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Abstract: Active learning is a type of sequential design for supervised
machine learning, in which the learning algorithm sequentially requests the
labels of selected instances from a large pool of unlabeled data points. The
objective is to produce a classifier of relatively low risk, as measured under
the 0-1 loss, ideally using fewer label requests than the number of random
labeled data points sufficient to achieve the same. This work investigates the
potential uses of surrogate loss functions in the context of active learning.
Specifically, it presents an active learning algorithm based on an arbitrary
classification-calibrated surrogate loss function, along with an analysis of
the number of label requests sufficient for the classifier returned by the
algorithm to achieve a given risk under the 0-1 loss. Interestingly, these
results cannot be obtained by simply optimizing the surrogate risk via
active learning to an extent sufficient to provide a guarantee on the 0-1
loss, as is common practice in the analysis of surrogate losses for passive
learning. Some of the results have additional implications for the use of
surrogate losses in passive learning.
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1. Introduction

In supervised machine learning, we are tasked with learning a classifier whose
probability of making a mistake (i.e., error rate) is small. The study of when
it is possible to learn an accurate classifier via a computationally efficient al-
gorithm, and how to go about doing so, is a subtle and difficult topic, owing
largely to nonconvexity of the loss function: namely, the 0-1 loss. While there is
certainly an active literature on developing computationally efficient methods
that succeed at this task, even under various noise conditions [e.g., 2, 30-32], it
seems fair to say that at present, many of these advances have not yet reached
the level of robustness, efficiency, and simplicity required for most applications.
In the mean time, practitioners have turned to various heuristics in the design
of practical learning methods, in attempts to circumvent these tough computa-
tional problems. One of the most common such heuristics is the use of a convex
surrogate loss function in place of the 0-1 loss in various optimizations performed
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by the learning method. The convexity of the surrogate loss allows these opti-
mizations to be performed efficiently, so that the methods can be applied within
a reasonable execution time, using modest computational resources. Although
classifiers arrived at in this way are not always guaranteed to be good classifiers
when performance is measured under the 0-1 loss, in practice this heuristic has
often proven quite effective. In light of this fact, most modern learning methods
either explicitly make use of a surrogate loss in the formulation of optimiza-
tion problems (e.g., SVM), or implicitly optimize a surrogate loss via iterative
descent (e.g., AdaBoost). Indeed, the choice of a surrogate loss is often as fun-
damental a part of the process of approaching a learning problem as the choice
of hypothesis class or learning bias. Thus it seems essential that we come to
some understanding of how best to make use of surrogate losses in the design of
learning methods, so that in the favorable scenario that this heuristic actually
does work, we have methods taking full advantage of it.

In this work, we are primarily interested in how best to use surrogate losses in
the context of active learning, which is a type of sequential design in which the
learning algorithm is presented with a large pool of unlabeled data points (i.e.,
only the covariates are observable), and can sequentially request to observe the
labels (response variables) of individual instances from the pool. The objective
in active learning is to produce a classifier of low error rate while accessing a
smaller number of labels than would be required for a method based on random
labeled data points (i.e., passive learning) to achieve the same. We take as our
starting point that we have committed to use a given surrogate loss, and we
restrict our attention to just those scenarios in which this heuristic actually
does work: specifically, where the minimizer of the surrogate risk also minimizes
the error rate, and is contained in our function class. We are then interested
in how best to make use of the surrogate loss toward the goal of producing a
classifier with relatively small error rate.

In passive learning, the most common approach to using a surrogate loss
is to minimize the empirical surrogate risk on the labeled data. One can then
derive guarantees on the error rate of this strategy by bounding the surrogate
risk via concentration inequalities, and then converting these guarantees on
the surrogate risk into guarantees on the error rate, a technique pioneered by
Bartlett, Jordan, and McAuliffe [6] and Zhang [51]. Interestingly, we find that
this direct approach is not appropriate in the context of active learning: that is,
optimizing the surrogate risk to a sufficient extent to guarantee small error rate
generally cannot yield large improvements over passive learning. While at first
this finding might seem quite negative, it leaves open the possibility of methods
making use of the surrogate loss in alternative ways, which still guarantee low
error rate and computational efficiency, but for which these guarantees arise via
a less direct route. Indeed, since we are interested in the surrogate loss only
insofar as it helps us to optimize the error rate with computational efficiency,
we may even consider methods that provide no guarantees on the achieved
surrogate risk whatsoever (even in the limit).

In the present work, we propose such an alternative approach to the use
of surrogate losses in active learning. The insight leading to this approach is
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that, if we are truly only interested in achieving low 0-1 loss, then once we
have identified the sign of the optimal function at a given point, we need not
optimize the value of the function at that location any further, and can therefore
focus the label requests elsewhere. Based on this insight, we construct an active
learning strategy that optimizes the empirical surrogate risk over increasingly
focused subsets of the instance space, and derive bounds on the number of
label requests the method requires to achieve a given error rate. In many cases,
these bounds reflect strong improvements over the analogous results for passive
learning by minimizing the given surrogate loss. As a byproduct of this analysis,
we find this insight has implications for the use of certain surrogate losses in
passive learning as well, though to a lesser extent.

Most of the mathematical tools used in this analysis are inspired by tech-
niques for the study of active learning developed over the past decade [4, 23,
24, 36], in conjunction with the results of Bartlett, Jordan, and McAuliffe [6]
bounding the excess error rate in terms of the excess surrogate risk, and the
works of Koltchinskii [34] and Bartlett, Bousquet, and Mendelson [8] on local
Rademacher complexity bounds.

1.1. Related work

There are many previous works on the topic of surrogate losses in the context
of passive learning. Perhaps the most relevant to our results below are the work
of Bartlett, Jordan, and McAuliffe [6] and the related work of Zhang [51]. These
develop a general theory for converting results on excess risk under the surro-
gate loss into results on excess risk under the 0-1 loss. Below, we describe the
conclusions of that work in detail, and we build on many of the basic definitions
and insights pioneered in it.

Another related line of research, explored by Audibert and Tsybakov [3],
studies “plug-in rules,” which make use of regression estimates obtained by op-
timizing a surrogate loss, and are then rounded to {—1,41} values to obtain
classifiers. They prove minimax optimality results under smoothness assump-
tions on the actual regression function. Under similar conditions, Minsker [41]
studies an analogous active learning method, which again makes use of a surro-
gate loss, and obtains improvements in label complexity compared to the passive
learning method of Audibert and Tsybakov [3]. Minsker’s active learning work
has also recently been strengthened and extended in [27, 38]. Remarkably, as
discussed by Audibert and Tsybakov [3], the rates of convergence obtained in
such works are often better than the known results for methods that directly
optimize the 0-1 loss, under analogous complexity assumptions on the Bayes
optimal classifier (rather than the regression function). As a result, these works
raise interesting questions about whether the general analysis of methods that
optimize the 0-1 loss remain tight under complexity assumptions on the re-
gression function, and potentially also about the design of optimal methods for
classification when assumptions are phrased in terms of the regression function.

In the present work, we focus our attention on scenarios where the main pur-
pose of using the surrogate loss is to ease the computational problems associated
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with minimizing an empirical risk, so that our statistical results might typically
be strongest when the surrogate loss is the 0-1 loss itself, even if in some cases
stronger results might in principle be achievable from assumptions involving the
surrogate loss [as in 3, 41]. As such, in the specific scenarios studied by Minsker
[41], our results are generally not optimal; rather, the main strength of our anal-
ysis lies in its generality. In this sense, our results are more closely related to
those of Bartlett, Jordan, and McAuliffe [6] and Zhang [51] than to those of
Audibert and Tsybakov [3] and Minsker [41]. That said, we note that several
important elements of the design and analysis of the active learning method
below are already hinted at to some extent in the work of Minsker [41], albeit
in a form that also relies heavily on the assumptions and function class specific
to that work; the present work takes the general perspective, developing theory
and methods applicable to any function class and surrogate loss function.

Our approach to the design of active learning methods below follows the
well-studied strategy of disagreement-based active learning, an approach pio-
neered by Balcan, Beygelzimer, and Langford [4], and further developed by
several later works [e.g., 14, 24, 25, 36]. The basic strategy maintains a set V' of
plausible candidates for the optimal classifier, and requests the labels of samples
disagreed-upon by classifiers in V'; it periodically updates the set V' by eliminat-
ing classifiers making an excessive number of mistakes on the requested labels.
The analysis of the number of label requests sufficient for this technique to
achieve a given error rate in the general case was explored by Hanneke [22, 24],
Dasgupta, Hsu, and Monteleoni [14], Koltchinskii [36], and others, and the re-
sults are typically expressed in terms of a quantity known as the disagreement
coefficient. In the present work, we modify the disagreement-based active learn-
ing strategy by updating the set V', not based on the number of mistakes, but
rather based on the empirical surrogate risk on the queried samples. We derive
bounds on the number of label requests this method requires to achieve a given
excess error rate, in terms of properties of the surrogate loss. In particular, when
the surrogate loss is chosen to be the 0-1 loss itself, this method behaves nearly-
identically to previously-studied methods [25, 36], and in this special case, our
results match those established in the literature (with some small refinements
in the logarithmic factors).

There are several interesting works on active learning methods that optimize
a general loss function. Beygelzimer, Dasgupta, and Langford [9] and Koltchin-
skii [36] have both proposed such methods, and analyzed the number of label
requests the methods make before achieving a given excess risk for that loss
function. The former method is based on importance weighted sampling, while
the latter makes clear an interesting connection to local Rademacher complex-
ities. One natural idea for approaching the problem of active learning with a
surrogate loss is to run one of these methods with the surrogate loss. The results
of Bartlett, Jordan, and McAuliffe [6] allow us to determine a sufficiently small
value 7y such that any function with excess surrogate risk at most v has excess
error rate at most €. Thus, by evaluating the established bounds on the number
of label requests sufficient for these active learning methods to achieve excess
surrogate risk 7, we immediately have a result on the number of label requests
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sufficient for them to achieve excess error rate €. This is a common strategy
for constructing and analyzing passive learning methods based on a surrogate
loss. However, as we discuss below, this strategy does not generally lead to the
best results for active learning, and often will not be much better than results
available for related passive learning methods. Instead, the method we propose
does not aim to optimize the surrogate risk overall, but rather optimizes it on a
sequence of increasingly-focused subregions of the instance space, and thereby
provides a smaller bound on the number of label requests sufficient to guarantee
excess error rate €.

2. Definitions

Let (X, Bx) be a measurable space, where X is called the instance space. Let
Y = {-1,41}, and equip the space X x ) with its product o-algebra: B =
By ®2Y. Let R = R U {—0c0,x}, let F* denote the set of all measurable
functions ¢ : X — R, and let F C F*, where F is called the function class.
Throughout, we fix a distribution Pxy over X x ), and we denote by P the
marginal distribution of Pxy over X. In the analysis below, we make the usual
simplifying assumption that the events and functions in the definitions and
proofs are indeed measurable. In most cases, this holds under simple conditions
on F and Pxy [see e.g., 48]; when this is not the case, one may turn to outer
probabilities. However, we will not discuss these technical issues further.

For any h € F*, and any distribution P over X x ), denote the error rate
by er(h; P) = P((z,y) : sign(h(x)) # y); when P = Pxy, we abbreviate this as
er(h) = er(h; Pxy). Also, let n(X; P) be a version of P(Y = 1|X), for (X,Y) ~
P; when P = Pxvy, abbreviate this as n(X) = n(X; Pxy). In particular, note
that er(h; P) is minimized at any h with sign(h(-)) = sign(n(-; P) — 1/2). For
any H C F*, define the region of sign-disagreement DIS(H) = {xz € X : 3h,g €
H s.t. sign(h(z)) # sign(g(x))}. Additionally, denote by [H] = {f € F* : Vx €
X, infpey h(z) < f(x) < suppey h(z)} the minimal bracket set containing .

We will use standard big-O notation to express asymptotic dependences.
Specifically, for f,g : (0,00) — [0,00), we write f() = O(g(e)) or g(e) =
Q(f(e)) if limsup,_,q f(€)/g(e) < oo; we write f(e) = O(g(e)) if both f(e) =
O(g(=)) and f() = Qg(e)), and we write f(2) = o(g(e)) if limsup, o £(2)/g()
=0.

Our interest here is learning from data, so let Z2 = {(X1,Y1), (X2,Y2),...}
denote a sequence of independent Pxy-distributed random variables, referred to
as the labeled data sequence, while {X;, X, ...} is referred to as the unlabeled
data sequence. For m € N, we also denote Z,, = {(X1,Y1),...,(Xm,Ym)}.
Throughout, we will let § € (0,1/4) denote an arbitrary confidence parameter,
which will be referenced in the methods and theorem statements.

