-norm push risk to
perform best when combined with a loss suitable for ranking the best. On the other hand, our analysis in the
previous section indicates that there is promise in the minimisation of a suitable proper composite risk.

For our losses, we experiment with the standard logistic and exponential losses, as well as the p-classification
loss. Based on our hybrid loss proposal in Lemma 61, we consider the following:

1

e The proper composite loss with weight w(c) = —, and sigmoid link, which we term the “Log-

c-(1=¢)” P

p-classification Hybrid”;

1 1
(1=c) and 2.¢3/2.(1-

e The proper composite loss with weight being a hybrid of . SEE about threshold 1#’

and sigmoid link, which we term the “Log-Exp Hybrid”;
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o The proper composite loss with weight being a hybrid of 4 and 5 about threshold zﬁ’ and

1
link being a hybrid of the identity and sigmoid link, which we term the “Square-Exp Hybrid”.

We compare these methods on four UCI data sets: ionosphere, housing, german and car. Each method
was trained with a regularised linear model, where the training objective was minimised using L-BFGS (No-
cedal and Wright, 2006, pg. 177). For each data set, we created 5 random train-test splits in the ratio 2 : 1.
For each split, we performed 5-fold cross-validation on the training set to tune the strength of regularisation
A€ {107,105, ..., 10?}, and where appropriate the constant’> p € {1,2,4,8, 16,32,64}. We then evalu-
ated performance on the test set, and report the average across all splits. As performance measures, we used
the AUC, ARR, DCG, AP, and PTop (Agarwal, 2011; Boyd et al., 2012). For all measures, a higher score is
better. Parameter tuning was done based on the AP on the test folds.

The results are summarised in Tables 10—13, with the average ranks of each method with respect to each
metric summarised in Table 14. No single method clearly outperforms all others in all metrics. However, we
observe that the candidate proper composite losses are very competitive with the p-classification loss—the
“Log-exp hybrid” and “Square-exp” hybrid in particular consistently perform comparably, and often better
than p-classification. We especially find that the newly proposed proper composite losses perform well even
when used as a surrogate loss as part of the bipartite risk. This confirms that the weight function perspective
of the p-classification loss, and thus the p-norm push, is potentially practically useful for the design of losses
suitable for ranking the best.

9.8 Existing Work

Clémencon and Vayatis (2007) identified two subproblems in ranking the best instances. The first problem is
determining which instances qualify as the best. The second problem is ranking amongst these identified best
instances. The first problem can be thought of as simply recovering an appropriate level set of #(x), without
determining the specific n(x) value, i.e. we simply wish to discover

{xe X :nx) =q}.

When g is fixed, this can be solved by reducing the problem to cost-sensitive classification (Scott and Daven-
port, 2007). More generally, Clémencon and Vayatis (2007) considered the setting where g depends on the
quantile of the scoring function. This poses challenges for analysis and estimation. The quantile version of
the problem has been studied theoretically by (Clémengon and Vayatis, 2007), and (Boyd et al., 2012) gave a
practical convex optimisation solution for the case of hinge loss. In both cases, the threshold g was specified
as a quantile of the #.

The problem of ranking amongst the best instances with a quantile-based threshold was studied theoreti-
cally by Clémengon and Vayatis (2007), who proposed that the optimal univariate scoring function here must
satisfy

S € {n(x)} %fn(x)Zq,,
[0,q,) ifn(x)<gq,

Observe that this is identical to our Equation 52, except that g is now a function of #. They showed that
two “local” versions of the AUC criterion, one of which is related to the partial AUC mentioned earlier, are
optimised by this scorer. To our knowledge, our analysis in terms of proper losses for the simpler case where
q is a fixed constant has not been done before.

Ertekin and Rudin (2011, Theorem 1) showed that for the case of a linear hypothesis class and p > 1,
the Bayes optimal scorer for the p-norm push coincides with the classification risk for the asymmetric p-
classification loss function of Equation 59. The optimal scorer for this loss is easily checked to be s* =

1

prvl (6~'op), and so in the unrestricted hypothesis class setting, the result agrees with ours. Our result is

22. We have observed that the parameter p selected by cross-validation may not necessarily correspond to the one that gives best test
set performance, possibly a result of the limited sizes of the data sets in consideration. Treating each choice of p as resulting in a
separate loss might therefore reveal slightly different rankings of the (loss, risk) combinations we consider.
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Method AUC ARR DCG AP PTop

Proper Logistic 6.5000  6.2500 6.2500  8.2500  4.2500
Proper Exponential 5.5000  7.2500 6.7500  7.5000  5.2500
Proper P-Classification 9.0000  7.7500 8.5000 10.7500  5.5000
Proper Log-p-classification Hybrid 12.2500 4.2500 4.7500  9.0000  4.7500
Proper Log-Exp Hybrid 4.5000  9.0000 8.5000  10.2500 4.5000
Proper Square-Exp Hybrid 8.7500  7.7500 8.5000 11.7500  4.0000
Bipartite Logistic 57500  7.0000 6.7500  7.2500  3.0000
Bipartite Exponential 8.0000  3.7500 4.7500  8.5000  4.7500
Bipartite P-Classification 6.5000  5.0000 5.2500 @ 5.7500  3.5000
Bipartite Log-p-classification Hybrid  6.7500  4.2500 4.0000  5.5000  2.7500
Bipartite Log-Exp Hybrid 3.2500 5.5000 5.0000  6.2500  4.2500
Bipartite Square-Exp Hybrid 6.2500  4.7500 5.0000  6.5000  2.0000
P-Norm Logistic 9.0000  7.2500 7.7500  9.0000  3.2500
P-Norm Exponential 8.5000  7.0000 7.2500  10.7500 5.7500
P-Norm P-Classification 9.5000  9.7500 10.2500 12.7500 4.2500
P-Norm Log-p-classification Hybrid ~ 11.2500 9.2500 10.2500 12.7500 6.5000
P-Norm Log-Exp Hybrid 9.0000  6.2500 7.0000  9.5000  4.7500
P-Norm Square-Exp Hybrid 9.5000  7.0000 7.5000  8.7500  4.5000

Table 14: Average ranks of various “ranking the best” methods for each performance measure across all data
sets.

more general in the sense of being for an unrestricted hypothesis class, and uses proper loss techniques. The
result of Ertekin and Rudin (2011) holds for the case of a linear (possibly misspecified) function class.
Variants of the p-norm push have been proposed, although the focus has been on algorithmic issues (Rudin,
2009; Agarwal, 2011; Li et al., 2014).
Cossock and Zhang (2008) proposed to use an importance weighting approach to the problem of focussing
on the head of the ranked list, and showed that the DCG of a ranking can be bounded by importance weighted
squared error.

10. Exact Compositional Reductions Between Classification and Ranking

We have introduced several seemingly distinct problems above, among them classification, class-probability
estimation, pairwise ranking, and bipartite ranking. We now map out the relationships between these prob-
lems.?® Our focus is on whether the Bayes-optimal solution for one of these problems can be transformed to
give the optimal solution for another problem. Formally, for some pair of problems (A, B)—where we under-
stand a “problem” to mean a specification of a distribution and loss, and hence the Bayes-optimal solutions—
we would like to know if

(Vs € 88*)Af : R - R) fos € 84+

and vice-versa. When the above is true, we have an exact compositional reduction from A to B, in the sense of
problem A providing an optimal solution for problem B via a transformation f.”* According to our definition,

23. We will focus on the case of 0-1 loss for bipartite ranking, as this is the canonical performance measure in most studies. Recalling
that the #-bipartite ranking risk has equivalent Bayes-optimal solutions to class-probability estimation for certain strictly proper
composite Z, the results derived here for class-probability estimation can be translated to the #-bipartite ranking risk as well.

24. In practice, one must consider the impact misspecified hypothesis classes and finite samples have on transforming the solution of
one problem to another. The recent work of Narasimhan and Agarwal (2013b) considers regret and generalisation bounds to this
end.
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§10.2
§103 . et
| Probability Estimation | | Bipartite Ranking
/

§10.2

Over Pairs (§10.4) §10.1

Pairwise Ranking

Figure 2: Relationships amongst various ranking and classification problems. An arrow A — B denotes that
A is a special case of B, with the label on the arrow providing context on the relationship.

the transformation f may depend on the distribution specified by B. When this is so, the reduction is “weak’ in
the terminology of Narasimhan and Agarwal (2013b). When £ is independent of B, the reduction is “strong”
in the terminology of Narasimhan and Agarwal (2013b).

A sufficient condition for two problems to have the same Bayes-optimal solutions is the equivalence of
the risks for the two problems. In some cases, this equivalence will be apparent from the specifications of the
problem.

Figure 2 summarises the relationships amongst the various classification and ranking problems discussed
in this paper. We now discuss these relationships in more detail.

10.1 Bipartite Ranking C Pairwise Ranking

The bipartite ranking risk for a pair-scorer is defined with respect to a classification distribution D, while
the pairwise ranking risk is defined with respect to a ranking distribution R. Therefore, in general for the
two quantities to be equal, we need to have some relationship between the distributions D € Ay, and
R € Axyxx(+1)- The following shows that bipartite ranking is strictly a special case of pairwise ranking.

Proposition 62 Pick any loss ¢ and scorer s: X — R. Then, for every D € Ay, there is some R €
Axcxxxi+1) Such that
Lgr(s; D,?) = L(Diff(s); R, ?).

Further, there exists some R € Ay xy(41) Such that
(BD € Ayyar)) Lpr(s; D, £) = L(Diff(s); R, £).

Proof The first statement is immediate by setting R = Dgg, from Lemma 2.
For the second statement, suppose there were such a D. Then by Lemma 2, it must be true that

L(Diff(s); R, ) = L(Diff(s); Dgg, ?).

Thus, it must be true that R = Dgp. However, if we choose R with base rate different from %, this cannot be

possible, since Dgg has base rate % by construction. We have a contradiction, and the result is shown. |

Proposition 62 formalises the intuition that pairwise ranking is more general than bipartite ranking: there
exist instances of the former (even when operating over decomposable pair-scorers) that cannot be solved by
the latter.
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10.2 Bipartite Ranking = Class-Probability Estimation

‘We show that the Bayes-optimal solutions for bipartite ranking and class-probability estimation (with a strictly
proper composite loss) may be transformed to one another. For bipartite ranking, the Bayes-optimal solution
must be transformed in a distribution dependent manner (specifically, it must be calibrated with respect to the
distribution).

Proposition 63 Given any D = <M,y € Axy .1y and £ € Lgpc,

(Vs € 8%(D,?)) s € Syp(D, %))
(Vs € 85p(D, £0)) AfP)fPos € $*(D, ).
Proof Pick s € 8*(D, ). By Equation 44, this s is unique, and satisfies s = Wo#z. Thus, by Corollary 43,
s € SER(D, f(n).
Now pick s € Sy (D, £y;). By Proposition 42, n = ¢os for some non-decreasing ¢. Thus, by Lemma 74,
the calibrated version Cal(s; D) of s must equal #. Letting f D = woCal(-; D) gives the result. |

The strict properness of the proper composite loss is essential for these results. Given a non-strictly proper
composite loss, such as 0-1 loss, it is not true that every Bayes-optimal solution is also optimal for bipartite
ranking, as we will now see.

10.3 Classification C Class-Probability Estimation

Class-probability estimation can be shown to be a more general problem than binary classification, in the
sense that an optimal solution for the former can be transformed to one for the latter, but the other direction is
only true for certain classes of distributions.

Proposition 64 Given any D = <M,y € Axy.1) and & € Lgpc(P),

(Vs € 8%(D,¢)) Af) fos € 8*(D,2y;)
(Vs € 8*(D. ) AfP) fPos € 8*(D,¢) <= (Vx € X)5(x) € {a,b},

where a = b # Lor (2a—-1)2b—-1) <0, i.e. nis constant or takes on exactly two values on different sides

of 1/2.
Proof For the first result, pick s € 8*(D, ¢). By Equation 44, this s is unique, and satisfies
s = Won.

Since 2n — 1 € 8*(D, ¢,;) (Equation 43), we can transform s to get an optimal solution for 0-1 loss.

For the second result, suppose that# € { % 1}. Then the scorer [ > 1/2] = 1isin 8*(D, #,;) by Equation
43. This scorer takes on exactly one value. Therefore, it cannot be transformed to a function that takes on two
or more values. (Note that there may exist some scorers that can be transformed to give #, but this is not the
proposition in question.) A similar argument shows that we cannot handle the case where # takes on three or
more values.

Now suppose that # satisfies the given conditions, and pick any s € 8*(D, £(;). We know that sign(s) =
sign(2n — 1). Supposing without loss of generality that a < b, we have

Yo fPos =Woy € $*(D,?)

where fP(x)=b-[x> 0] +a-[x <0]. [ |
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The restriction on # above is satisfied by separable or noiseless distributions, where for every x € X,
n(x) € {0,1}. The above thus shows the intuitive fact that in the absence of noise, classification and class-
probability estimation are equivalent in terms of their end goals.?

10.4 Classification Over Pairs = Pairwise Ranking

We can confirm that pairwise ranking is equivalent to binary classification over the instance space X X X by
simply comparing the risks for the two problems (Equations 19 and 14). This implies that bipartite ranking is
also a special case of binary classification over X X X, due to the relationship between bipartite and pairwise
ranking established in §10.1.

10.5 Classification Over Singletons C Bipartite Ranking

While bipartite ranking reduces to classification over pairs, it does not reduce to classification over singletons,
except in special cases. We now present conditions for the equivalence of the Bayes-optimal solutions of the
two problems.

Proposition 65 Given any D =<{M,ny € Axy(.1}>

(Vs € 8o (D, £0)) Af)fos € $*(D, £y,)
(Vs € 8*(D, £0) Af ) fPos € 8 (D, £y)) < (Vx € X)n(x) € {a, b},

where a = b # Lor (2a—-1)2b—-1) <0, i.e. nis constant or takes on exactly two values on different sides

of 1/2.

Proof The result follows by the established relationships between classification and class-probability estima-
tion (§10.3), and class-probability estimation and bipartite ranking (§10.2). |

As with class-probability estimation, the above shows that for separable distributions, bipartite ranking is
equivalent to binary classification in terms of the end goal.

10.6 Relation to Existing Work

For the case of 0-1 loss, the fact that the bipartite ranking risk exactly equals a specific pairwise classification
risk (and hence a specific pairwise ranking risk) is well known (Clémencon et al., 2008; Kotlowski et al., 2011;
Uematsu and Lee, 2012; Agarwal, 2014). The derived ranking distribution Dy, which explicitly specifies
the pairwise ranking distribution for which this holds, has been invoked by Balcan et al. (2008); Kotlowski
et al. (2011); Agarwal (2014), among others. Our generalisation to an arbitrary loss £, while simple, appears
novel.

Our study of the relationship between the bipartite and pairwise ranking problems differs from that of
Balcan et al. (2008); Ailon and Mohri (2007) in at least two aspects. First, those works look at a subset version
of bipartite ranking, where the goal is to rank a given subset of instances. Second, those works consider the
goal of bipartite ranking to produce a univariate scorer rather than a pair-scorer. Therefore, they consider the
question of how one can derive a univariate scoring function suitable for ranking from a classifier over pairs.
The main result of Balcan et al. (2008) is that, given a classifier of pairs that achieves small classification risk,
one can produce a univariate scorer with bipartite ranking risk that is worse by at most a factor of two.