The active learning protocol is defined as follows. An active learning algo-
rithm is initially permitted access to the sequence X7, X5, ... of unlabeled data.
It may then select an index ¢; € N and request to observe Y;,; after observing
Y;,, it may select another index i2 € N, request to observe Y;,, and so on. After



Surrogate losses in passive and active learning 4651

a number of such label requests not exceeding a given budget n, the algorithm
halts and returns a function h € F*. Formally, this protocol specifies a type of
decision rule mapping the random sequence Z to a function h where A is condi-
tionally independent of Z given X1, Xo,... and (i1,Y;,), (i2, Yi,),. .., (in, Y3, ),
where each iy, is conditionally independent of Z and ij41, ..., %, given X1, Xo, ...
and (il, )/il)’ ey (ik—h }/;k—l)'

2.1. Surrogate loss functions for classification

Throughout, we let ¢ : R — [0,00] denote an arbitrary surrogate loss
function. For simplicity, suppose |z| < oo = £(z) < oo. Define £ =
LVSup(, yyex xy SUPLer L(yh(z)). We will generally suppose ¢ < co. In practice,
this is more often a constraint on F and & than on ¢: that is, we could have ¢
unbounded, but due to some normalization of the functions h € F, ¢ is bounded
on the corresponding set of values. For any g € F* and distribution P over
X x Y, let Ry(g; P) = E[l(g(X)Y)], where (X,Y)~ P. This is the ¢-risk of g
under P. When P="Pxy, abbreviate this as R¢(g) =Re(g; Pxy)-

We will be interested in loss functions ¢ whose point-wise minimizer nec-
essarily also optimizes the 0-1 loss. This property was nicely characterized by
Bartlett, Jordan, and McAuliffe [6] as follows. For g € [0,1], define ¢*(no) =
infeq(mof(2) + (1 — no)l(—=2)), and €% (o) = inf,cp..(ap,—1)<0(mol(2) +(1 —
no)¢(—z)). Then the surrogate loss ¢ is said to be classification-calibrated if,
Vo € [0,1]\ {1/2}, €% (no) > £*(no). In our context, for X ~ P, £*(n(X)) repre-
sents the minimum value of the conditional ¢-risk at X, so that E[¢*(n(X))] =
infe 7« Re(h), while £* (n(X)) represents the minimum conditional ¢-risk at X,
subject to having a sub-optimal conditional error rate at X: i.e., sign(h(X)) #
sign(n(X) — 1/2). Thus, being classification-calibrated implies the minimizer of
the conditional /-risk at X necessarily has the same sign as the minimizer of
the conditional error rate at X. Since we are only interested here in using ¢
as a reasonable surrogate for the 0-1 loss, for the remainder of this article we
suppose / is classification-calibrated.

Though not strictly necessary for our results below, it will be convenient
for us to suppose that, for all ny € [0,1], this infimum value £*(ng) is actu-
ally obtained as nof(z*(n9)) + (1 — no)l(—2*(no)) for some 2*(n9) € R (not
necessarily unique). For instance, this is the case for any nonincreasing right-
continuous ¢, or continuous and convex ¢, which include most of the cases we
are interested in using as surrogate losses anyway. The proofs can be modified
in a natural way to handle the general case, simply substituting any z with
conditional risk sufficiently close to the infimum value. For any distribution P,
denote fr(x) = z*(n(x; P)) for all € X. In particular, note that f; obtains
Re(fp; P) = infyer+ Re(g; P). Furthermore, since ¢ is classification-calibrated,
we have sign(fp(z)) = sign(n(z; P) — 1/2) for all x € X with n(x; P) # 1/2,
and hence er(f5; P) = infpec - er(h; P) as well. When P = Pxy, we abbreviate
by f* = fp,,-

All of our main results below rely on the assumption that f* € F. When
combined with the fact that ¢ is classification-calibrated, this essentially stands
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as a formal representation of the informal assumption that the surrogate loss ¢
was chosen wisely: that is, that functions in F with relatively low surrogate risk
necessarily have relatively low error rate. However, it should be noted that this is
often a very strong assumption, significantly restricting the allowed distributions
Pxy. For instance, for many losses ¢ in practical use (e.g., the quadratic loss),
when F is a parametric family, the assumption that f* € F essentially restricts
the allowed functions 7(-) to also form a parametric family. This fact underscores
the need for great care in selecting a surrogate loss when approaching a given
learning problem in practice. In principle, one can relax this assumption slightly,
at the expense of significantly more-complicated theorem statements, and we
include some superficial remarks on this in Appendix F. However, it seems any
truly-substantial relaxation would require a significantly different approach.
For any distribution P over X x ), and any h, g € F*, define the loss distance

Dy(h,g; P) = \/E [(ﬁ(h(X)Y) —U(g(X)Y))?|, where (X,Y) ~ P. Also define

the loss diameter of H C F* as Dy(H; P) = supj, ey De(h, g; P), and the l-risk
e-minimal set of H as H(e; ¢, P) = {h € H : Re(h; P) — infyep Re(g; P) < €}.
When P = Pxy, we abbreviate these as Dy(h,g) = Dy(h,g; Pxy), De(H) =
Di(H;Pxy), and H(e;¢) = H(e; ¢, Pxy). Also define analogous quantities for
the 0-1 loss. Define the distance Ap(h,g) = P((z,y) : sign(h(x)) # sign(g(z)))
and radius radius(H; P) = supycqy Ap(h, fp). Also define the e-minimal set of
H as H(eg;o1, P) = {h € H : er(h; P) — infycy er(g; P) < €}, and for r > 0,
define the r-ball centered at h in H by By p(h,r) = {9 € H : Ap(h,g) < r}.
When P = Pxy, we abbreviate these as A(h,g) = Ap,, (h,g), radius(H) =
I‘adiuS(H;PXY), H(E;m) = 7‘[(6;01,7))()/), and BH(h,’I’) = BH7PXY (h,T); when
H = F, further abbreviate B(h,r) = Bx(h,r).

The following definition will enable us to transform guarantees on the excess
surrogate risk into guarantees on the excess error rate.

Definition 1. For any distribution P over X x Y, and any ¢ € [0,1], define
Te(e; P) = sup ({7 > 0: F*(7; £, P) € F*(g;01, P)} U{0}).
Also, for any v € [0,00), define the inverse
Eo(v;P)=1inf{e > 0:v <Ty(e; P)}.
When P = Pxy, abbreviate I'y(e) = T'y(e; Pxy) and Eo(y) = Eu(v; Pxy)-
By definition, I'y has the property that
Vh e F*,Ve € [0,1], Re(h) —Re(f*) <Ty(e) = er(h) —er(f*) <e. (1)

In fact, I'y is defined to be maximal with this property, in that any I", for
which (1) is satisfied must have I')(¢) < T'y(¢) for all € € [0,1]. For this reason,
we will be interested in calculating lower bounds on I'y. Bartlett, Jordan, and
McAuliffe [6] studied various ways to obtain concrete, calculable lower bounds

of this type. Specifically, for ¢ € [—1,1], define 1,(¢) = £* (%) — (1%4),
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and let ¢, be the largest convex lower bound of 4 on [0, 1], which is well-defined
in this context [6]; for convenience, also define 1y (z) for x € (1, 00) arbitrarily,
subject to maintaining convexity of 1. Bartlett, Jordan, and McAuliffe [6] show
e is continuous and nondecreasing on (0, 1), and in fact that z — v, (z) /z is
nondecreasing on (0, c0). They also show every h € F* has ¢g(er(h) —er(f*)) <
Re(h) —Re(f*), so that ¢, < Ty, and they find this inequality can be tight for a
particular choice of Pxy. They further study more subtle relationships between
excess f-risk and excess error rate holding for any classification-calibrated £. In
particular, following the argument in the proof of their Theorem 3, one can show
that Vh € F*,

er(h) — er(f*)

A(h»f*)¢e< ZA(h f*)

) < Re(h) — Re(f*).

The implication of this in our context is the following. Fix any nondecreasing
function ¥, : [0,1] — [0, 00) such that Ve > 0,

€
v < ius *(g501 . 2
1) < radivs(F* o0 (g ®
Any h € F* with Ry(h) — Re(f*) < We(e) also has A(h, )i (S50 ) <
U,(e); combined with the fact that  — ,(x)/x is nondecreasing on (0,1),
)

this implies radius(F*(er(h) —er(f*); 01))we (2radius(efr£}(Le)r7(}eL§(—fer)(f*);01))) < WUy(e
this means Wy(er(h) — er(f*)) < ¥y(e), and monotonicity of ¥, implies er(h) —
er(f*) < e. Altogether, this implies Wy(e) < I'y(g), so that Re(h) — Re(f*) <
U,(e) = er(h) —er(f*) < e. In fact, though we do not present the details
here, with only minor modifications to the proofs below, when f* € F, all of our

results involving I'y(¢) also hold while replacing I'y(¢) with any nondecreasing ¥,
s.t. Ve > 0, U)(e) < radius(F(e;o1))1e (m), which can sometimes
lead to tighter results.

Some of our stronger results below will be stated for a restricted family
of losses, originally explored by Bartlett, Jordan, and McAuliffe [6]: namely,
smooth losses with convexity quantified by a polynomial, as described in the
following condition.

i

Condition 2. F is convez, with Vx € X, sup ez |f(x)| < B for some constant
B € (0,00), and there exists a pseudometric dg : [—B, B]?> — [0,d,] for some
constant d; € (0,00), and constants L,Cy € (0,00) and ry € (0,00] such that
Va,y € [-B, B), |0(x) — £(y)| < Ld¢(z,y), and the function

1

54(6)_inf({§€(x)—|—%€(y) - €<%x+%y> oy €[~ B.B], dy(z,y) > E}U{oo})

satisfies Ve € [0,00), 0g(e) > Cpe™.

In particular, note that if F is convex, and the functions in F are uniformly
bounded, and £ is convex and continuous, then Condition 2 is always satisfied
(though possibly with r, = 0o0) by taking d,(x,y) = | — y|/(4B).
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2.2. A few examples of loss functions

Here we briefly mention a few loss functions ¢ in common practical use, all of
which are classification-calibrated. These examples are taken directly from the
work of Bartlett, Jordan, and McAuliffe [6], which additionally discusses many
other interesting examples of classification-calibrated loss functions and their
corresponding v, functions.

Example 1 The quadratic loss (or squared loss), specified as £(x) = (1 — )2,
is often used in so-called plug-in classifiers [3], which approach the problem
of learning a classifier by estimating the regression function E[Y|X = z] =
2n(z) — 1, and then taking the sign of this estimator to get a binary classifier.
The quadratic loss has the convenient property that for any distribution P over
X x Y, fp() =2n(-; P) — 1, so that it is straightforward to describe the set of
distributions P satisfying the assumption fj € F. In classification, this loss is
sometimes modified as £(x) = max{1 — z,0}?, called the truncated quadratic
loss. Bartlett, Jordan, and McAuliffe [6] show that for the quadratic loss (with or
without truncation), 1;(z) = 22, and Condition 2 is satisfied with L = 2(B+1),
Cor=1/4,ry=2.

Example 2 The ezponential loss is specified as ¢(x) = e~*. This loss func-
tion appears in many contexts in machine learning; for instance, the popular
AdaBoost method can be viewed as an algorithm that greedily optimizes the
exponential loss [18]. Bartlett, Jordan, and McAuliffe [6] show that under the

exponential loss, f*(z) = % ln<%> and 1y (z) = 1—v/1 — 22, which is tightly

approximated by x?/2 for small z. They also show this loss satisfies the condi-
tions on ¢ in Condition 2 with dy(z,y) = |[v—y|, L = eB,Cy = e~ B /8, and ry = 2.
Note, however, that for noise-free distributions, we would need f*(z) = +oo0,
which means most common function classes F could not be expected to contain
f* for this loss in the noise-free case.

Example 3 The hinge loss, specified as £(z) = max{l — x,0}, is another
common surrogate loss in machine learning practice today. For instance, it is
used in the objective of the Support Vector Machine (along with a regulariza-
tion term) [13]. Bartlett, Jordan, and McAuliffe [6] show that for the hinge loss,
f*(x) = sign(n(x) — 1/2) and 9y(x) = |z|. The hinge loss is Lipschitz contin-
uous, with Lipschitz constant 1. However, for the remaining conditions on ¢ in
Condition 2, any z,y < 1 have ${(z) + 24(y) = ((3z + 3y), so that §¢(e) = 0;
hence, r; = oo is required.

3. Methods based on optimizing the surrogate risk

Perhaps the simplest way to use a surrogate loss is to optimize Ry(h) over
h € F until identifying h € F with Rg(h) — R¢(f*) < T'p(e), at which point we
are guaranteed er(h) —er(f*) < . In this section, we introduce a classic passive
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learning method based on this strategy, and discuss the potential drawbacks of
this approach for active learning.

3.1. Passive learning: empirical risk minimization

In the context of passive learning, the method of empirical £-risk minimization is
one of the most-studied methods for optimizing Re(h) over h € F. To define this
method, we first introduce some notation. For any m € N, ¢: X — R, and S=
{(x1,91)s -, (Xmy Ym)} € (X x Y)™, we overload the Ry(g; -) notation, defining
the empirical (-risk as Re(g; S) = m™ Y%, €(g(xi)y:): that is, Re(g; S) is the
£-risk of g under the uniform distribution on S. At times it will be convenient to
keep track of the indices for a subsequence of Z, and for this reason we further
overload the notation, so that for any Q = {(i1,41), -, (im,ym)} € N x )™,
we define S[Q] = {(Xi;,v1),-..,(Xi,,ym)} and Re(g; Q) = Re(g; S[Q]). For
completeness, we also generally define Ry(g; 0) = 0.

The method of empirical ¢-risk minimization, here denoted by ERMy(H, Z,,,),
is characterized by the property that it returns i = argming, ¢4, Re(h; Z,,). This
is a well-studied and classical passive learning method, presently in popular use
in applications, and as such it will serve as our baseline passive learning method
for comparison. We review several known performance guarantees for ERM,
below.

3.2. Negative results for active learning

As mentioned, there are several active learning methods designed to optimize a
general loss function [9, 36]. However, it turns out that for many interesting loss
functions, the number of labels required for active learning to achieve a given
excess surrogate risk value is not significantly smaller than that sufficient for
passive learning by ERMjy.