11. Four Bipartite Ranking Risks With Equivalent Minimisers

Consider the following approaches to producing a pair-scorer, given a strictly proper composite £:

25. However, as noted earlier, for separable data the infimum in the definition of the Bayes risk may be unattainable for a strictly proper
composite loss.
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(1) Diff (argmin E [e‘Y“(X)]> (2) Diff (argmin E [enC0=sD]

5: X>R XY)~D 51 X—>R X~PX'~Q

(3) argmin E [emsrar®XD]  (4) Diff (argmin E [( E [e-<s(X)—s(X’)>])p])

Spair - XXX =R X~PX'~Q 51 XoR X'~Q LAX~P

Table 15: Four approaches for obtaining a pair-scorer in a bipartite ranking problem, using exponential loss.
Our results show that the all approaches have the same theoretical minimiser.

(1) Minimise the £-classification risk [(s; D, £), and Diff(-) the result.

(2) Minimise the Z-bipartite ranking risk Lggr (s; D, £) over all scorers, and Diff(-) the result.
(3) Minimise the Z-pairwise ranking risk L(sp,;.; Dgr,¢) over all pair-scorers.

(4) Minimise the p-norm push risk Push(sp,i; D, £cyp,, 87) Over decomposable pair-scorers.

Superficially, these appear very different: method (4) is the only one that departs from the standard con-
ditional risk framework, method (3) is the only one to use a pair-scorer during minimisation, and method (1)
is the only one to operate on single instances rather than pairs. It is thus surprising that our results provide
conditions under which all methods have the same output; it is further surprising that the condition involves
the choice of link function in the loss #, which is typically chosen for computational rather than statistical
reasons (Reid and Williamson, 2010).

Proposition 66 Given any D € Axy .y and £ € Lgpc(Y) with¥ € Lo, methods (1), (2) and (3) produce
the same pair-scorer; if X is finite and p = a — 1 for a > 1, method (4) also produces the same pair-scorer.

Proof By Equation 44 and Corollary 45, methods (1) and (2) produce the same scorer Wo, up to a transla-
tion which is nullified by the Diff operator. By Equation 50, this pair-scorer is equivalent to that produced by
method (3). Further, if p = a— 1 for a > 1, then by Proposition 57, method (4) returns Wo# up to a translation
which is nullified by the Diff operator. |

In hindsight, these equivalences are not surprising by virtue of the Bayes-optimal scorer for each type of
risk depending on the observation-conditional distribution #. They are not however a priori obvious, given
how ostensibly different the risks appear. To illustrate these superficial differences, Table 15 provides a con-
crete example of the four methods when £ = £°*P is the exponential loss, whose link ¥ = %o-‘l satisfies the
required condition of Proposition 66.

11.1 Implications of Equivalences

The above shows the “equivalence” between four seemingly disparate risks, where our definition of “equiva-
lent” is that two methods have the same optimal scorer. This does not imply that the methods are interchange-
able in practice. A statistical caveat to these equivalences is that they ignore the issues of finite samples and
a restricted function class. When one or both of these situations hold, it may be that one of these methods is
more preferable. A computational caveat is that methods (2)—(4) rely on minimisation over pairs of exam-
ples. On a finite training set, this requires roughly quadratic complexity, compared to the linear complexity
of method (1). These practical issues deserve investigation, but are beyond the scope of this paper.

This caveat in mind, we believe the results at least illuminate similarities between seemingly disparate
approaches. For the problem of minimising the #-bipartite risk for an appropriate surrogate ¢, the above
provides evidence that minimising the £-classification risk is a suitable proxy. That is, performing class-
probability estimation is a suitable proxy for ranking; this can be formalised with surrogate regret bounds
(Agarwal, 2014; Narasimhan and Agarwal, 2013b). Similarly, for the problem of minimising the p-norm push
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Type Property (Vx,x’, x"" € X)

Total a(R(x,x") = -1 and R(x',x) = —1)

Anti-symmetric  ~(R(x,x’) = +1 and R(x', x) = +1)

Transitive R(x,x'")=+4+1and R(X',x"") = +1 = R(x,x") = +1
Reflexive R(x,x) =+1

Continuous for every pair of convergent sequences (x,,), (¥,),

(Vn € N)R(x,.y,) =+] => R ( lim x,, lim yn> .

n—0o0 n—oo

Preorder Reflexive, Transitive
Total preorder Total, Transitive
Partial order Reflexive, Transitive, Anti-symmetric

Total order Total, Transitive, Anti-symmetric

Table 16: Some common types of binary relation R, and their defining properties.

objective, we have evidence that minimising the #-classification or bipartite risk is a suitable proxy. As seen
in §9.7, certain proper composite losses do indeed give comparable performance to the p-norm push.

11.2 Relation to Existing Work

Subsets of the above equivalences have been observed earlier for special cases. For the specific case of expo-
nential loss and a linear hypothesis class, the equivalence between methods (1) and (2) was made by Ertekin
and Rudin (2011, Theorem 3); Gao and Zhou (2012, Lemma 4); Gao and Zhou (2015, Theorem 7), while the
equivalence between method (1) and (4) was shown by Ertekin and Rudin (2011, Theorem 1); here, method
(1) represents AdaBoost, and method (2) RankBoost. For the special case of convex margin losses, the equiva-
lence between methods (2) and (3) was shown by Uematsu and Lee (2012). Ertekin and Rudin (2011, Section
4.4) conjectured a lack of an equivalence between LogitBoost and logistic regression, based on empirical
findings; this apparent contradiction with our results is because the latter focusses on the case of a linear hy-
pothesis class, which is possibly misspecified, while our results are for an unrestricted hypothesis class, or
equally for a correctly specified one.

12. A Utility Representation Perspective of Bipartite Ranking

Our final topic of study is what the theory of utility representations tells us about the bipartite ranking problem.
In particular, we look at how this theory provides insight into the particular form of the observation-conditional
distribution #p,;. of Dggr (Equation 47), which we saw had non-obvious implications for the derivation of
Bayes-optimal scorers (§7.4.2) and surrogate regret bounds (§8).

12.1 Binary Relations

Given a set X, a binary relation R on X is some subset of X X X. There are two standard ways of referring
to a relation. The first is the operator >4, with the semantics x >¢ x’ < (x,x’) € R. The second is
the function r: X X X — {=+1}, with the semantics r(x,x’) = +1 < (x,x’) € R. We will use these
two representations interchangeably. Table 16 summarises some standard properties of binary relations, and
examples of specific types of binary relations.
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A probabilistic binary relation (sometimes called a reciprocal or ipsodual binary relation) (Baets et al.,
2005, pg. 419) on a set X is some function p: X X X — [0, 1] satisfying p(x, x") + p(x’, x) = 1 for every
x,x" € X. The pair (X, p) is sometimes referred to as a forced choice pair comparison system (Roberts, 1984,
pg. 273). Every probabilistic binary relation has an induced binary relation’® >, with

x>p X <= p(x,x")>

NS

Suppose g : [%, 1] X [%, 1] — [0, 1] is some function that is commutative (i.e. g(x,y) = g(y, x) Vx, y)
and monotone increasing in both arguments. A probabilistic binary relation p is said to be g-stochastically
transitive (Baets et al., 2005, pg. 419) if

x,x',x" € X)x >p x" and x’ >p X' = p(x,x") > g(p(x, x"), p(x’, x")).

Special cases of the function g correspond to popular notions of stochastic transitivity: the case g(x, y) = 1/2
is known as weak stochastic transitivity (Roberts, 1984, pg. 283), g(x,y) = x A y as moderate stochastic
transitivity (Roberts, 1984, pg. 284), and g(x,y) = x V y as strong stochastic transitivity (Roberts, 1984,
pg. 284). Itis easy to check that weak stochastic transitivity of p corresponds to transitivity of the associated
binary relation >, provided ties are broken in favour of the relation existing.

12.2 Utility Representations for Binary Relations

Let > be a binary relation on X. We say that >4, has a utility representation if there is some s : X — R such
that
Vx, X' € N)x =5 X' = s(x) > s(x').

We say that a probabilistic binary relation p has a generalised utility representation if there is some function
H : RxR — [0, 1] and some function s : X — R such that

Vx,x" € X) p(x, x") = H(s(x), s(x)), (64)

where H is increasing in its first argument, decreasing in its second argument. In Switalski (2003), it is
additionally assumed that H is concave-convex. In psychometrics, such a model is sometimes also referred
to as a simple scalability assumption (Krantz, 1967).

Table 17 summarises various special cases of the generalised utility representation that have been studied;
see (Roberts, 1984, pg. 273—280) for details. The utility representations are ordered as follows:

Strict ¢ Fechnerian C Strong C Weak.

Note that the inclusions above are all strict, except for that of Fechnerian and Strong representations. In fact,
p has a strong utility representation if and only if it has a restricted Fechnerian utility representation, where
the restriction is that the strictly monotone increasing ¢ for the Fechnerian representation is only defined on
the Minkowski self-difference f(X) — f(X) (Roberts, 1984, pg. 279).

12.3 Existence of Utility Representations

A key question is whether one can characterise when a given (probabilistic) binary relation possesses a specific
type of utility representation. This lets us relate the ordering properties of the relation—such as whether it is
symmetric, transitive, et cetera—with its mathematical representation as a function.

A classical result of Debreu (1954) (which generalises a result of Eilenberg (1941)) characterises when
a (non-probabilistic) binary relation may be expressed via a real-valued utility function. Recall that a binary
relation >, is a total preorder if it is total (and hence reflexive) and transitive. The theorem is as follows.

26. More generally, one may define a family of relations, where each member specifies a different scheme for how ties—corresponding
to p(x,x") = %—are broken.
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Utility type Definition Characterisation

Weak H(a,b) > % < a>b Weak stochastic transitivity, contour sets closed
Strong H(a,b)> H(c,d) < a—b>c—d Quadruple condition (under stochastic continuity)
Fechnerian  H(a, b) = ¢p(a — b), » monotone Quadruple or bicancellative condition

Strict H(a,b) = a Product rule

a+b

Table 17: Summary of various types of utility representations for binary probabilistic relations, from most to
least general. By “definition” we mean the conditions required of H in the general utility repre-
sentation of Equation 64. By “characterisation”, we mean necessary and sufficient conditions on a
probabilistic binary relation for the representation to hold. See text for details.

Proposition 67 (Eilenberg, 1941; Debreu, 1954; Debreu, 1964; Bridges and Mehta, 1995, pg. 46) Let X
be a topological space that is either (a) connected and separable, or (b) second countable. Let >4, be a binary
relation on X. Then >4 defines a continuous total preorder if and only if there is some s . X — R such that

X =g X = s(x) > s(x).

The result characterises precisely the class of binary relations that may be represented via a utility function
s: X - R. While the “if” direction is straightforward, the “only if” direction is not: it implies that any
continuous total preorder can be perfectly represented via the standard ordering relation > on the reals, for an
appropriate choice of utility function s : X — R.
For probabilistic binary relations, we will focus on the case of a strict utility representation,?’ for which
__a _ 1 _ =11 —1/p
H(a,b) = =——F=o0(c (a)-0c (b)),
a+b 14°b
a

where @’ = ﬁ, b= b%l. Thus, if a probabilistic binary relation p possesses this representation,

As: X = R)(Vx,x" € X) p(x, x") = o(c7 (s(x)) — o (s(x"))). (65)
We have the following characterisation of the existence of a strict utility representation.

Proposition 68 (Luce and Suppes, 1965, Theorem 48, pg. 350) Suppose np;, is a binary probabilistic re-
lation. Then, np,;, has a strict utility representation (Equation 65) if and only if it satisfies the product rule,

(VX, X,, x" S x) r]Pair(x’ x,) * ”Pair(x,a XN) : nPair(x”7 X) = ”Pair(x7 X”) * nPair(x,,y x,) : nPair(x,’ x)’ (66)
which, when np,;, # {0, 1}, is equivalently
(vxa X,, x” S :X:) r]Pair(x’ x,) = O-(O-_l(r]Pair(x’ x")) + G_I(npair(x”7 x,)))'

The product rule encodes that the probability of an intransitive cycle of relations {x >4 x',x" >4
x",x" >p x} equals the probability of the cycle {x >5 x',x" >4 x”,x” >4 x}. The product rule nec-
essarily implies the quadruple condition introduced earlier (and hence strong stochastic transitivity), since a
strict utility implies a Fechnerian one.

27. In psychometrics, the strict utility representation is referred to as the Bradley-Terry-Luce model (Luce, 1959; Bradley and Terry,
1952).
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12.4 Implications for Bipartite Ranking

Bipartite ranking is fundamentally concerned with learning a scorer s : X — R, and using this to rank in-
stances. We can equivalently think of the problem as a special case of pairwise ranking, where we restrict
attention to decomposable pair-scorers (Lemma 2). The pairwise ranking problem can in turn be interpreted
as one of learning a binary relation: if » : X X X — {x1} is a binary relation on X X X, then for any
R € Axyxx(+1) such that the Bayes-optimal 0-1 pair-scorers match r in sign, i.e.

(Vx,x" € X) r(x,x") = sign(2upy, (x, x") — 1),

learning a pair-scorer from R is equivalent to learning the binary relation r. Thus, one can then ask what
implications the decomposability restriction has on learning a binary relation. Observe that when thresholded
at 0, the pair-scorer Diff(s) yields a binary relation r over X X X, with

r(x,x") = +1 < (Diff(s))(x,x") >0 <= s(x) > s(x").

By Proposition 67, the resulting relation r is a continuous, total preorder, as can be easily checked by the
properties of Diff(s). Less obviously, Proposition 67 implies that for any continuous, total preorder >4, over
X x X (for X with suitable topological properties), the problem of learning >4, can be expressed as a bipartite
ranking problem.

Proposition 69 Let X be a topological space that is either (a) connected and separable, or (b) second count-
able. Let =5, be a continuous, total preorder on X. Then, there is a D € Axy,1, for which the Bayes-optimal
bipartite scorer for 0-1 loss induces the same ranking as > .

Proof For any continuous, total preorder >4, there is a corresponding utility representation s : X — R (by
Proposition 67). Pick any strictly monotone increasing ¢p : R — [0, 1], and let # = ¢os. Further, pick any
marginal distribution M over X. Then, D = {M,ny € Ay, with corresponding Dy has

(Vx,x' € X) sign(2#p,;, (x, N-1D= sign(n(x) — n(x')) = sign(s(x) — () = r(x, x"),

so that the Bayes-optimal bipartite scorer for 0-1 loss induces an ordering over X x X identical to > . |

One can also consider the implications of utility representation theory for learning a probabilistic binary
relation. As above, it is clear that the problem of learning a probabilistic binary relation p that satisfies the
product rule can be expressed as finding S;, (D, ) for some suitable D and proper composite £ with de-
composable Bayes-optimal scorer. Equation 47 implies that for any D with derived distribution Dgg, the
corresponding 7p,;. posses a strict utility representation. Thus, setting #p,;, to coincide with the utility repre-
sentation of p gives a means of learning the relation p.

Conversely, we can gain some insight as to the form of observation-conditional distribution #p;, of Dgr
is of the special form given by Equation 47, which in turn explains why the sigmoidal family of links arises
in §7.4.2.

Proposition 70 Given any D € Axy(y1y, the resulting Dgg = <Mpyirs Mpair? € Axcxxxi+1) Satisfies the
product rule, and has
(Vx, X" € 20) fpyir (x, X') = 6(67 " (s(x)) — 67" (s(x')))

for some s: X - R.