Specifically, consider a problem with X = {z¢, 7}, a fixed B € (0,00), and
F as the set of all functions f with (f(zo), f(z1)) € [-B, B] x (0, B]. Let z €
(0,1/2) be a constant, let n(x1) = 1/2+ 2z, and suppose that £ is a classification-
calibrated loss with £ < oo such that for any n(zo) € [4/6,5/6], we have f* € F
(the latter condition could equivalently be stated as a constraint on B). Given
a small value € € (0, 2), let P({z1}) =¢/(22), P({z0}) =1 — P({x1}). For this
problem, any function h with sign(h(z1)) = —1 has er(h) — er(f*) > e, so that
Tu(e) < (e/(22)) (0= (n(z1)) — €*(n(x1))); since £ is classification-calibrated and
¢ < oo, this implies I'y(¢) < ce, for some ¢-dependent ¢ € (0,00). Any function
h with Re(h) — Re(f*) < ce for this problem must have E[¢(h(X)Y)|X = zo] —
E(f*(X)Y)|X = zo] < ce/P({z0}) = O(e). Existing results of Hanneke and
Yang [28] (with a slight modification to rescale for n(zg) € [4/6,5/6]) imply that,
for many classification-calibrated losses ¢, the minimax optimal number of labels
sufficient for an active learning algorithm to achieve this latter guarantee is
©(1/e). Hanneke and Yang [28] specifically show this for losses ¢ that are strictly
positive, decreasing, strictly convex, and twice differentiable with continuous
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second derivative; however, that result can easily be extended to a wide variety
of other classification-calibrated losses, such as the quadratic loss, which satisfy
these conditions in a neighborhood of 0. It is also known [6] (see also below)
that for many such losses (specifically, those satisfying Condition 2 with r, = 2),
©(1/¢e) random labeled samples are sufficient for ERM, to achieve this same
guarantee, so that error bounds based purely on the surrogate risk of the function
produced by an active learning method in this scenario can be at most a constant
factor smaller than those provable for passive learning methods.

Below, we provide an active learning algorithm and analysis of its perfor-
mance which, in the scenario above (with r, = 2), guarantees expected excess
error rate less than e, using a number of label requests O(log(1/¢) loglog(1/¢)).
The implication is that, to identify the improvements achievable by active learn-
ing with a surrogate loss, it is not sufficient to merely analyze the surrogate risk
of the function produced by a given active learning algorithm. Indeed, since we
are not particularly interested in the surrogate risk itself, we may even consider
active learning algorithms that do not actually optimize Ry(h) over h € F (even
in the limit).

4. Alternative use of the surrogate loss

Given that we are interested in ¢ only insofar as it helps us to optimize the er-
ror rate with computational efficiency, we might ask whether there is a method
that makes more effective use of ¢ for optimizing the error rate, while main-
taining the computational advantages. To explore this question, we propose the
following method, which generalizes the methods of Koltchinskii [36] and Han-
neke [25]. Results similar to those proven below should also hold for analogous
generalizations of the related methods of [4, 9, 14].

Algorithm 1:
Input: surrogate loss ¢, unlabeled sample budget u, labeled sample budget n
Output: classifier h

0.V« F,Q+{},m«1,t+0
1. Whilem <wuwand t <n
m<+ m+1
If X,, € DIS(V)
Request label V;,, and let Q < QU {(m,Y,)}, t +—t+1
If logy(m) € N

Ve {heV:R(hQ) —infev Re(g: Q) < Tu(V:Qum) }

Q< {}
8. Return h = argmin, oy Re(h; Q)

N o Otk

The intuition behind this algorithm is that, since we are only interested in
achieving low error rate, once we have identified sign(f*(z)) for a given z € X,

there is no need to further optimize the value E[{(h(X)Y)|X = z]|. Thus, as
long as we maintain f* € V, the data points X,, ¢ DIS(V) are typically less



Surrogate losses in passive and active learning 4657

informative than those X,,, € DIS(V'). We therefore focus the label requests on
those X,, € DIS(V), since there remains some uncertainty about sign(f*(X,,))
for these points. The algorithm updates V' periodically (Step 6), removing those
functions h whose excess empirical risks (under the current sampling distri-
bution) are relatively large; by setting this threshold 1, appropriately, we can
guarantee the excess empirical risk of f* is smaller than Ty. Thus, the algo-
rithm maintains f* € V' as an invariant, while shrinking the sampling region
DIS(V). The actual definition of 7} sufficient for the results stated below will be
specified in Section 6.3 below, based on data-dependent concentration inequal-
ities.

In practice, the set V' can be maintained implicitly, simply by keeping track
of the constraints (Step 6) that define it. Then the condition in Step 3 can
be checked by solving two constraint satisfaction problems (one for each sign).
Likewise, the value inf ;e Re(g; ) in these constraints, as well as the final il, can
be found by solving constrained optimization problems. Thus, for convex loss
functions and convex finite-dimensional classes of function, these steps typically
have computationally efficient realizations as convex optimization problems, as
long as the T} values can also be obtained efficiently.

We include general results on the performance of Algorithm 1 in Section 6
below. For now, we briefly sketch the main ideas of the analysis, in rough out-
line. For any measurable Y C X, and any h,g € F*, define the spliced function
hi,g(x) = h(x)1y(z) + g(2) Ly (z). For a set H C F*, denote Hyy,g = {hu g :
h € H}. In the special case g = f*, we abbreviate these as hy = hy s« and
Hy = {hy : h € H}. As mentioned, the idea in the analysis is to argue that
Algorithm 1 maintains f* € V', while also removing from V any function with
relatively large error rate, within a certain number of rounds. More explic-
itly, upon reaching m satisfying the condition in Step 5, if we denote L,, =
{(14+m/2,Y14m/2), -, (m,Y)}, then since every (m',Y,,/) € Ly, is either in
Q or else X,y ¢ DIS(V), every h € V has (Re(h; Q) — infyevRe(g; Q))|Q]
(Re(hpis(vy; £m) — infgevRe(gpis(vy: £m)) %5 - We therefore define T,(V;Q,m
to provide a concentration inequality R,(f*; L) — infgev Re(gpisvy; £m)
%Tg(V;Q,m), thus maintaining that f* € V in Step 6. This also implies
that, if Vpgovy C [F](2279;¢) upon reaching Step 5 (for some j € Z), then
V' C F(E¢(2%77);01). One can then show that, upon reaching m of a certain
size u; (quantified below), the value %Tg(V; @, m) will be small enough that,
in combination with concentration of Ry(hpis(v); £m) values, after the update
in Step 6, only functions h € V with Ry(hpisivy) — Re(f*) < 277 will re-
main: that is, after the update, Vpigvy € [F](277;¢). By induction, upon

~—

IN

reaching m of a sufficiently large size u; (quantified below), every h € V
has Re(hprgvy) — Re(f*) < T'e(e), which implies er(h) — er(f*) < e. This
provides a sufficient size of u to obtain excess error rate . Next, we note
that the algorithm requests a label Y;, only if X,, € DIS(V). The above
reveals that, if u;_1 < m < wj, then V. C F(&¢(2277);01), which implies
DIS(V) C DIS(F(€,(2277);01)). Thus, the number of labels the algorithm re-
quests among indices m with u;_1 < m < wu; is at most the number with
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X, € DIS(F(&¢(2%277);m)), a number which can easily by upper bounded by a
simple Chernoff bound. This provides a sufficient size of n for the algorithm to
obtain excess error rate €.

The number of label requests sufficient for Algorithm 1 to obtain excess
error rate € can often (though not always) be significantly smaller than the
number of random labeled data points sufficient for ERM; to achieve the same.
This is typically the case when P(DIS(F(g;01))) — 0 as ¢ — 0. When this is
the case, the number of labels requested by the algorithm is sublinear in the
number of unlabeled samples it processes. Not surprisingly, the magnitude of
the improvements of Algorithm 1 over ERM; can be quantified in terms of
the rate at which P(DIS(F(g;01))) vanishes as € — 0. In the next section, we
quantify this rate in terms of a complexity measure known as the disagreement
coefficient.

5. Main results

We provide a general analysis of Algorithm 1 in Section 6.4 below. For now,
we summarize a few of the most interesting implications of that analysis, under
commonly-studied complexity conditions: namely, VC subgraph classes and en-
tropy conditions. Detailed derivations for all of these results (from the abstract
theorems) are included in Section 7 below. Appendix C further includes a brief
discussion of VC major classes and VC hull classes. In the interest of making
the results more concise and explicit, we express them in terms of well-known
conditions relating distances to excess risks. We also express them in terms of a
lower bound on T'y(¢) of the type in (2), with convenient properties that allow
for closed-form expression of the results. Throughout, we use the convenient
notation Log(z) = max{In(x), 1}, defined for all = € (0, c0).

5.1. Diameter conditions

To begin, we first state some general characterizations relating distances to ex-
cess risks; these characterizations will make it easier to express our results more
concretely below, and make for a more straightforward comparison between re-
sults for the above methods. The following condition, introduced by Mammen
and Tsybakov [40] and Tsybakov [45], is a well-known noise condition, about
which there is now an extensive literature [e.g., 6, 24, 25, 34].

Condition 3. For some a € [1,00) and « € [0,1], for every g € F*,

A(g, f*) < a(er(g) —er(f*))".

Condition 3 is equivalently expressed in terms of certain noise conditions [6,
40, 45]. Specifically, satisfying Condition 3 with some « < 1 is equivalent to the
existence of some a’ € [1,00) such that, for all e > 0, P (z: |n(z) —1/2| <e) <
a’e®/(1=2) " which is often referred to as a low noise condition. Additionally,
satisfying Condition 3 with a = 1 is equivalent to having some a’ € [1,00)
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such that P (x : |np(x) —1/2| < 1/a’) = 0, often referred to as a bounded noise
condition.

For simplicity, we formulate our results in terms of a and a from Condition 3.
However, for the abstract results in this section, the results remain valid under
the weaker condition that replaces F* by F, and adds the condition that f* € F.
In fact, the specific results in this section also remain valid using this weaker
condition while additionally replacing (2) with the F-specific ¥}, requirement
mentioned in Section 2.1, as remarked above.

An analogous condition can be defined for the surrogate loss function, as
follows. Essentially-similar notions have been explored by Bartlett, Jordan, and
McAuliffe [6] and Koltchinskii [34].

Condition 4. For some b € [1,00) and 8 € [0,1], for every g € [F],

D¢ (g, f3: P)° < b(Re(g: P) — Re(f5: P))”.

Note that these conditions are always satisfied for some values of a, b, a, 53,
since « = [ = 0 trivially satisfies the conditions. However, in more benign
scenarios, values of o and g strictly greater than 0 can be satisfied. Furthermore,
for some loss functions ¢, Condition 4 can even be satisfied universally, in the
sense that it holds for a particular value of 8 > 0 for all distributions. In
particular, Bartlett, Jordan, and McAuliffe [6] show that this is the case under
Condition 2, as stated in the following lemma (see [6] for the proof).

Lemma 5. Suppose Condition 2 is satisfied. Let b = (QC'gcljgnm{w72’0})_'BL2 and
B = min{1, r2_4} Then every distribution P over X x Y with f§ € [F] satisfies
Condition 4 with these values of b and (3.

Under Condition 3, it is particularly straightforward to obtain bounds on
['s(e) based on a function Wy (e) satisfying (2). For instance, since x +— x1py(1/x)
is nonincreasing on (0, 00) [6], the function

Uy(e) = ac™ey (51_"/(2a)) (3)

satisfies Wy(e) < T'y(e) [6]. Furthermore, for classification-calibrated ¢, ¥, in
(3) is strictly increasing, nonnegative, and continuous on (0,1) [6], and has
W, (0) = 0; thus, the inverse, defined for v > 0 by ¥, '(y) = inf({e > 0: v <
U,(e)} U{1}), is strictly increasing, nonnegative, and continuous on (0, Uy(1)).
Furthermore, one can easily show x + ¥, '(z)/z is nonincreasing on (0, 00).
Also note that Yy > 0, E,(y) < ¥, ' (7).

For any distribution P over X x Y and any H C [F] with ff € H, let

Gu ={(z,y) = L(M(z)y) : h € H},
and Gy p = {(z,y) = L(h(2)y) — L(fp(x)y) : h € H}. (4)

Below, we let G* denote the set of measurable functions ¢ : X x Y — R. Also,
for G C G*, let F(G) = sup,cg |g| denote the minimal envelope function for G,
and for g € G* let ||g||% = [ g>dP denote the squared Lo(P) seminorm of g; we
will generally assume F(G) is measurable in the discussion below.
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5.2. The disagreement coefficient

In order to more concisely state our results, it will be convenient to bound
P(DIS(H)) by a linear function of radius(H), for radius(#) in a given range.
This type of relaxation has been used extensively in the active learning literature
[5, 9, 14, 19, 22-25, 36, 44, 50], and the coefficient in the linear function is
typically referred to as the disagreement coefficient. Specifically, the following
definition is due to Hanneke [22; 24]; related quantities have been explored by
Alexander [1] and Giné and Koltchinskii [20].

Definition 6. For any ro > 0, define the disagreement coefficient of a function
h: X — R with respect to F under P as

() — sup PLISBE) )

T>70 r

If f* € F, define the disagreement coefficient of the class F as 0(rg) = 0+ (ro).

The value of () has been studied and bounded for various function classes
F under various conditions on P. In many cases of interest, (¢) is known to
be bounded by a finite constant [5, 19, 22, 24, 39], while in other cases, ()
may have an interesting dependence on € [5, 44, 50]. The reader is referred
to the works of Hanneke [24, 25] for detailed discussions on the disagreement
coefficient.

5.3. VC subgraph classes

We begin with results for VC subgraph classes. For a collection A of sets, a set
of points {z1,...,2,} is said to be shattered by A if [{AN{z1,...,2x} : A €
A}| = 2*. The VC dimension vc(A) of A is then defined as the largest integer &
for which there exist k points {z1,. .., 2, } shattered by A [49]; if no such largest
k exists, we define vc(A) = oo. For a set G of real-valued functions, denote
by vc(G) the VC dimension of the collection {{(z,y) : y < g(x)} : g € G} of
subgraphs of functions in G (called the pseudo-dimension [29, 43]); to simplify
the results below, we adopt the convention that when the VC dimension of this
collection is 0, we let ve(G) = 1. G is said to be a VC subgraph class if ve(G) < oo
[47].

Because we are interested in results concerning values of Re(h) — Re(f*),
for functions h in certain subsets H C [F], we will formulate results below in
terms of ve(Gy ). In some special cases, such as monotonic ¢, these results can
be rephrased directly in terms of ve(H) if desired [e.g., 17, 29].