Proof For D = <P, Q, =y, from the construction of Dgg = <M ir, Mpair? = < Ppair> pairs Tpair 2» it is immedi-
ate that the probabilistic relation #p,;, it represents satisfies the product rule—this is because Bayes’ rule and
the nature of P,,,;. implies that

Ppair(x7 x,) * T pair

(Vx,x' € X) Hpair (X, x) =
air Mpair(x, x/)
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_ p() - q(x")
2/,tpair(x, x")’

so that the condition for the product rule (Equation 66) may be written

p(x¥)-qx") p(N) - qx") p(x")-q(x) _ p(x) - qx") p(x")-q(x") p(x) - g(x)
Hpair (x,x") ”pair(x’v x"") Hpair (x, x) Hpair (x, x") Hpair (x",x") Hpair (', x)

(Vx,x' € X)

The numerators are clearly identical, and the denominators can be shown to be identical by explicit multipli-
cation of the form of y,; in Appendix B. Consequently, Proposition 68 thus implies that #7p,;, must possess
a strict utility representation, meaning it is of the form

(Vx, X" € X) fpyir (x, ) = 0(67 (5(x)) — 7 (s(x)))

for some s : X — R. [ |

Thus, we have an explanation for the specific form of Equation 47—it is due to the probabilistic relation
implicitly underlying the bipartite ranking problem satisfying the product rule, in conjunction with the utility
representation theorem (Proposition 68) for all such relations.

13. Conclusion and Future Work

We have provided a systematic study of the bipartite ranking problem through its statistical risk. In particular:

e We described a fundamental connection between bipartite raking and classification over pairs (§4).

e We studied several properties of the ROC curve, including a to our knowledge novel result (Proposition
13) on how dominance in ROC space implies dominance with respect to any proper composite loss.

o We derived a number of integral representations of the AUC (§5.6), relating them to the integral repre-
sentation for proper losses, (§5.6.2).

e We related the Bayes-optimal bipartite risk to an f-divergence between product measures for the class-
conditional densities (§6.2), generalising a result for the case of 0-1 loss due to Torgersen (1991).

e We determined the set of Bayes-optimal scorers for bipartite ranking (§7.3, §7.4, §7.5), and thus surro-
gate regret bounds for the minimisation of pairwise surrogates (§8).

e We studied Bayes-optimal scorers for the p-norm push risk (§9.5), and explained the risk in terms of
the weight function for proper losses (§9.6.3). We used this to derive several new loss functions (§9.6),
which demonstrated favourable empirical performance compared to the p-norm push risk on a number
of real data sets (§9.7).

e We mapped out the relationships between bipartite ranking and other learning problems, such as pair-
wise ranking, class-probability estimation, and classification (§10.1, §10.2), and the equivalence be-
tween several seemingly disparate risks for popular approaches in bipartite ranking (§11).

e We showed how theorems of utility representation describe the class of ranking problems over pairs
that can be modelled by bipartite ranking (§12.4).

Our results built upon the rich framework of proper composite losses, which are central to the study of
class-probability estimation. We hope our results illustrate the value of the proper loss machinery in studying
bipartite ranking problems.

We outline several possible areas for future work.
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e Beyond the Bayes-risk. We acknowledge that the study of the risk is only an initial step in the broader
understanding of the bipartite ranking problem. For example, in the study of the Bayes-optimal scorers,
we have assumed no restrictions of the set of allowed scorers and pair-scorers. In practice, we have
access to only a finite number of samples, and typically use a restricted function class. Understanding
the impact this has on the risk equivalences we have established is of interest. For example, can we
characterise when one risk is more preferable from a statistical or computational point of view?

o Fromthe AUC to AUPRC. One may hope to extend our analysis to other popular performance metrics for
bipartite ranking, such as the area under the precision-recall curve (AUPRC). While we briefly touched
upon the AUPRC in §9.4.2, we deferred detailed study due to difficulties in expressing it as a risk.
Understanding the properties this broader class of performance measures is of interest.

e Extension to instance ranking. A natural extension of our results would be the study of the more general
instance ranking problem, where the label space Y is not binary. With suitable assumptions on Y, it is
possible to leverage some analysis from bipartite ranking for such problems (Clémencon et al., 2013).
It is possible that tools from multi-class probability estimation (Vernet et al., 2011) may also be a useful
tool in the study of this problem.

o Converting pair-scorers to a univariate scorer. Given a pair-scorer, it may be desirable to construct
a procedure that converts it to a univariate scorer. Balcan et al. (2008) devises such a procedure and
provides guarantees on its performance for the standard AUC. It is of interest whether this can be gen-
eralised.

e Applications. We believe there is scope for our analysis to be extended to problems where both class-
probability estimation and bipartite ranking are heavily employed. For example, a challenging learning
scenario is where one has access to only positive and unlabelled examples. Recent work has shown
the value of class-probability estimation (Elkan and Noto, 2008) and bipartite ranking methods (Sella-
manickam et al., 2011) for this task. We hope that our analysis can offer directions for theoretical and
algorithmic development for this and related problems.

More broadly, by focussing on the statistical risk and abstracting away finite sample and optimisation
issues, we have aimed to perform a problem-oriented rather than method-oriented analysis, as per Platt (1962).
We believe this gives deeper insight into the connections between problems, and disentangles computational
and statistical concerns. For example, akin to the distributional analysis of the probing reduction (Langford
and Zadrozny, 2005) in Reid and Williamson (2009), we have seen in §10 the broad theoretical connections
between bipartite ranking, class-probability estimation and classification, such as the use of a calibration
transform to convert a scorer that ranks instances optimally to a class-probability estimator. We hope our
results demonstrate the value and encourage further pursuit of this style of analysis for other learning problems.
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Appendix A. Assorted Lemmas
We collect some assorted lemmas that are employed in proofs, but are not directly related to bipartite ranking.

Lemma 71 Lets : X — R be any scorer. If

wt:X - IR)/ s(x) - t(x)dx =0,
X

then s is zero almost everywhere.

Proof This is in fact a special case of the fundamental lemma of the calculus of variations, which in turn is a
special case of the du Bois-Reymond lemma (Troutman, 1996, pg. 99; Giaquinta and Hildebrandt, 2004, pg.
16), both of which only requires the statement hold for all infinitely differentiable . We show the contraposi-
tive. Suppose s # 0 on a set of nonzero measure. Then ¢ = s> : X - R + 18> 0 on this same set of nonzero

measure. Thus,
/ s(x)-s(x)dx = / s(x)2 dx >0,
X X

where the inequality holds by Folland (1999, Proposition 2.16). Thus, the statement holds. |

Lemma 72 Let f,g : X — R. Then,
(Vx,x' € X) f(x) < f(x') = g(x) < g(x)
if and only if f = ¢og for some non-decreasing ¢ . R — R.

Proof ( <=). This is easily verified by the definition of ¢ being non-decreasing.
(= ). We will construct such a non-decreasing ¢. For any y € Im(g), let

Iy ={xeX:gx) =y}
be the preimage of y under g. For any y € R, let

¢(y) =min{f(x) : x € I}.

We will check that f = ¢og, and that ¢ is non-decreasing.
First, note that for any x, x" € J(y), by definition g(x) = g(x’). By the contrapositive of the assumption,

gx) > g(x) = f(x) > f(x)
and by swapping x, x/,

gx) <g(x) = f(x) < f(X)
so that

g =g(x") = f(x)=f().
Thus for any x, x" € J(), f(x) = f(x"). Thus, for any x € I(y),

d(y) = f(x).
Now, for any x, € X,
$d(g(xp)) = min{ f(x) : x € I(g(xp))}
= f(xp)-

Thus, f = ¢og. To see that ¢ is non-decreasing, pick y < y’, and x € I(y),x’ € J(3/). Then y = g(x) <

g(x’) = y'. Since g(x) < g(x’) implies f(x) = ¢p(y) < P()') = f(x), we see that y <y => $(y) < p()/).
]
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Lemma 73 Let f,g : X —» R. Then,
(Vx,x" € X) sign(f(x) = f(x")) = sign(g(x) — g(x))
if and only if f = ¢og for some strictly monotone increasing ¢ : R - R.
Proof We can equivalently write the condition as
(Vx,x" € X) f(x) < f(x) = gx) < g(x).