Following Giné and Koltchinskii [20], for r > 0, define By p(f5,7;¢) = {g €
H : De(g, f5; P)? < r}, and for ro > 0, define

2

Py,

[F (Gortrzrone) |
T¢(ro; H, P) = sup

r>rg r
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When P = Pxy, abbreviate this as 74(ro; H) = 7¢(r0; H, Pxv ), and when H =
F, further abbreviate 7(rg) = 7¢(ro; F, Pxy).
We can now state the following theorem, providing a sample size sufficient

for ERMy to obtain excess error rate €. This result is implicit in the work of
Giné and Koltchinskii [20].

Theorem 7. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3
and Condition 4, { is classification-calibrated, f* € F, and U, is as in (3), then
for any € € (0,1), letting 7o = 7, (b¥4(¢)?), for any m € N with

b 14
mz (Gt + g ) (@ALoe () +Los(1/0). (9

with probability at least 1 — &, ERM(F, Z,,) produces h with er(h) —er(f*) < e.

As noted by Giné and Koltchinskii [20], in the special case when ¢ is itself the
0-11loss (£ = 1|_,0)) and F is a set of {—1, +1}-valued classifiers, (5) simplifies
quite nicely, since then ”F(ng,ny(f*,r;e)ﬂ’xy)H%xy = P(DIS(B(f*,1))), so
that 7¢(r9) = 6(ro); in this case, we also have ve(Gr) = ve(F) and Uy(e) = /2,
and we can take = a and b = a, so that it suffices to have

m > cac® ? (ve(F)Log (0) + Log (1/6)),

where 6 = 6 (ae®) and ¢ € [1,00) is a universal constant. This is sometimes
proportional to the minimax number of samples for passive learning [11, 24, 44].

Next, we turn to the analysis of Algorithm 1 under these same conditions.
Suppose Pxy satisfies Conditions 3 and 4, and for 7y > 0, define

xe(ro) = sup LIS (BUTaée (1))

V1.
>0 b')/ﬁ

We claim the following theorem, bounding the number of samples (labeled and
unlabeled) sufficient for Algorithm 1 to obtain excess error rate ¢, under the
same conditions as Theorem 7. As mentioned above, the specific definition of
Ty sufficient for this theorem will be formally specified in Section 6.3. Also, the
specification of 5 will be given in the proof, in Appendix B.

Theorem 8. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3
and Condition 4, { is classification-calibrated, f* € F, and Wy is as in (3), for
any € € (0,1), letting 0 = 6 (ac®), x¢ = xe(Ve(e)), A1 = ve(Gr)Log(xel) +
Log(1/9), C1 = min{ﬁ,Log@/\IJ@(s))}, and By = min{C’l, %},
if u,n € N satisfy

b ¢
nee (‘I’e(f)g_ﬁ ! Wz(@)) A )
o b(A1 =+ Log(Bl))Bl 7(141 + Log(C’l))Cl
n > chae ( To(e)2P To(e) ) ; (7)
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then, with arguments €, u, and n, and an appropriate § function, Algorithm
1 uses at most u unlabeled samples and makes at most n label requests, and with
probability at least 1 — 0, returns a function h with er(h) —er(f*) <e.

To be clear, in specifying By and Cy, we adopt the convention that 1/0 = oo
so that By and C; are well-defined even when o = 1 or 8 = 1. When a < 1,
the dependence on ¢ in (7) is O (0e*¥,(¢)’~2Log(x)), while in the case o =
B =1, it is O (ALog(1/e)(Log(d) + Log(Log(1/¢)))). Comparing Theorem 8 to
Theorem 7, the conditions on u in (6) and m in (5) are almost identical, aside
from a logarithmic factor, so that the total number of data points indicated is
roughly the same. However, the number of labels indicated by (7) may often be
significantly smaller than the condition in (5), multiplying it by roughly fac®.
This reduction is particularly strong when 6 is bounded by a finite constant and
« is large. Moreover, this is the same type of improvement known to occur when
¢ is itself the 0-1 loss [24]; in particular, in this special case, (7) is sometimes
nearly minimax [24, 44]. Regarding the slight difference between (6) and (5)
from replacing 7, by x¢¢, the effect is somewhat mixed, and which of these is
smaller may depend on F and £. For £ the 0-1 loss, 7, = x¢f = 0(a(c/2)?).

In the case when ¢ satisfies Condition 2, we can derive the following some-
times-stronger result with the help of Lemma 5.

Theorem 9. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3,
¢ is classification-calibrated and satisfies Condition 2, f* € F, Uy is as in (3),
and b and B are as in Lemma 5, then for any € € (0,1), letting 0 = 0(ac®) and
As = ve(GF)Log ((Z_Q/b) (aeeo‘/\llg(e))ﬁ> + Log (1/6), and letting Cy be as in
Theorem 8, if u,n € N satisfy

b(aﬁa")lfﬂ l
u>c ( U, ()2 P + \I'g(5)> Ay, (8)

n>c (b <%(5:)>w + e(%)) (As + Log(C1))Ch, 9)

then, with arguments £, u, and n, and an appropriate § function, Algorithm
1 uses at most u unlabeled samples and makes at most n label requests, and with
probability at least 1 — 0, returns a function h with er(h) —er(f*) <e.

The constraint on u in (8) has O ( =2 Log [ (22)")) depend
e constraint on u in as v, o=7Log | | 7,5 ependence on
« \2-8 « \B
g, while the constraint on n in (9) has O ((f%(a)) Log ((%) )) in the
case a < 1, or O (6*PLog(1/e)Log (#°Log(1/c))) in the case o = 1. This is
noteworthy when 6 is small while « > 0 and 7, > 2, for at least two reasons.
First, the sufficient size of n in (9) is smaller than that in Theorem 8, multiplying

by roughly (a@a")l_ﬁ . Second, even the sufficient number of unlabeled samples in
(8) may be smaller than the sufficient number of labeled samples for ERM; from

Theorem 7, again multiplying by roughly (aﬁso‘)lfﬁ . Thus, in the case ¢ satisfies
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Condition 2 with r;, > 2, when Theorem 7 is tight, even with access to a fully
labeled data set, we may still prefer to use Algorithm 1 rather than ERM,. This
is somewhat surprising, since (as (9) indicates) we expect Algorithm 1 to ignore
the vast majority of the labels in this case. That said, it is not clear whether
there exist natural losses ¢ of this type for which Theorem 7 is competitive with
results for methods directly based on the 0-1 loss. Thus, these improvements in
uw and n in Theorem 9 may simply indicate that Algorithm 1 is, to some extent,
compensating for a choice of ¢ that would otherwise lead to suboptimal error
rates.

5.4. Entropy conditions

In this section, we consider characterizations of the complexity of F in terms
of entropy conditions. As with the above results, detailed derivations of all of
these results are presented in Section 7.3 below, based on the abstract theorems
presented in Section 6.4.

For a distribution P over X x Y, a set G C G*, and € > 0, let N'(¢,G, Lo2(P))
denote the size of a minimal e-cover of G (that is, the minimum number of balls
of radius at most ¢ sufficient to cover G), where distances are measured in terms
of the Ly(P) pseudo-metric: (f,g) — ||f — gllp. Also, for functions g1 < go, a
bracket [g1, g2] is the set of functions g € G* with g1 < g < ¢2; [g1, g2] is called
an e-bracket under Ly (P) if ||g1 — g2||p < €. Then Njj(e,G, L2(P)) denotes the
smallest number of e-brackets (under Lo(P)) sufficient to cover G.

The following represent two commonly-studied conditions.

Condition 10. For some ¢ > 1, p€ (0,1), F > F(Gr py, ), either Ve >0,
N (e||Fllpxy G, La(Pxy)) < ge= %, (10)
or for all finitely discrete P, Ve > 0,
In N (e||F||p, GF, La(P)) < ge~2*. (11)

The following theorem is a classic result on the performance of ERM, under
the above conditions [e.g., 6, 47].

Theorem 11. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3
and Condition 4, F and Pxy satisfy Condition 10, ¢ is classification-calibrated,
f*eF, and Uy is as in (3), then for any € € (0,1) and m with

mz M ()
== \ W rn T g,
b l 1
e <we<s>w - \Ife(s>> ks (5> ’

with probability at least 1 —§, ERMy(F, Z,,) produces h with er(iz) —er(f*) <e.
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Turning to the analogous setting for active learning, we are able to establish
the following theorem on the performance of Algorithm 1 under these same
conditions.

Theorem 12. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3
and Condition 4, F and Pxvy satisfy Condition 10, £ is classification-calibrated,
fr*e€F, and Uy is as in (3), then for any e € (0,1), letting By and Cy be as in
Theorem 8, By = min{Bl, #}, Cy = min{Cl, #}, and abbreviating
0 =0 (ac®), if u,n € N satisfy

o allFlE,, A
=02 \ W ()2 ) T W (e) e
b l 1
L - 12
+C(\I’e(€)2‘5+‘1’4(5)) Og<5>’ (12)

(I”F”?DPXY b'=P B, e
(= pP \ G700 * Gy

n > chac®

+ C@aé‘a (bBlLOg(Bl/(S) + ZC’lLog(Cl/(;)) ’ (13)

@4(5)2_'6 \I/g(f;‘)

then, with arguments £, u, and n, and an appropriate § function, Algorithm
1 uses at most u unlabeled samples and makes at most n label requests, and with
probability at least 1 — 0, returns a function h with er(h) —er(f*) <e.

The constraint on « in (12) is identical (up to constant factors) to the sample
size in Theorem 11 sufficient for ERM, to achieve the same. In contrast, when
6 is small, the constraint on n in (13) improves this, multiplying by a factor
x fas®.

As before, when ¢ satisfies Condition 2, we can derive sometimes-stronger
results via Lemma 5. In this case, we will distinguish between the cases of (11)
and (10), as we find a slightly stronger result for the former. We begin with the
following result, under the uniform entropy condition (11).

Theorem 13. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3,
¢ is classification-calibrated and satisfies Condition 2, f* € F, ¥y is as in (3),
b and B are as in Lemma 5, and (11) is satisfied with F < € (V finitely discrete
P, Ve >0), then Ve € (0,1), for Cy as in Theorem 8 and 6 = 0 (ac®), if

o) () (25) ™+ (85) (s
() () i) e (3)

n>ec ( ql*Cy ) pl—p ( afe™ )2B(1p) L ( afe® )Hp
— \(1-p)2 Wy (e) Wy(e)
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then, with arguments £, u, and n, and an appropriate § function, Algorithm

1 uses at most u unlabeled samples and makes at most n label requests, and with
probability at least 1 — 0, returns a function h with er(h) —er(f*) <e.

Compared to Theorem 12, the constraints for u and n here may have improved

1—5(1—9))_ Furthermore, for small 6,

dependences on &, multiplying by O ((950‘)

these are also smaller than the size of m for ERM,(F, Z,,) from Theorem 11.
Next, we turn to the bracketing entropy condition (10). For simplicity, we

will only consider the case that (10) is satisfied with F' = ¢ constant. In this

case, we have the following result.

Theorem 14. For a universal constant ¢ € [1,00), if Pxy satisfies Condition 3,
¢ is classification-calibrated and satisfies Condition 2, f* € F, U, is as in (3),
b and B are as in Lemma 5, and (10) is satisfied with F = £, then Ve € (0,1),
letting Cy be as in Theorem 8, Co be as in Theorem 12, and 0 = 6 (ae®), if

ql72p bl—p afs® (1-8)(1-p) Zl—p
u>c S —
((1 - P)2> (‘PZ(E)H’J) (‘I’e(ﬁ)> y(e)te
+c L ae—go‘ o + L Lo l
Ty(2) ) \Wy(e) Te) ) B\5 )
qEchfQ pl-r afs® 1+(1-8)(1-p) =P gfhe™
"=\a—r) \\wer) \we T e
afe® > _ [ ahe> C’1>
+c|lb|——= +0 —— CiLog | — ),
C( (Wﬂd) (@A@)) 1 g(a
then, with arguments £, u, and n, and an appropriate § function, Algorithm

1 uses at most u unlabeled samples and makes at most n label requests, and with
probability at least 1 — 0, returns a function h with er(h) —er(f*) <e.

Compared to Theorem 12, the dependence on ¢ in the sizes for both v and
n may be smaller here, multiplying by O<(95a)(175)(17p))’ which is sometimes
significant, though not quite as dramatic a reduction as we found under (11) in
Theorem 13. As with Theorem 13, when (%) = o(¢~%), the sizes of w and n

indicated by Theorem 14 are smaller than the results for ERM,(F, Z,,) from
Theorem 11.

5.5. An example: discrete distributions

As a concrete example applying the above results, we find that Algorithm
1 generally provides some benefits for discrete P distributions. To describe
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these benefits quantitatively, consider the special case where 3x1,x5,... € X
with P({z;}) = 2%, and n(z) € [0,15] U [1 — v, 1] for each z € X, where
vy € [0,1/2) is a constant. Set F = {f € F* : sup,cy |f(z)| < 1}, and
take ¢ to be the quadratic loss (in which case ¢ = 4). In particular, since
f*(x) = 2n(x) — 1 € [-1,1], the condition f* € F is satisfied in this scenario.
We will use Theorem 12 to bound the number of labels sufficient for Algorithm
1 to achieve excess error rate . For any g € F*, we have er(g) — er(f*) =
Y ien Ipis(ig, £ (i) |1 — 2n(z:)[P({x:i}) > (1 — 219)A(g, f*), so that Condi-
tion 3 is satisfied with &« = 1 and @ = 1/(1 — 21y). Furthermore, F is convex,
and this ¢ satisfies Condition 2, with =1 and b = 32 in Lemma 5. Also, since
Ye(x) = 22 here [6], we have that Wy(c) = e27%/(4a) = (1 — 21p)e/4. Addi-
tionally, this scenario satisfies (10) in Condition 10 with ¢ = Z and p = £ + w,
for any choice of w € (0,1/2]; we include a simple proof of this fact in Ap-
pendix B.1. Finally, we bound 0(rg) for r¢ € (0,1]. For any r € (0,1), we have
DIS(B(f*,r)) N {z; : i € N} = {z;: 2% <r}, so that P(DIS(B(f*,7))) <
S ispo1a i S r3/4 Therefore, 0(r) S 7"5”4.

-1
Plugging these values into Theorem 12, and choosing w = (ln (m)) ,

we find that there is a label budget n, sufficient to guarantee er(h) —er(f*) <e
with probability at least 1 — ¢ in Algorithm 1, with dependence
S (5‘7/12Log(1/5)) on &. For comparison, the corresponding bound for ERM,
from Theorem 11 has dependence © (e7#/3Log(1/e)). This is larger than the
above bound by a factor © (5_3/4). Furthermore, one can show an Q(e~%/3)
lower bound on the sample size necessary to obtain ¢ minimaz expected excess
error rate for passive learning in this scenario. Thus, Algorithm 1 achieves a
significant improvement over the guarantees achievable by all passive learning
methods. The details of this minimax lower bound are included in Appendix B.1.

5.6. An example: linear functions

As another example applying the above results, consider the class of homoge-
neous linear functions. Specifically, fix any k € N with k > 5, X = {z € R¥ :
|lz]| < 1}, and consider the class F = {z — w -z : w € R¥ |Jw| < 1}. Take
¢ as the quadratic loss (in which case £ = 4). Together with the assumption of
f* € F, this restricts Pxy to have n(z) = (w -z + 1)/2 (almost everywhere),
for some w € R* with ||w|| < 1. Furthermore, this ¢ satisfies Condition 2, with
B =1and b= 32 in Lemma 5, and has ¥y(c) = £27%/(4a). It is also known
that ve(Gr) < k (following from arguments of [16, 29]). Additionally, for this
class F, it is known that if P has a density (with respect to Lebesgue measure),
then 0(g) = o(1/¢) [26]. Together, these facts imply that, if P has a density, the
sufficient size of n in Theorem 9 has dependence on ¢ that is o (€*?Log(1/¢)).
We also note that, by varying P, it is possible to realize any « value in (0, 1] in
Condition 3 [see 12, 15].

To exhibit a concrete example, consider the simple scenario of P uniform on
{z € R* : ||z|| = 1}, and suppose Pxy is such that f* € F. For simplicity, also
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suppose the w € R¥ with f*(z) = w - z satisfies ||w|| = 1. In this case, one can
show that Condition 3 is satisfied with a oc k'/* and o = 1 /2. For completeness,
a proof of this is included in Appendix B.2. It is also known that 6(¢) < 7v/k for
this scenario [22]. Plugging all of this into Theorem 9 reveals that, for Algorithm
1 to achieve excess error rate ¢ with probability at least 1 — 4 (given sufficiently
large w), it suffices to have a label budget n of size at least

() 2 ()

for a universal constant ¢ > 0. In contrast, Theorem 7 gives a sufficient sample
size for ERM,(F, -) proportional to % (kLog(k) + Log(1/4)), which is signifi-
cantly larger than the above size of n for ¢ sufficiently small. To our knowledge,
it is not presently known what the optimal sample complexity of passive learn-
ing is for this scenario, so that in contrast to the previous example, here we can
only claim an improvement in the upper bound. We note that Dekel, Gentile,
and Sridharan [15] have also studied active learning with this F and ¢ under
the same assumption of f* € F, and established a similar result to the above
(with slightly better dependence on k but slightly worse logarithmic factors),
via a learning method tailored specifically to this function class.

6. General theorems

The remainder of the article is devoted to a general analysis of Algorithm 1,
from which we derive the more-explicit theorems stated above. The results are
formulated analogously to localization arguments common in the literature on
empirical risk minimization, but with a slight twist to introduce a relevant sub-
region to the argument. As such, we begin with a discussion of general localized
sample complexity bounds.

6.1. Localized sample complexities

The derivation of localized excess risk bounds is essentially motivated as fol-
lows. We are interested in bounding the excess /(-risk of the h returned by
ERM¢(H, Z,,). Suppose we have a coarse guarantee Uy(H,m) on this value:
that is, Re(h) — infren Re(h) < Up(H,m). In a sense, this guarantee identifies
a set H' C H of functions that a priori may have the potential to be returned
by ERM¢(H, Z,,) (namely, H' = H(U,(H,m);£)), while those in % \ H' do not.
With this information in hand, we can think of H’ as a kind of effective function
class, and we can think of ERM,(#, Z,,) as equivalent to ERM,(H’, Z,,). We
may then repeat this same reasoning, now thinking of h as the function returned
by ERM,(H', Z,,): that is, we calculate Uy(H’, m) to determine a further sub-
set H" = H'(U(H',m);€) C H' of functions that we again expect to contain
the empirical minimizer h, so that ERM(H/, Z,,) = ERMy(H", Z,,), and so
on. This repeats until we identify a fixed-point set (> of functions such that
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H®)(Up(H ), m); £) = H(>®), so that no further reduction is possible. Follow-
ing this chain of reasoning back to the beginning, we find that ERMy(H, Z,,) =
ERM, (7—[(00) , Zm), so that the function h returned by ERM¢(H, Z,,) has excess
(-risk at most Uy(H(>*), m), which may be significantly smaller than Uy(H,m),
depending on how U,(H,m) varies with H.

To formalize this fixed-point argument for ERM,(H, Z,,), Koltchinskii [34]
makes use of the following quantities to define the coarse bound Uy(H,m) [see
also 8, 20]. For any H C [F], m € N, s € [1,00), and any distribution P on
X x Y, letting S ~ P™, define

¢o(H;m, P) =E LsupH (Re(h; P) = Re(g; P)) — (Re(h; S) — Re(g; 5))] ;
S

_ _ — /S Kggs

U@(H7P7m58):Kldjé(H7m7P)+K2D€(H7P) E_F 3

m

: - ‘

where K 1, R’g, I_(g, and K are appropriately chosen constants.

We will be interested in having access to these quantities in the context of our
algorithms; however, since Pxy is not directly accessible to the algorithm, we
will need to approximate these by data-dependent estimators. Toward this end,
we define the following quantities, again taken from the work of Koltchinskii [34].
For any H C [F], ¢ € N, and S = {(z1,y1),--., (24, y4)} € (X x {—1,+1})9,
let H(e;€,S) ={h € H :Re(h;S) —inf ey Re(g; S) < €}; then for any sequence
E={&}{_, € {-1,+1}9, and any s € [1, 00), define

bH; S,Z) = sup =5 & (Clh(mlyn) — Lglzim)

h,geH 4 =1

Du(H; 9)? = sup =3 (Ulhlar)ye) — Ag(wue),

h,geH 4 =1

. X R 7520,
Ui(H; S, E,s) = 12¢g(H;S,E)+34Dg(’H;S)\/§+ 7 8.

For completeness, let ¢g(H;0,0) = Dy(H;0) = 0, and UQ(H;@,@LS) = 752!75.
The above U quantities (with appropriate choices of K7, Ks, K3, and K) can
be formally related to each other and to the excess ¢-risk of functions in H via

the following general result; this variant is due to Koltchinskii [34].

Lemma 15. For any H C [F], s € [1,00), distribution P over X x Y, and
any m € N, if S ~ P™ and E = {&,...,&n} ~ Uniform({—1,+1})™ are
independent, and h* € H has Re(h*; P) = infrcy Re(h; P), then with probability
at least 1 — 6e™ %, the following claims hold.

Vh € H,Re(h; P) = Re(h™; P) < Re(h; S) — Re(h™; S) + Ue(H; Pym, ),
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Wh € H,Re(h; S) = inf Re(g; S) < Re(h; P) = Re(h"; P) + Ue(H; Pym, s),
g
Us(H; Pym,s) < Up(H; S, 2, s) < Ug(H; Pym, s).

We typically expect the quantities U, U ,and U to be roughly within constant
factors of each other. Following Koltchinskii [34] and Giné and Koltchinskii [20],
we can use this result to derive localized bounds on the number of samples
sufficient for ERM,(H, Z,,) to achieve a given excess (-risk. Specifically, for
H C [F], distribution P over X x Y, values v,71,72 > 0, s € [1,00), and any
function s : (0,00)? — [1,00), define the following quantities.

My (y1,72; H, P,s) = min {m € N: Up(H(v2: 4, P); Pym,s) < 'yl} ,
M (v H, P.s) = sup Me(v'/2,7"sH, P,s(v,7"),

Y=

My(v1,v2; H, P, s) = min {m eN: Ug(H(ny;ﬁ, P);P,m,s) < 'yl} ,
My(y; M, P,s) = sup M(v'/2,7's 1, P,s(v,7)).

Y=

These quantities are well-defined for ~v1,72,v > 0 when lim,,, o, ¢¢(H;m, P) =
0. In other cases, for completeness, we define them to be oco.

In particular, the quantity My(v; F, Pxy,s) is used in Theorem 17 below to
quantify the performance of ERM,(F, Z,,,). The primary practical challenge in
calculating M (vy; H, P,s) is handling the ¢,(H(v'; ¢, P); m, P) quantity. In the
literature, the typical (only?) way such calculations are approached is by first
deriving a bound on ¢¢(H'; m, P) for every H' C H in terms of some natural
measure of complexity for the full class H (e.g., entropy numbers) and some
very basic measure of complexity for H': most often Dy(H'; P) and sometimes a
seminorm of an envelope function. After this, one then proceeds to bound these
basic measures of complexity for the specific subsets H(v'; ¢, P), as a function of
~'. Composing these two results is then sufficient to bound ¢¢(H('; ¢, P); m, P).
For instance, bounds based on an entropy integral tend to follow this strategy.
This approach effectively decomposes the problem of calculating the complexity
of H(~'; £, P) into the problem of calculating the complexity of H and the prob-
lem of calculating some more basic properties of H(v'; £, P). See [6, 20, 34, 47],
or Section 7.1 below, for several explicit examples of this technique.

Another technique often (though not always) used in conjunction with the
above strategy when deriving explicit rates of convergence is to relax
Dy(H(v';¢, P); P) to De(F*(v'; £, P); P) or De([H](«'; £, P); P). This relaxation
can sometimes be a source of slack; however, in many interesting cases, such as
for certain losses or noise conditions, this approach can still lead to nearly tight
bounds [6, 40, 45].

For our purposes, it is convenient to make these common techniques explicit in
the results. This will make the benefits of our proposed method more apparent,
while still allowing us to state results in a form abstract enough to encompass
the more-specific complexity measures referenced in the theorems of Section 5.
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Toward this end, we have the following definition (recall the definitions of hy 4
and My 4 from Section 4 above).

Definition 16. For every distribution P over X x Y, let ég(a,’H;m,P) be a
quantity defined for every o € [0,00], H C [F], and m € N, such that the
following conditions are satisfied when [} € H.

If0<o <o HCH C[F,UCX, and m' <m,
then g?)g(or, Hu,55m, P) < (55@(0',7-[’; m’, P). (14)
Vo > De(H; P), ¢e(H;m, P) < ¢(o, H;m, P). (15)

For instance, most bounds based on entropy integrals can be made to satisfy
this. Section 7.1 states explicit examples of quantities g?)g from the literature that
satisfy this definition. Given a function ¢, of this type, we define the following
quantity for m € N, s € [1,00), ¢ € [0,00], H C [F], and a distribution P over
X x ).

Us(H,¢; Pym, s)

R(@mmmmamﬁmwmfmrmmmwwnmJi+ﬁ)
Note that when fj € H, since Dy([H](7; 4, P); P) > Dy(H(v; ¢, P); P), Defi-
nition 16 implies ¢¢(#(v; ¢, P);m,P) < dg(De([H](v: ¢, P); P),H(7; ¢, P);m,P),
and furthermore H(v; ¢, P) C H so that (Z)g(Dg([H}( 0, P); P),H(v; 4, P);m, P)
< ¢o(Dy([H](7; £, P); P), H;m, P). Thus,

U(H(v; ¢, P); Pym, ) < Ug(H(v; 4, P),v; Pym, s) < Up(H,~; Pym, s).  (16)

Furthermore, when f} € H, for any measurable Y C U’ C X, any v’ > v > 0,
and any H' C [F] with H C H/,

ﬁf(Hu,f;,>’y;P7m7S) S ﬁ[(H{C{/J;fYGP,TTL,S). (17)

Note that the fact that we use Dy([H](7; ¢, P); P) instead of Dy(H(v; ¢, P); P)
in the definition of Uy is crucial for these inequalities to hold; specifically, it is
not necessarily true that D¢(Hey s (7; 4, P); P) < De(Hur g5 (734, P); P), but it
is always the case that [Hy, 52 |(v; ¢, P) € [Hur 55 ](7; ¢, P) when f3 € [H], and
therefore Dg([HuJ};](’y;é, P);P) < Dg([Hugf};](’y;f,P); P).

Finally, for H C [F], distribution P over X x ), values v,71,72 > 0, s €
[1,00), and any function s : (0,00)? — [1,00), define

1\O/Ig('yl,'yg;7-[ P, s) = min{m eN: [}z(’H,"YQ;P m,s) < 'yl},

M(y; H, P,s) = sup Me(v' /2,7 H, P,s(v,7").
y'2y

For completeness, define My(y1,7y2; M, P, s) = oo when Up(H,v2; P,m, s) > 7
for every m € N.
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It will often be convenient to isolate the terms in U, when inverting for a
sufficient m, thus arriving at an upper bound on M. Specifically, define

) / 12
My(y1,72;H, P, s) = min{m € N: Dy([H](v2; ¢, P); P) % + = < 71},

m

M2(71772;Hﬂp) = min {m eN: (;52 (DZ([H](’Y%€7P)ap)avaaP) S 71} .

This way, for & = 1/(2K), we have

o

MZ(’Yla’YQ;/;LLPv S) < max {M€(5717’Y2;H7 P)vMé(éth'YQ;Ha Pa S)} . (18)
Also note that we clearly have

. 4D 0, P);¢,P)? 20
MZ(’}/17'72;H,P, S) S s -max{ Z([H](,ny;gv )a ’ ) ’7_},
1 1

(19)

so that, in the task of bounding I\G/Ig7 we can simply focus on bounding M.