Thus, by Lemma 72, f = ¢ og for some monotone increasing ¢;, and g = ¢, 0 f for some monotone increas-
ing ¢,. Thus f = ¢jo¢,0f, and so ¢; = d)E I This implies that ¢, and ¢, are invertible, or equivalently,
that they both correspond to strictly monotone increasing transforms. |

Lemma 74 Given any D = <M,n> € Axy.1), and any s: X — R such that n = ¢os for some non-
decreasing ¢,
(Vx € X) Cal(x; D, s) = n(x).

In particular, the above equation holds for any s such that s = ¢on for some strictly monotone ¢.

Proof Assuming that the distribution of scores is discrete, for every x € X,

Cal(x; D, s) = P[Y = 1]s(X) = s(x)]
E [Y=1,s(X)=s(x)]

_ (XV)~D
W E_p 500 = 5]
E,; 1100 [s00 = 5]

(E, (500 = sG]
E, [600) - [s00 = sG]
= by assumption on #
(E, [[s00 = s}

E, [0 - [s00 = s

WE, [[s(X) = s(x)]]
E [[s(X) = s()]|
= s00) - T —
(E, [0 = sG]
= ¢(s(x))
= n(x).

When the distribution of scores is continuous, we repeat the above, but using Dirac delta instead of indicator
functions. u

Appendix B. Properties of the Derived Ranking Distribution Dy,

Suppose we have a distribution D = {P,Q,zy = {M,ny € ADCx{il}- Assume that M, P, O have densities
H, p,q. We summarise some properties of the resulting distribution over pairs, Dgg € Axyyyi+1)- We will
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associate this distribution with the random variable triplet (X, X', Z). By definition, we have

Pxjz=:(x) = [z =1] - p(x) + [z = =1] - q(x)
Pxriz=(x") = [z =1] - q(x") + [z = =1] - p(x”).
From these, we may derive other marginals and conditionals for Dy, and relate them to those of D:
Px x'1z=:(%, X") = Pxiz=2(X) - Pxrjz=2(X)
=[z=1]-p(x) - q(x") + [z = ~1] - p(x") - q(x)
p(x) - g(x") + p(x") - g(x)

DPx.x (x, x/) = )
S p(x) - u(x") - (n(x) - (1 = n(x")) +n(x") - (1 = n(x)))
272(1 — 1)
_ p(x) +q(x)
px(x) = —
Prtsrr(X) = p(x) - q(x") + p(x') - q(x)
XIXi=x p(x) + (%)
p(x)
P[Z=1|X=x]= ——2
[ | Xl p(x) + q(x)
=o(c” ' (n(x) - 67 (x))
PZ=1|X=x,X =x]= () - 4(x')
p(x) - g(x") + p(x') - q(x)
1
- 1 4 4 p&x")
p(x)  q(x")

=667 (n(x) — o~ (x"))).

The last identity follows because

o (n(x)) = log + log @.
1-=x q(x)
Thus, the distributions of primary interest in the paper are:
Ppair = P X Q
Qpair =0XP
1
”pair = 5
PXO+0xP
M = - 5

(Vx, X" € X) pyie (%, x") = 6 (6™ (%)) — a7 (n(x))).

Appendix C. Properties of the ROC Curve

For completeness we present two well known results about the derivative of the ROC curve, and its relationship
to the optimal threshold for cost-sensitive learning.
Proof [Proof of Proposition 8] By the chain rule,

(Va € (0, 1)) p'(@) = (FPR™'Y(a) - TPR'(FPR™(a))
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_ TPR/(FPR™!(a))

FPR/(FPR™(a))
-1

= M by Equation 22.

qs(FPR™ (a))

By Bayes’ rule, for a random variable S ~ S for .S the distribution of scores,

PIY = 1|S = a] - P[S = d]
PIY = 1] ’

(Va € R) ps(a) = psjy=1(a) =

and similarly for g5. Thus
pS(a)zl—ﬂ." PlY = 1|S = 4]
q5(a) 7 1-PlY=1|S=a]
and by definition, Prb(a; D, s) = P[Y = 1|S = a]. |

Proof [Proof of Proposition 11] Let
WVt e R)R(t) =L(s—1; D, 2ese))
=x-(1-c¢)-FNR@®) + (1 —x) - c-FPR(?)

be the risk for a fixed scorer s when using a threshold ¢. Pick any optimal threshold 7, € t*(c; D, s). This must
satisfy

0=R(tg)=x-(1-c)-FNR'(tp) + (1 — x) - ¢ - FPR (1),

ie.
r  TPR(1) ¢

-z FPR'(ty) l-c

This is exactly
c -z

/ _
o/ (EPR(1g) = —— - —

By Proposition 8, this implies
Prb(zy) c

1—Prb(ty) 1-c
When Prb(-; D, s) is invertible, we thus have

ty = Prb!(c),

and since the choice of ¢, was arbitrary from the set of optimal thresholds, we conclude that *(c) = {(Prb)~1(e)}.
|

Appendix D. Relationship Between the ROC Curve and the Neyman-Pearson
Problem

The maximal ROC curve is intimately related to the following classical hypothesis testing problem. Suppose
we have (known) probability distributions P, P_; over an instance space X, with densities p_;, p,; with
respect to some reference measure (this could simply be (P, + P_;)/2). We are given a sample x drawn from
one of P(;y. We wish to determine whether or noti = 1, i.e. conduct a hypothesis test between H, : i = —1
and H; : i = +1. The Neyman-Pearson problem (Lehmann and Romano, 2005, pg. 59) asks for the test that
has the most power in discriminating between the two alternatives, assuming the false positive rate is fixed at
some value a € [0, 1].
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Definition 75 (Neyman-Pearson problem) Pick any = € (0,1), and let D = {P,, P_j, 7y € Ayy.yy. For
a fixed a € [0, 1], the Neyman-Pearson problem is

max TPR(h; D) : FPR(h; D) < a,

he{x1}X
where in an abuse of notation
TPR(h; D) = Px-p,, [A(X) = +1]
FPR(h; D) = Py _p  [A(X) = +1].

The optimal classifier h*(x) is called the uniformly most powerful test at a.

From a learning perspective, a test 4 is simply a classifier 2 : X — {+1} that specifies which of the two
hypotheses is preferred. Further, we can view the densities as being class-conditionals py(x) = px|Y=y(x).
Thus, given a distribution D = {P,Q, 7y € Ay, (+1}> the Neyman-Pearson problem arises when we wish to
find a classifier that has maximal true positive rate for a fixed false positive rate.

D.1 The Neyman-Pearson Lemma

The Neyman-Pearson lemma (Lehmann and Romano, 2005, pg. 60) specifies the optimal solution to the
Neyman-Pearson problem.

Lemma 76 (Neyman-Pearson lemma) Pick any = € (0,1), and let D = P}, P_|,w) € Ay, where
P,y have densities py, 1y with respect to some reference measure. For any a € [0, 1], the uniformly most
powerful test at a is

h*(x;a, D) = |[p+1_(x) > t*(a;D)]]
p_1(x)

where t*(a; D) is such that the classifier achieves desired false positive rate,
p
FPR(h*(x; a, D); D) = a.

For completeness, we present a proof based on Lagrange multipliers, following Hippenstiel (2001, pg.
92).
Proof Given a classifier A, let
A, ={x€X : h(x)=+1}.

Then,

TPR(1; D) = Px..p_[X € Ay
FPR(h; D) = Py..p [X € Ay.

Thus, the problem is equivalent to

max P, (x) dx subject to / p_(x)dx < a.
ACX /xeA - xeA

Now consider the Lagrangian

LA = / (pp(x) = A-p_(x)dx+ A-a.
xeA

Clearly, the A which maximises L is such that the integrand is always nonnegative:

A*(A*):{xex:Mzi*}:{xex:qS(M)zd)(/l*)},
p_(x) p_(%)
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for any ¢ strictly monotone increasing. Thus, the optimal test or classifier is based on thresholding a scorer

of the form
s (x) = ¢ <p+1_(x)>
p_i1(x)

with the threshold A* being the solution to the equation

In practical learning settings, the optimal solution to the Neyman-Pearson problem cannot be computed
as it assumes full knowledge of the underlying distributions. A natural approach is to use empirical versions
of the appropriate distributions. For a fixed false positive rate «, various optimisation schemes have been
proposed such as neural network based density estimation (Streit, 1990), SVMs (Davenport et al., 2010) and
non-convex optimisation (Gasso et al., 2011).

D.2 Implications of the Neyman-Pearson Lemma

From a hypothesis testing perspective, the optimal scoring function is seen to be a strictly monotone increasing
transform of the likelihood ratio

P+1 (x)

P (%)

From an ROC perspective, the Neyman-Pearson problem can be seen as picking a particular point on the
horizontal axis (by virtue of fixing the FPR), and asking for the scoring function that yields the maximum
value along the vertical axis (by virtue of maximising the TPR). The Neyman-Pearson lemma concludes that
this is achieved by a strictly monotone increasing transformation of A(x), regardless of the FPR value. Thus,
maximising the AUC can be seen as solving a Neyman-Pearson problem for every possible false positive rate,
as in Corollary 16.

(Vx € X) A(x) =

Appendix E. Bayes-Optimal Classification Risk and Regret

A classical result establishes that the Bayes 0-1 risk may be expressed in terms of the variational divergence be-
tween the class-conditional distributions P and Q (Devroye et al., 1996, pg. 14). This gives an interpretation
of the Bayes 0-1 risk, which is the inherent “difficulty” of the problem, in terms of amount of overlap between
the distributions for the two classes. In fact, the variational divergence can be replaced by any f-divergence,
with the Bayes 0-1 risk being replaced by the Bayes ¢-classification risk for suitable £.

Proposition 77 (Osterreicher and Vajda, 1993; Reid and Williamson, 2011, Theorem 9) For any D =
{P,Q,7y € AxX{il}, convex [ . R, — R, and loss ¢ with conditional Bayes risk

1- _
(¥ € 0.1 L016) =~ ”-f(l T )
- T 1—n

the Bayes-risk can be written
L*(D,?) = L*(z;¢) =1 (P, Q). (67)

Conversely, Equation 67 holds for any D = <P, Q, ) € Axy.1}, loss £ with concave conditional Bayes
risk L*(;2) 0 [0,1] = R,, and f : R, — R defined by

(VteR)f(t):L*(n;f)—(n-H1—ﬂ)-L*<mt’i—'l’_n;f).
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Recalling that for a proper composite loss £ with underlying proper loss 4, the conditional Bayes risks
coincide i.e. L; = Lj, we see that for a proper loss A Proposition 77 holds for any choice of proper composite
¢ resulting from the composition of A with an invertible link function ¥.

One can also relate the regret with respect to any proper composite loss to an appropriate generative
Bregman divergence.

Proposition 78 (Buja et al., 2005; Reid and Williamson, 2011) For any D = {M,ny € Axy (41}, ¢ €
Lspe(P), and scorer s : X — R,

regret(s; D,¢) = [EB_L*(n,‘I‘_los)
where in an abuse of notation L* = L*(-;£).

Proposition 78 shows that if a scorer has low #-risk with respect to some proper composite loss, then
i = Y~ os is a good estimate of # in a precise sense: it has low average Bregman divergence to 7.

Appendix F. Interpretation of Uematsu and Lee (2012) in Terms of Proper Losses
The following are the results shown in Uematsu and Lee (2012).

Proposition 79 (Uematsu and Lee, 2012, Theorem 3) Suppose ¢(y,v) = ¢(yv) for some ¢ : R = R,
where ¢ is differentiable, monotone decreasing, convex, and ¢'(0) < 0. For a given distribution D =
<M, 7’]> (S ADCx{il}’ let
* 3k
s* € Sgp(D, 7).
Then,
(Vx,x" € X)n(x) # n(x') = sign(Diff(s*)(x, x")) = sign(n(x) — n(x").
If ¢ is strictly convex, then the above also holds when n(x) = n(x').
Proposition 80 (Uematsu and Lee, 2012, Theorem 7) Suppose ¢(y,v) = ¢(yv) for some ¢ : R - R,

¢ (=s)

where ¢ is differentiable, strictly monotone decreasing, convex, and f . s — 70

Givenany D = <M,ny € Axy(i1}

is strictly increasing.

SER(D’ f) c SDecomp
if and only if ¢'(—s)/d'(s) = e* for some a > 0.

We show how to interpret these results in terms of proper composite losses. First, we show that the
conditions of their theorems imply that £ is a proper composite margin loss.

Proposition 81 Let ¢ be differentiable with ¢'(0) < 0, monotone decreasing, and strictly convex. Then,
?(y, v) = ¢(yv) is strictly proper composite.

Proof Let ¢p meet the stated conditions. Since ¢ is convex and monotone decreasing with ¢’(0) < 0, then it
must be true that

(Vo € R)('(v) # 0V ¢ (-v) # 0).

Further, the function
A0
f)= P (=0)

is continuous by differentiability of ¢, and monotone by monotonicity and convexity of ¢, since
1
(¢’ (v))?

When ¢ is strictly convex, f is strictly monotone because the numerator above cannot be 0. Thus, the condi-
tions of Corollary 16 in Vernet et al. (2011) hold, and so # is strictly proper composite. |

) = (¢ (09" () + ¢ (-v)¢'(v)) <O0.
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¢ (=s)

oo Y

Lemma 82 Ler ¢ be differentiable, strictly monotone decreasing, convex, and such that f . s
strictly increasing. Then, £(y, v) = ¢p(yv) is strictly proper composite.

Proof The proof follows by the conditions of Corollary 16 in Vernet et al. (2011), as before, with invertibility

/ —_— . . . .
fise ¢¢f (Si) directly assumed rather than derived as a consequence of strict convexity. |

By Lemma 73, the statement of Uematsu and Lee (2012, Theorem 3) is equivalent to saying that # = gos™*
for some non-decreasing g when ¢ is convex, and g is strictly increasing when ¢ is strictly convex. Thus, this
strictly convex part of the result is as per Corollary 48, except that the latter explicitly provides the form of
the link function relating # and s*.

The following shows that the conditions in their Theorem 7 imply that the inverse link function is of the
form ¥~1(v) = !

I+e—av’

which means the result is a special case of Proposition 44 where ¢ is a margin loss.