We will express our main abstract results below in terms of the incremental
values My(v1,v2; H, Pxy, s); the quantity My(y; H, Pxy,s) will also be useful
in deriving explicit results for ERM,. When f} € #, (16) implies

My(y; M, P,s) < My(v;H, P,s) < My(v; H, P, 5). (20)

6.2. General analysis of empirical risk minimization

Based on Lemma 15 and the above definitions, one can derive a bound on the
number of labeled data points m sufficient for ERM,(F, Z,,,) to achieve a given
excess error rate. Specifically, the following theorem is due to Koltchinskii [34]
(slightly modified here, following Giné and Koltchinskii [20], to allow for general
s functions). It will be useful for deriving Theorems 7 and 11. For ¢ > 0, let
Ze={j€Z:2 >¢}.

Theorem 17. Fiz any function s : (0,00)% — [1,00). If f* € F, then for any
m > My(Ty(e); F, Pxy,5), with probability at least 1 — > ienr . Ge—s(e(2):27)
4 €

ERM/(F, Z,,) produces a function h such that er(h) — er(f*) < e.

6.3. Specification of Ty in Algorithm 1

The quantity T} in Algorithm 1 can be defined in one of several possible ways. In
our present abstract context, we consider the following definition. Let {& }ren
denote independent Rademacher random variables (i.e., uniform in {—1,41}),
also independent from Z; these should be considered internal random variables
used by the algorithm, which is therefore a randomized algorithm. For any

q € NU {0} and Q = {(ilayl)v"'v(iquq)} € (N X {_1’_’_1})q7 let E[Q] =
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{& Y4_,, and for s > 1, define Uy(H; Q, s) = Us(#; S[Q], Z[Q), s), where S[Q] =
{(Xi, 1), .., (Xi,,4q)}, as previously defined. Then we can define the quantity
Tg in the method above as

TZ(H;va) = ﬁl(Hang(m))a (21)

for some 5 : N — [1,00). This definition has the appealing property that it
allows us to interpret the update in Step 6 in two complementary ways: as com-
paring the empirical risks of functions in V' under samples from the conditional
distribution of (X,Y") given X € DIS(V), and as comparing the empirical risks
of the functions in Vpig(y) under samples from the original distribution Pxy-.
Our abstract results below are based on this definition of Tg. This can some-
times be problematic due to the computational challenge of the optimization
problems in the definitions of Qgg and Dy. There has been considerable work on
calculating and bounding d;g for various classes F and losses ¢ [e.g., 7, 33], but it
is not always feasible. However, the specific theorems stated in Section 5 above
continue to hold if we instead take T} based on a well-chosen upper bound on
the respective U, function, such as those obtained in the derivations of those
respective results below; we provide descriptions of such efficiently-computable
relaxations, for each of these results, in Appendix D (though in some cases,
these bounds have a mild dependence on Pxy via certain parameters of the
specific noise conditions considered there).

6.4. General analysis of Algorithm 1

The following theorem represents our main abstract result. The key steps in its
proof were already sketched above in Section 4. The complete proof is included
in Appendix A.

Theorem 18. Fiz any function 6 : N — [1,00). Let jo= —[logy()], uj,—2 =
uj,—1 = 1, and for each integer j > jo, let ]:j:]:(8@(227]');m)DIS(].-(ge(szj);Ol)),
U; = DIS(F;), and suppose u; € N satisfies logy(u;) € N and

Uj > 21\7[@(27j71, 227]'; fj,lpxy,ﬁ(u]‘)) Vauj1V 2Uj_2. (22)

Suppose f* € F. For any e € (0,1), s € [1,00), letting jo = [logy(1/Te(e))], if

Je
u > u,, and n> s+ 2e Z P(U;j)u;,
J=Jje
then, with arguments £, u, and n, Algorithm 1 uses at most u unlabeled samples,
requests at most n labels, and with probability at least 1—2_5—220512(“"5) 6e5(2%)
returns a function h with er(h) —er(f*) <e.

In defining and calculating the values 1\0/[g in Theorem 18, it is sometimes
convenient to use the alternative interpretation of Algorithm 1, in terms of
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sampling the set S[Q] from the conditional distribution given the region of
disagreement. Specifically, for any measurable &4 C X with P(U) > 0, define
the probability measure Py(-) = Pxy ([ x V): that is, Py is the conditional
distribution of (X,Y") ~ Pxy given that X € U. Generally, for any probability
measure P on X x Y, and any measurable Y C X x Y with P(U) > 0, define
Py(-) = P(-|U). Also, for any H C F*, define the region of value-disagreement
DISF(H) = {z € X : 3h,g € H s.t. h(z) # g(z)}, and denote by DISF(H) =
DISF(H) x Y. The following lemma then allows us to replace calculations in
terms of F; and Pxy with calculations in terms of F(€¢(2'~7); 01) and Pprs(x,)-
Its proof is included in Appendix A.

Lemma 19. Let q;g be any function satisfying Definition 16. Let P be any
distribution over X x Y. For any o >0, # C [F], m € N, if P (DISF(H)) > 0,
define

Oy(a, Hym, P) =

a

. ; . Ly i
32 Z/{:%/Illlfxyz P(“)¢@<W7H7 [(I/Q)P(u)mLPU) + m + \/; s

U’ DODISF(H)
(23)

and otherwise QOS'Z(J,’H;m, P)=0. Then gb% also satisfies Definition 16.

Plugging this qﬁ% function into Theorem 18 immediately yields the following
corollary; the proof is included in Appendix A.

Corollary 20. Fixz any function § : N — [1,00). Let j, = —[logs(¢)], define
Uj,—2 = Uj,—1 = 1, and for each integer j > jg, let F; and U; be as in Theo-
rem 18, and if P(U;) > 0, suppose u; € N satisfies logy(u;) € N and

92=J=7 92—j

ui 2 4PUy) "M (P(un’ (L)

;.Fj,'Puj,ﬁ(Uj)> Vi1 \/QUj_Q. (24)

IfPU;) =0, let u; € N satisfy logy(u;) € N and uj > K05(uj)2t2Vu,;V2u;_s.
Suppose f* € F. For any € € (0,1), s € [1,00), letting j. = [logo(1/T¢(€))], if

jE
u > uj, and n>s+2e Z P(U;)u;,
J=Jje
then, with arguments £, u, and n, Algorithm 1 uses at most u unlabeled samples,
requests at most n labels, and with probability at least 1—2*8—2?2512(""5) 6e (2,
returns a function h with er(h) —er(f*) <e.

7. Derivations of the explicit results

We are now ready to present derivations of the explicit results of Section 5, based
on the general results of the previous section. To simplify the presentation, we
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often omit numerical constant factors in the inequalities below, and for this we
use the common notation f(z) < g(z) to mean that f(z) < cg(z) for some
implicit numerical constant ¢ € (0, c0).

7.1. Specification of (;Sg

We begin by recalling a few well-known bounds on the ¢, function, which lead
to a more concrete instance of a function ¢, satisfying Definition 16.

Uniform Entropy: The first bound is based on the work of van der Vaart and
Wellner [48]; related bounds have been studied by Giné and Koltchinskii [20],
Giné, Koltchinskii, and Wellner [21], van der Vaart and Wellner [47], and others.
For 0 > 0 and F € G*, define the function

J(0,G,F) :sup/ \/1+1nJ\/(6HFHH7Q,L2(H))d5,
i Jo

where II ranges over all finitely discrete probability measures.

Fix any distribution P on X x ). Since J(o, Gy, F) = J(0,Gy p, F), it follows
from Theorem 2.1 of van der Vaart and Wellner [48] (and a triangle inequality)
that for some universal constant ¢ € [1,00), for any m € N, F > F(Gy p), and
o > Dy(H; P),

de(H;m, P) < (25)
J( 0 ’F) ”FHPZ
o 1 e ¥H
ot (0w e | 7+ 7

Based on (25), it is straightforward to define a function ¢ that satisfies Defini-
tion 16. Specifically, define

Oél)(o, H;m,P) =

1 J(“F)“Pag?-LvF) ||F||PZ

A
inf  inf ¢J (—=—. Gy, F | [[Fllp | —
ol infe <”F”P,9H, )II lp | ==+ m ;

(26)

for ¢ as in (25). By (25), ogl) satisfies (15). Also note that m — qzoﬁgl)(a, H;m, P)
is nonincreasing, while o — qz%él)(a,H;m,P) is nondecreasing. Furthermore,
H — N (g, Gy, Lo(I1)) is nondecreasing for all I1, so that H — J(o, Gy, F) is non-
decreasing as well; since H — F(Gy p) is also nondecreasing, we see that H —

q"sél)(a,’}—[;m,P) is nondecreasing. Similarly, for U C X, N(E,g’;—[b{“f}g,LQ(H)) <
N(g, Gy, Lo(IT)) for all TI, so that J(o, Q;.[uyf;),F) < J(o,Gx,F). Since

F(Gry s P) < F(Gr.p), we have o)) (0, Hys, 51:m, P) < ¢4 (0, Hsm, P) as well
Thus, to satisfy Definition 16, it suffices to take QDSZ = 01(31).
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Bracketing Entropy: Our second bound is a classic result in empirical process
theory. For o > 0, define the function

Jy(0,G.P) :/O U+ A (e G. Lo(P))de.

Fix any H C [F], and let Gy; and Gy p be as above. Then since Jjj(o, Gy, P) =
Jy(o,Gu,p, P), Lemma 3.4.2 of [47] and a triangle inequality imply that for
some universal constant ¢ € [1,00), for any m € N and o > D,(H; P),
LJF Jy (0,G, P) L
Vm o?m '
As-is, the right side of (27) nearly satisfies Definition 16 already. Only a small
change is needed for the requirement of monotonicity in o. Specifically, define
vm A2m ’

for ¢ as in (27). Then taking é( = éf) suffices to satisfy Definition 16.

bu(Hsm, P) < cJy (0, Gn, P) ( (27)

0 (0, H;m, P) = fnf ¢y (A G, P) ( 0

Since Definition 16 is satisfied for both g%l) and qoﬁf), it is also satisfied for
gzoﬁg = min{ Oﬁl), qubf)}. The remainder of this section takes this as the specifica-

tion of the <Zg function.

7.2. VC subgraph classes

The following is a classic result for VC subgraph classes [see e.g., 47], derived
from the works of Pollard [42] and Haussler [29].

Lemma 21. For any G C G*, for any measurable F > F(G), for any distribution
IT such that ||F||nx > 0, for any € € (0,1),

2ve(G)
N (e|[Fll, G, La(ID) < A(G) (3) ,

I3

where A(G) < (ve(G) + 1)(16e)e(9),
In particular, Lemma 21 implies that any G C G* has, Vo € (0,1],

J(0,G,F) < /OU\/ln(eA(g)) +2ve(G) In(1/e)de < o+/ve(G)Log(1l/o).  (29)

Applying these observations to J(o,Gy p,F) for H C [F] and F > F(Gy p),
noting J(o,Gy,F) = J(0,Gu,p,F) and ve(Gy p) = ve(Gy), and plugging the
resulting bound into (26) yields the following well-known bound on g;)y) due to
Giné and Koltchinskii [20]. For any m € N and o > 0,
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b (o, H;m, P)

ve(Gy ) Log (HF(g?-;\,P)HP) VC(gH)ELOg (”F(QK,P)HP>
< inf A + . (30)
A>o m m

Specifically, to arrive at (30), we relaxed the infp>p(g,, ) in (26) by taking I >
F(Gy. p) such that ||F||p = max{o, ||[F(Gy. p)|lp}, thus maintaining \/||F||p €
(0,1] for the minimizing A value, so that (29) remains valid; we also used the
fact that Log > 1, which gives us Log(||F||p/A) = Log(||F(Gwn,p)|lp/A) for this
case.

In particular, (30) implies

Me(v1,72:H, P)
,
< A £> ve(Gr)Log ( |F(g7;,p>||p> G

< inf (
o>De([H](v2:4,P);P) \ VT M

For A > 0, when f§ € H and P satisfies Condition 4, (31) implies that,

sup My(v/(4K),v; H(7; ¢, P), P)
Y=A

S (}\21)—5 + i) ve(Gy)Log (¢ (DA% H, P)) . (32)

Combining this observation with (16), (18), (19), (20), and Theorem 17, we
arrive at a result for the sample complexity of empirical ¢-risk minimization
with a general VC subgraph class under Conditions 3 and 4. Specifically, for
5:(0,00)% — [1,00), when f* € F, (16) implies that

M (To(e); F, Pxy,5) < Me(Ty(e); F, Pxy,s)

sup My(7/2,7; F(7:£), Pxy.5(Le(e),7))
v>Te(e)

< sup 1\0/[4(’)’/2,’7;.7(’)/;6),7))(3/,5(1—‘((5),’Y))~ (33)

7>Ty(e)

For Pxy satisfying Conditions 3 and 4, applying (18), (19), and (32) to (33),
and taking s(\,y) = Log (13—;), we arrive at Theorem 7 (which is implicit in
[20]).

Next, we turn to Theorem 8. Note that vc(Gr;,) < ve(Gr(e,(22-4);01)) <
ve(Gr). Also, [|[F(Gr, pxy )3, < 2P (DIS (F (€ (2277) ;01))). Thus, for j, <
j < Nogy(1/We(e))], (31) implies
M (2797 2K 71,2279, F;, Pxy) < <b2j(27ﬁ) + ZQj) ve(Gr)Log (xe (We(e)) ) .

(34)

With a little additional work to define an appropriate § function and derive

closed-form bounds on the summation in Theorem 18, we arrive at Theorem 8.

The remaining details appear in Appendix B.



Surrogate losses in passive and active learning 4677

When ¢ satisfies Condition 2, we can derive the sometimes-stronger result
in Theorem 9 via Corollary 20. Specifically, combining (31), (18), (19), and
Lemma 5, we have that if f* € F and Condition 2 is satisfied, then for j > j,
in Corollary 20,

M (TH 27 r P ) (35)
N S N Y d Uy S
PU;) PU;)
< (b (QjP(Uj))Q_ﬁ + 2@7’(?@)) (ve(Gx)Log (P227°P(U;)P /b) + 5)
where b and ( are as in Lemma 5. Plugging this into Corollary 20, we arrive at

Theorem 9; the remaining details proceed similarly to those of Theorem 8, and
a detailed sketch appears in Appendix B.

7.3. Entropy conditions

Next we turn to problems satisfying entropy conditions. Note that when F
satisfies Condition 10, for 0 < o < 2||F||pyxy »

_7 2
c Fllo,  ol=r 0155 g7 ||F|| 57
¢o(o, F;m, Pxy) < max ValFllp.y ¢ | pr” . (36)

(1—pymt/2 ~ (1- p)%mm

Since Dy([F]) < 2||F||pyy , this implies that for any numerical constant ¢ € (0, 1],
for every v € (0, 00), if Pxy satisfies Condition 4, then

- F||%°
My(evy,v; F,Pxy) < % max {bl—pvﬁ(l—p)—z,gl—pv—(ler)} ) (37)

Combined with (18), (19), (20), and Theorem 17, taking s(),v) = Log (%),
we arrive at the classic result in Theorem 11 [e.g., 6, 47].

The corresponding result for Algorithm 1, namely Theorem 12, follows by
combining (37) with (18), (19), and Theorem 18. The details of the proof follow
analogously to that of Theorem 8, and are therefore omitted for brevity.

Next, we turn to deriving the corresponding results stated above under Con-
dition 2. As discussed above, we treat separately the cases of (11) and (10).

First, suppose (11) holds (for all P, &) with F < ¢. Following the derivation of
(37) above, combined with (19), (18), and Lemma 5, for j > j, in Corollary 20,

w (B0 20 < (b@Pwy))*" + R2iPWU
e(P(LQ)’P(L@)’ jvpuj75>~( (27PUy))” " + 0277 j))s

ql?r
(1-p)?

where b and 3 are from Lemma 5. This immediately leads to Theorem 13 by
reasoning analogous to the proof of Theorem 9.

_|_

(bl—p (217)(uj))2—5(1—/1) +0-r (ij(uj))l-HJ) 7
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The case (10) can be treated similarly, though the result we obtain (Theo-
rem 14) is slightly weaker. Suppose (10) is satisfied with F = ¢ constant. In this
case, { > F(gijpuj ), while ./\f[] (ef, GF,;, L2(Puy;)) :M] (6!7\/’P(Uj),g}-j,L2(ny))
< Nj(ely/PU;),Gr, L2(Pxy)), so that F; and Py, also satisfy (10) with F = /:

th] (6@, gfj,Lg(Puj)) < qP(Uj)7p872p.
Thus, based on (37), (18), (19), and Lemma 5, we have that if f* € F and
Condition 2 is satisfied, then for j > j, in Corollary 20,
3 (200 27 2 p ) < (b@Pw) 4 Pw
2 4 " .7 _ 2 . 2 .
74 (,P(u])mP(uj)a 7 UJ75> ~ ( ( ( ])) + ( ]))S

ql>* N=>p (31=p (0] \N\2-B81=p) | F1-—p (oF 1+
+ (g ) Pab) (6 (P + 8 (P) ).

where b and (§ are as in Lemma 5. Combining this with Corollary 20 and rea-
soning analogously to the proof of Theorem 9, we obtain Theorem 14.

Appendix A: Main proofs

This appendix includes the proofs of the main abstract results from Section 6.

Proof of Theorem 18. Fix any € € (0,1), s € [1,00), values u; satisfying (22),
and consider running Algorithm 1 with values of u and n satisfying the con-
ditions specified in Theorem 18. The proof has two main components: first,
showing that, with high probability, f* € V is maintained as an invariant, and
second, showing that, with high probability, the set V will be sufficiently re-
duced to provide the guarantee on h after at most the stated number of label
requests, given the value of u is as large as stated. Both of these components
are served by the following application of Lemma 15.

Let S denote the set of values of m obtained in Algorithm 1 for which
logy(m) € N. For each m € S, let V(™ and Q,, denote the values of V/
and @ (respectively) upon reaching Step 5 on the round that Algorithm 1 ob-
tains that value of m, and let V("™ denote the value of V upon complet-
ing Step 6 on that round; also denote D,, = DIS(V(™) and £,, = {(1 +
m/2,Y14my2)s- - -, (m,Y)}, and define V(Y = F and D; = DIS(F).

Consider any m € S, and note that Vh,g € V™),

(|Qm| v 1) (Rg(h, Qm) - Rl(g; Qm))
= 5 Relhp,, i L) = Re(gp,i Ln)) s (38)

and furthermore that

(1Qual V DTV Qurs(m) = F UV L, 5(m). (39)
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Applying Lemma 15 under the conditional distribution given V(™ combined
with the law of total probability, we have th@t, for every m € N with log,(m) €
N, on an event of probability at least 1 —6e 5™ if f* € V(™) and m € S, then

letting Uy, = Uy (Vg:); ﬁm,é(m)), every hp € VI(DTZ) has

Re(hp,,) = Re(f*) < Re(hp,: Lm) — Re(f*5 L) + Upn, (40)
Re(hp,,; L) —  min )Rz(gDm;ﬁm) <Re(hp,) = Re(f*) + Un,  (41)
9Dm EVp

m

and furthermore
U < U (VS Py m/2,5(m) ). (42)

By a union bound, on an event of probability at least 1 — nyf(u“) 6e—*2) for
every m € S with m < uj_ and f* € V™) the inequalities (40), (41), and (42)
hold. Call this event E.

In particular, note that on the event E, for any m € S with m < u;_ and

f*e v since I, = f* (38), (41), and (39) imply

(1G] V1) (Re(f*;Qm) it Re<g;czm>)
gevim)

m

2<R¢(f*;£m)— inf Re(gDm;Qm)>

9Dy, EVS™

< %ﬁm = (1Qm| V1)U (V™ Qp, 5(m)),

so that f* € V() as well. Since f* € V®, and every m € S with m > 2 has
V(m) = v (m/2) Ly induction we have that, on the event F, every m € S with
m < u;, has f* € VU™ and f* € V{™); this also implies that (40), (41), and
(42) all hold for these values of m on the event E.

We next prove by induction that, on the event F,Vj € {j,—2, jo—1, jo, ..., Jc },
if u; € SU{1}, then f/l()uj) C [F(277;¢) and V(%) C F (€¢(279);01). This claim

uj '

is trivially satisfied for j € {js — 2,j¢ — 1}, since in that case [F](277;¢) =
[F] 2 V[(,ZJ) and F(€,(277);01) = F, so that these values can serve as our
base case. Now take as an inductive hypothesis that, for some j € {Jjo,...,j:},
if uj_o € SU{1}, then on the event E, f/gij_:z) C [F](2%77;¢) and V(i-2) C
F (&¢(2279);01), and suppose the event E occurs. If u; ¢ S, the claim is trivially
satisfied; otherwise, suppose u; € S, which further implies u,;_o € SU{1}. Since
u; <y, for any h € V(4 (40) implies

% (Re(hDuj) - Ré(f*)) < % (Rf(hDuj;Lw) = Re(f"5 L) + U“J') '

Since we have already established that f* € V(%) (38) and (39) imply
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Uy N
2 (Relho,, i £a,) = Relf*: £0,) + U, )
= (1Qu, | V1) (Re(hs Qu,) = Re(f5 Qu,) + UeVE); Qu 8(wy)) )
The definition of V(%) from Step 6 implies
(1Qu, 1 v 1) (Reh3 Qu) = Re(f*3 Quy) + TelV )3 Qu, 5(uy)) )
< (1Qu, 1V 1) (206(V 0 Qu,5(w)) ) -
By (39) and (42),
D) (20,(V#); Qu ,8(u;)) ) =u;Us, <u;00 (Vs Py, u;/2, 8(u;
(|Quj‘\/ ) Z( 7QUj7§(u])) UjUqy; <u;Up Dy, XY;UJ/ 75(u]) .

Altogether, we have that, Vi € V()

Re(hp,,) = Rel(f) < 200 (VS5 Py u/2,8(u) ) (43)
By definition of My, monotonicity of m + Up(-,-;-,m,-), and the condition on

u; in (22), we know that
U (F;,2277; Py, uj /2,5(uy)) < 2797
The fact that u; > 2u;_2, combined with the inductive hypothesis, implies
V() c ylui—2) C F(&o(22);01) .
This also implies D,,, € DIS(F(€y(2*77);01)). Combined with (17), these imply
Uy (V[()Zi),22_j;77Xy,uj/2,§(uj)> <927 L
Together with (16), this implies
Ue (Vz()ii)@z*j;é);?xy,uj/2,§(uj)> <2771
The inductive hypothesis implies Vl()u’J ) = V[(;:JJ )(22*j ;£), which means
U, (Véii);PXy,uj/2,§(uj)) <92 i1,

Plugging this into (43) implies, Vh € V()

Ry(hp,,) = Re(f*) <277, (44)

In particular, since f* € F, we always have ‘71()1:7:) C [F], so that (44) establishes
that IN/]S”) C [FJ(277;¢). Furthermore, since f* € V(%) on E, sign(hpuj) =
uj
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sign(h) for every h € V(%) so that every h € V(%) has er(h) = er(hDuj ), and
therefore (by definition of &,(+)), (44) implies

er(h) —er(f*) = er(hDuj) —er(f*) <& (277).

This implies V() C F (€¢(279);01), which completes the inductive proof. This
implies that, on the event E, if u;, € S, then (by monotonicity of £,(-) and the
fact that &,(T(e)) <€)

Vi) C F(E(277%);01) C F(Ee(Te(€));01) C F(e;01).

In particular, since the update in Step 6 always keeps at least one element in
V', the function h in Step 8 exists, and has h e V() (if u;, € S). Thus, on
the event E, if u;. € S, then er(h) — er(f*) < e. Therefore, since u > uj,, to
complete the proof it suffices to show that taking n of the size indicated in the
theorem statement suffices to guarantee u; € S, on an event (which includes
E) having at least the stated probability.

Note that for any j € {j¢,...,j-} with u;_; € SU {1}, every m € {u;_1 +
1,...,u;} NS has Vv (m) C V(wi-1): furthermore, we showed above that on the
event E, if u;_; € S, then V(%-1) C F(€,(2'77);01), so that DIS(V (™) C
DIS(V(#-1)) C DIS(F(&4(2'7);01)) € U;. Thus, on the event E, to guarantee
uj, € 9, it suffices to have

J=je m=uj_1+1

Noting that this is a sum of independent Bernoulli random variables, a Chernoff
bound implies that on an event E’ of probability at least 1 — 275,

i: i: lluj(Xm)gs—l—Qei: ZJ: P(U;)

J=jem=u;j_1+1 J=jem=uj_1+1
Je Je
=s+2e Z PU;j)(u; —ujo1) < s+2e Z P(U;)u,;.
J=Jje J=Jje

Thus, for n satisfying the condition in the theorem statement, on the event

ENE’, we have u;, € S, and therefore (as proven above) er(h) —er(f*) < e.
Finally, a union bound implies that the event E N E’ has probability at least

logy (uj,

) A
1-27— Y 6e*),
i=1

as required. O
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Proof of Lemma 19. 1f P (DISF(H)) = 0, then ¢¢(H;m, P) = 0, so that in this
case, (bi, trivially satisfies (15). Otherwise, suppose P (DISF(#)) > 0. By the
classic symmetrization inequality [e.g., 47, Lemma 2.3.1],

|,

where S ~ P™ and Ep,) = {&1,...,&m} ~ Uniform({—1,+1}™) are indepen-
dent. Fix any measurable U D DISF(#). Then

é¢(H;m, P) < 2 H@(H;S,E[m])

(45)

£ H@(H;S’E[mﬁu =E U@(H;SHU,E“SWD‘ |Smu] ,

m

where Zpg) = {£1,..., &} for any ¢ € {0,...,m}. By the classic desymmetriza-
tion inequality [see e.g., 35], applied under the conditional distribution given
|S NU|, the right hand side of (45) is at most

+ sup |[Re(h; Py) — Re(g; Pu
h,geH

VP TH] V0]

(46)

E{%g(%; 1S AU, Py) S““']

m

By Jensen’s inequality, the second term in (46) is at most

h’SguePH|Rf(h;Pu) — Relg; Pu)ly % < D¢(H; Fu) % = De(H;P)\/g.