Lemma 83 Let £ € Lgpc (W) be such that €(y, v) = ¢(yv) for some differentiable ¢ : R — R,. Then,

(Va € R\ (0D (V0 €RIW (1) = T = #(-0)/#/(0) = e,

—av

Proof The link function for a differentiable proper composite loss satisfies

-1 _ 1
MveR)Y (v) = —f;(v)
ZR0)
_ 1
B 0)
I+ @' (-v)
_ 1
1 +e
where the last line is true iff the asserted statement holds. |

Appendix G. Empirical Illustration of Corollary 45

We present an empirical illustration of the fact that Corollary 45 holds for an asymmetric proper composite
loss. We work with a discrete distribution over N instances, where the instance i has probability M; of being
drawn, and has an associated probability #; of having a positive label. A scorer s is then some vector in R”.
Given a loss Z, the bipartite risk of the scorer s is

Lgr(s; D,¢) = wu;( o |2 ymm(s(X) = s(X"))]

N
i=1 j=1
N

N
Z Z [ - (L =n)) - (£1(s; = s)) + £y (s; — 5))]
N
n

DN [ (A=n) - 1 (s.e; — e + £ (s e; —e))]

—

j=1

where e; is the ith standard basis vector in R”. The Bayes-optimal risk is simply the minimiser of the above
objective, and may be computed by numerical optimisation.

We performed 20 repetitions of the following experiment: for N = 10 instances, we draw #; ~ Beta(4, 3),
Z; ~ Beta(6,2), and set M; = Z;/ Zj Zj. We then scaled the #’s to lie in [0.01,0.99], ensuring that the
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Figure 3: Results of 20 simulation trials to illustrate Bayes-optimal scorer (Corollary 45) for the case of an
asymmetric loss. Here, the distribution D is varied across each trial, and the relationship between
the (n, s*) pairs across all trials is plotted. The relationship exactly matches that of s* = ¥(#).

minimum and maximum values are attained. Given this distribution, we minimised the bipartite risk using

L-BFGS, obtaining the Bayes-optimal scorer s*. As the risk is invariant to translations, we transformed the

solution so that its minimum value equals W(0.01) (thus agreeing with that of the expected optimal solution).

We collected the corresponding pairs of (;, s7) values for all 20 repetitions. We then plotted the graph of the

resulting # values versus the s* values. If s* is a strictly monotone transform of #, then the plot will reflect this

(as the different # values from the trials represent different sampling points of the domain of this function).
Figure 3 shows the results where # is the asymmetric p-classification loss for p = 2,

() = <% . ez”,e_”>

We see that the relationship between the two is strictly monotone. Also shown on the graph is the plot of 5
versus Yoz, where ¥ = %0‘1 ; this perfectly agrees with the observed s* values, as predicted by the theory.

Appendix H. Empirical Illustration of Corollary 48

We now present an empirical illustration of the facts that for a proper composite loss whose Bayes-optimal
pair-scorer is non-decomposable, (a) the optimal univariate scorer is a strictly monotone transform of #, and
(b) the transformation is distribution dependent. We repeated the setup of Appendix G, except that we worked
with # being the squared loss, £(y,v) = (1 — yv)?, and the canonical boosting loss (Buja et al., 2005),

o v?
£y, v)=—+1/1+—.
. v) > 7
Squared loss employs the identity link, while the canonical boosting loss uses the link ¥(n) = ﬂ, and
Vn(l-n)

thus neither induce a decomposable pair-scorer according to Proposition 44.

Figure 4 shows that the relationship between # and s* for these losses across multiple trials is not monotone,
and significantly deviates from the optimal solution in the class-probability estimation setting, viz. s* = ¥(#)
for ¥ the identity mapping. This indicates that in general, the relationship between # and s* is distribution
dependent.

Figures 5 and 6 further studies the relationship between the two quantities for each individual trial. We
see that, for a given trial (or equivalently for a given distribution), the relationship between # and s™ is strictly
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monotone, as expected. However, across different trials, it is evident that the precise monotone transformation
is different.

Appendix I. Empirical Ilustration of Optimal p-Norm Push Pair-Scorer

We now present an empirical illustration of the fact that for a general proper composite loss, (a) the optimal
p-norm push pair-scorer is a strictly monotone transform of #p,;., and (b) the transformation is distribution
dependent. We repeated the setup of Appendix G, except that we worked with the p-norm push risk for p = 4,
with £ being logistic loss, and considered n = 5 to reduce the number of #p,;, values.

Figure 7 shows the relationship between #p,;, and s, . ~across multiple trials is nor monotone, and sig-
nificantly deviates from the optimal solution in the class-probability estimation setting, viz. s* = ¥(n) for
Y= 10 . This indicates that in general, the relationship between #p,;, and sy, . is distribution dependent.

Flgure 8 further studies the relationship between the two quantities for each individual trial. We see that,
for a given trial (or equivalently for a given distribution), the relationship between #7p,;, and s, . is strictly
monotone, as expected.

Appendix J. Empirical Illustration of Optimal p-Norm Push Univariate Scorer

We now present an empirical illustration of the fact that for a general proper composite loss, the optimal p-
norm push univariate scorer is a distribution dependent transform of 7. We repeat the setup of Appendix G,
except that we worked with the p-norm push risk for p = 4, with £ being logistic loss, and considered n = 5
to reduce the number of #p,;. values.

Figure 9 shows the relationship between # and s* across multiple trials is not monotone, and significantly
deviates from the optimal solution in the class-probability estimation setting, viz. s* = ¥(n) for ¥ = %o"] .

Appendix K. Illustration of Hand’s Representation and Proper Loss Equivalence

We illustrate empirically that the AUC for certain calibrated scorers is equivalent to a suitable risk with respect
to a proper loss, owing to Hand’s representation (Equation 34). For a fixed n, we consider a finite instance
space X = {0,1/n,2/n,...,1}. We consider a distribution D over X where the marginal M is uniform and
the class-probability function # is of a pre-specified form. Specifically, we considered P[n(X) = ¢] < w(c),
where w(c) is the weight function corresponding to a proper loss. We considered two choices of w: w(c) = 1,
corresponding to square loss, and w(c) = 1/4/c - (1 — ¢), corresponding to the arcsin loss of Buja et al. (2005,
Section 11).

For a given n, we then computed the AUC of the scorer s* = 5, and compared it to the corresponding
proper loss of the scorer. Hand’s representation (Equation 34) suggests that as # — o0, so that the distribution
of the scores is exactly the weight of the proper loss, the two will be equivalent.

Figure 10 shows that for a large n, one minus the AUC and the appropriate proper risk converge. The
results compare the two over 100 trials, where each trial corresponds to a different random draw of # from the
distribution with density given by the appropriately normalised weight w(-).
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Figure 4: Results of 20 simulation trials to illustrate distribution dependent Bayes-optimal scorer (Proposition
47) for the case of squared and canonical boosting losses. Here, the distribution D is varied across

_¥(n)

each trial, and the relationship between the (1, s*) pairs across all trials is plotted.
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Figure 5: Results of 9 simulation trials to illustrate order preserving Bayes-optimal scorer (Corollary 48)
for the case of squared loss. Here, the distribution D is varied across each trial, and each panel

represents the relationship between # and s* for a specific trial.
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Figure 6: Results of 9 simulation trials to illustrate order preserving Bayes-optimal scorer (Corollary 48) for
the case of canonical boosting loss. Here, the distribution D is varied across each trial, and each

&

panel represents the relationship between 5 and s* for a specific trial.
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Figure 7: Results of 9 simulation trials to illustrate the relationship between #py;, and sp, . for p-norm push
with logistic loss. Here, the distribution D is varied across each trial, and the relationship between
the (1p,i;» s;air) pairs across all trials is plotted.
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Figure 8: Results of 9 simulation trials to illustrate the distribution dependent relationship between #p,;, and
S;air for p-norm push with logistic loss. Here, the distribution D is varied across each trial, and
each panel represents the relationship between #p,;; and sp, . for a specific trial.
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Figure 9: Results of 20 simulation trials to illustrate the relationship between # and s* for p-norm push with

logistic loss. Here, the #; and M; values were varied across each trial, and each panel represents
the relationship between # and s* for a specific trial.
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Figure 10: Results of 100 simulation trials to illustrate the relationship between the AUC and a proper risk,

for different choices of distribution on the underlying optimal scorer s* = # on an instance space
with n elements.
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