Decomposing based on |S NU|, the first term in (46) is at most

SNnu
E |2¢0(H; |SﬁLl|,Pu)|7m‘ll

IS nu| > <1/2>P<u>m1}
+20PUP (|SNU| < (1/2)P(U)m). (47)

Since |SNU| > (1/2)P(U)m = |SNU| > [(1/2)P(U)m], and ¢¢(H;q, Py) is
nonincreasing in ¢, the first term in (47) is at most

1S NuU|
m

200 (H: [(1/2) P(U)m], Py)E [ } = 264(H: [(1/2)PU)m]. P) (),

while a Chernoff bound implies the second term in (47) is at most
_ 160
20P(U) exp{—PU)m/8} < P

Plugging back into (46), we have

Ge(H;m, P) < 4¢o(H; [(1/2)P(U)m], Py) P(U) + %Z + 2D (H; P)\/%~ (48)
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. o . Y
Next, note that, for any o > Dy(H; P), ) > Dy(H; Py). Also, ifd =U'xY
for some Y’ 2 DISF(H), then f, = fp, so that if f5 € H, (15) implies

$e(H: [(1/2)PU)m], Py) < i (%,H; T(1/2)P(U)m1,Pu> - (49)

Combining (48) with (49), we see that ¢2 satisfies the condition (15) of Defini-
tion 16. )

Furthermore, by the fact that ¢, satisfies (14) of Definition 16, combined
with the monotonicity imposed by the infimum in the definition of ¢?2, it is easy
to check that (b; also satisfies (14) of Definition 16. In particular, note that any
H" CH' C[F]and U"” C X have DISF(H};,,) C DISF(H'), so that the range of
U in the infimum is never smaller for # = H;},, relative to that for X = H'. O

Proof of Corollary 20. Let qb; be as in Lemma 19, and define for any m € N,
€ [1,00), ¢ € [0,00], and H C [F],

(}é(Ha C;,PXY7m> S)
S

_ & (&zme([m«;e»,%;m,PXY> DI ) + E) |

m m

That is, U ; is the function U, that would result from using gzﬁg in place of gzobg.
Let U = DISF(H), and suppose P(U) > 0. Then since DISF([*]) = DISF(H)

implies
D ([H](¢;€)) = De([H(¢; €); Pu) vV PU)
= De([HI(C/PU); €, Pu); Pu)v/ PU),
a little algebra reveals that for m > 2P(U) ™!,
Ui(H. G Pxy,m,s) < 33PUU(H,C/PU); Pu, [(1/2)PU)m], ). (50)

In particular, for j > j,, taking % = F;, we have (from the definition of F;)
U = DISF(H) = DIS(H) = U, so that when P(U;) > 0, any
Py N (o 2 By a2
> ) = F; Pu.s
2 2P0 S gy 7 P )

suffices to make the right side of (50) (with s = §(2m) and ¢ = 2277) at most
27971 in particular, this means taking u; equal to 2mVu;_1V2u;_s for any such
m (with log,(m) € N) suffices to satisfy (22) (with the My in (22) defined with
respect to the qﬁz function); monotonicity of ¢ — M, ( ,%;fj,”Puj7é(2m))
implies (24) is a sufficient condition for this. In the special case where P(U;) = 0,
fJé(}'j, 2273 Pxy,m, s) = R%, so that taking u; > f(@%(uj)?“ Vi1 V2uj_q
suffices to satisfy (22) (again, with the M, in (22) defined in terms of qﬁ’z)
Plugging these values into Theorem 18 completes the proof. O
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Appendix B: Proofs of results in Section 5

This appendix includes the remaining details of the proof of Theorem 8, to com-
plete the derivations from Section 7.2, and also presents the remaining essential
details for the proof of Theorem 9.

Proof of Theorem 8. Let j. = [logy(1/W(e))]. For j, < j < je, define s; =
= N\ 2
Log (M), and let u; = oMog2(u5)1 where

uy=c (b2j(2_'8) + Z2j> (ve (GF) Log (xel) + s;) (51)

for an appropriate universal constant ¢’ € [1,00). A bit of calculus reveals that
for jo+2 < j < Je, u;- > u9_1 and u; > 2u9_27 so that uj > uj_1 and u; > 2u;_o
as well; this is also trivially satisfied for j € {j,, je + 1} if we take uj_o =1 1in
these cases (as in Theorem 18). Combining this fact with (34), (18), and (19),
we find that, for an appropriate choice of the constant ¢/, these u; satisfy (22)
when we define § such that, for every j € {ji,...,j.}, ¥m € {2uj_1,...,u;}

with logy(m) € N,

§m>L%<me%mgﬂu@—nj.

Additionally, let s = log,(2/9).
Next, note that, since W,(¢) < I'y(¢) and u; is nondecreasing in j,

uj. <z, < 26 (%(:)2_,3 + \Ilj(g)) (ve (G7) Log (xef) + Log(1/9)) ,

so that, for any ¢ > 26¢/, we have u > w,_, as required by Theorem 18.
For U; as in Theorem 18, note that by Condition 3 and the definition of 0,

P @) =P (DIS (F (& (227) 1)) < P (DI (B (.08, (2279)") )
< fmax {aﬁe (22—3')0‘ ,ago‘} < Hmax{alllzl (22—j)a ,G,Ea} .
0
(

,1), for j < j., \I![1 (22_j) > g, so that

Because W, is strictly increasing on (
! 22*j)a. This implies

this last expression is equal to fa¥,

j5 .;E
S PUu; <Y P Uy
J=je J=Jje

Je
S D apwt (22) (0D £ 027) (A Log (24 5. - 4) . (52)

J=Je
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We can change the order of summation in the above expression by letting i =
Je — j and summing from 0 to N = j. — j,. In particular, since 27 < 2/¥,(e),
(52) is at most

N . — .
5oy a (4p2UB=2)  9p9—i
U1 (22779 Ay + Log(i + 2)). 53
i;a () (‘Pe(f)26+‘1’é(€))( 1+logli+2).  (53)

Since = + ¥, !(z)/x is nonincreasing on (0, cc), we have ¥, (22*3521') <

2”2\1121 (2*35), and since \I!Z1 is increasing, this latter expression is at most
20291 (Wy(e)) = 2°+26. Thus, (53) is at most

N , -
b21(a+[3—2) 622(04—1)
1 . Ay + Log(i +2)). 4
6afe ;:0 ( e T w0 )( 1+ Log(i + 2)) (54)

In general, Log(i + 2) < Log(N + 2), so that Zfio 2i(a+8=2) (A} + Log(i + 2))
< (A 4 Log(N + 2))(N + 1) and 3N 2= (A, 4+ Log(i +2)) < (A; +
Log(N + 2))(N +1). When a + 8 < 2 holds, we also have Y~  2i(e+6-2) <
S 20002 = Lo and furthermore Y1 ) 2/(*+F~2Log(i + 2) <
S, 2@t Log(i + 2) < — 2<a2+5 5 Log <1 S 2)) Similarly, if o < 1,
Zf;o 21— < 372 2t = 1 and likewise Z 2/~ o0g(i 4 2) <
S, 20 @ Dog(i +2) < - 2((1 7 Log (1_2((1,1) ) By combining these observa-

tions (along with a convention that

y = oo when o = 1, and

1 —
1_2<0<71 1—2(a+B-2) —

oo when o = § = 1), and noting that 172((,1+ﬁ_2)/min { 172(2_1)7 172(1[,_”} S
[1/2,1], we find that (54) is

o b(Al =+ Log(Bl))Bl Z(A1 + Log(Cl))Cl
< abe ( ()27 T,(e) )

Thus, for an appropriately large numerical constant ¢, any n satisfying (7) has

n>s+26273 g,

J=Je

as required by Theorem 18.
Finally, we need to show the success probability from Theorem 18 is at least
1— 4, for 5§ and s as above. Toward this end, note that

log (uj. ) logs (u;) 5

S ey

~ . 2
J=je i=log, (u;_ 1)+12(2+10g2(uj)_2) (2+]€_])

Je loga(uj/uj—1)—1 s

=22

J=je 2(2 +t)? (2+55*j)2
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Je 5 <
<> ‘2<22(2+t)2<5/2'

= 22400 =

Noting that 27° = §/2, we find that indeed

log, (uje ) o
1-27— )" 6 >1-4
i=1
Therefore, Theorem 18 implies the stated result. u

We note that the values §(m) used in the proof of Theorem 8 have a di-
rect dependence on the parameters b, 3, a, a, and x,. Such a dependence may
be undesirable for many applications, where information about these values is
not available. However, one can easily follow this same proof, taking §(m) =

2
Log (M) instead, which only leads to an increase by a loglog factor:

specifically, replacing the factor of A; in (6), and the factors (A; +Log(B1)) and
(A} +Log(Cy)) in (7), with a factor of (A; + Log(Log(¢/¥,(¢)))). It is not clear
whether it is always possible to achieve the slightly tighter result of Theorem 8
without having direct access to the values b, 3, a, a, and x, in the algorithm.

Proof Sketch of Theorem 9. The proof follows analogously to the proof of The-
orem 8, with the exception that now, for each integer j with j, < j < j., we
replace the definition of u; from (51) with the following definition. Letting

¢ = ve(Gr) Lo ((B8) (a2/w7 ' (229)%)").

define , o o
uy=c (b2ﬂ(2—ﬁ> (af; ' (227)) 7 4 £2J) (cj +s5),

where ¢’ € [1,00) is an appropriate universal constant, and s; is as in the proof
of Theorem 8. With this substitution in place, the values u; and s, and function
5, are then defined as in the proof of Theorem 8. Since x +— 2%, '(1/x) is
nondecreasing, a bit of calculus reveals u; > u;_; and u; > 2u;_p. Combined
with (35), (19), (18), and Lemma 5, this implies we can choose the constant ¢’ so
that these u; satisfy (24). By an identical argument to that used in Theorem 8,

we have
10g2 (uje

)
1—-27° — 6e*(2) > 1 4.
i=1
It remains only to show that any values of w and n satisfying (8) and (9),
respectively, necessarily also satisfy the respective conditions for v and n in
Corollary 20.
Toward this end, note that since z — x¥, ' (1/z) is nondecreasing on (0, 00),

we have that
b(ahe)' " l
ujg<u;55< taber) ~ 4 )>A2.

Wy(e)?=F Wy(e
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Thus, for an appropriate choice of ¢, any u satisfying (8) has u > u;_, as required
by Corollary 20. ~
Finally, note that for ¢/; as in Theorem 18, and i; = j. — j,

Je
> PUj)u; < Z b, (2277)
J=j J=je
Je
S D b (a2 w2 )) 7 (A2 + Log (i +2))
J=Je
Je
+ > Laf27W; 1 (2279) (Ag + Log (i + 2)) .
J=Jje
By changing the order of summation, now summing over values of 4; from 0 to
N = j. — jo < log,(40/¥,(e)), and noting 27= < 2/W,(e), and W, (279=22+1) <
22+i¢ for 4 > 0, this last expression is

B8
< ) (As + Log (i 1 2)) (55)

N <a92i(a1)€a
« Wy(e)

1=

N - .
lah2' @D :
+;T(€)(A2+L0g(l+2))

Considering these sums separately, we have Zﬁio 2i(a=12=8) (A, + Log(i +
2)) < (N +1)(Az + Log(N + 2)) and 3N 2i=1 (A5 + Log(i + 2)) < (N +
1)(As + Log(N +2)). When o < 1, we have S~ 2i@=DC=8) (A, 4 Log(i +

2))< Y2 21 NE=A(Ay + Log(i + 2)) < 172(o¢721)(2*@) LOg(kz(a—ln(z—m) +

W? and Zizo 21~ (A, + Log(i + 2)) < 1,2(2a—1>L0g (1,2(1a—1>) +

172’?421) Thus, noting that ;— 11)(2_,5)/172(2_1) € [1/2,1], we generally have

SN 521 DE=B) (A5 4 Log(i+2)) < C1(Az +Log(C)) and 3N 20=1 (A, +
Log(i + 2)) < Ci(Az + Log(Cy)). Plugging this into (55), we find that for
an appropriately large numerical constant ¢, any n satisfying (9) has n >

;E:jz P(Uj)u;, as required by Corollary 20. O

We note that, as in Theorem 8, the values 5 used to obtain Theorem 9 have a
direct dependence on certain values, which are typically not directly accessible in
practice: in this case, a, o, and 6. However, as was the case for Theorem 8, we can

2
obtain only slightly worse results by instead taking §(m) = Log (M

which again only leads to an increase by a loglog factor: replacing the factor
of Az in (8), and the factor of (Az + Log(Cy)) in (9), with a factor of (A +
Log(Log(?/¥,(¢)))). As before, it is not clear whether the slightly tighter result
of Theorem 9 is always available, without requiring direct dependence on these
quantities.
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B.1. Derivations for Section 5.5

For completeness, we include here derivations of quantities appearing in the
example given in Section 5.5. We begin with the claim that, for any w € (0,1/2],
(10) is satisfied in Condition 10 with the values ¢ = £ and p=73 L 1 w. Specifically,
for a given € > 0, let i, = [ 2/3w and let G, be the set of functions ¢ in G* with
g(x,y) € {je/V2:j € {0,...,[4y/2/e] — 1}} for each z € {z; : 1 < i < i.}
and y € YV, and g(x,y) = 0 for every x € X\ {z; : 1 < i <.} and y € ).
For each g € G., let ¢’ be the function in G* with ¢'(z,y) = g(x,y) + £/v/2 for
each z € {a; : 1 <i<i.}andye€ Y, and ¢'(z,y) = 4 for each z € X \ {z; :
1 <i <} and y € Y. Note that {J,cg_[9,9'] contains all functions g in G*
having 0 < g(z,y) < 4 for all x € X and y € Y; in particular, this implies it
contains Gr. Furthermore for each g € G., ||g g%, = ZZ 5 ({xz})

Zi:i€+1 16P({z;}) < £ +1690 Zo ;,;14d _ +1630 1o &2 +126;3g€2 <2

w4 T 3 =2
that [g,¢'] is an e-bracket under L2(Pxy). Therefore N (e, g}'7L2(PXY)) <
|G| = [4v/2/€]%<, so that (taking ' = ¢ = 4, constant, in Condition 10)

In N (4e, G, La(Pxy)) < [(4 )2/3—‘ ln([%—‘) Since In(z) < ta'/t for any

z,t > 1, this is at most Le™ 2(5+%) when ¢ € (0,1), for any value w € (0,1/2].
This is trivially also an upper bound on In N (4¢, Gr, Lo(Pxy)) for all € > 1
(since N[ (4¢,Gr, L2(Pxy)) = 1 in that case). Thus, (10) is satisfied with ¢ = T
and p = £ + w, for any choice of w € (0,1/2], as claimed.

Next, we present a proof of the claimed Q(s~*/3) lower bound on the sample
size required to obtain an ¢ bound on the minimax expected excess error rate
of passive learning methods in the example scenario. We approach this with the
classic technique of Assouad (see e.g., [46]). Specifically, fix any € € (0,(1 —
21)/64), and fix a sample size m € N with m < 2713(1 — 2u0)"/3e=4/3, Let

jo = | (o) (220) ] i = | s (220) |, and k= 1 — jo + 1. In

particular, a simple calculation reveals k > 22—570 (%)1/3. Now for any binary

vector v = (vq,...,vx) € {0,1}*, define P, as the probability measure on X' x Y
with marginal P on X (as specified in the construction), n(x;; P,) = 1 for
1€ N\{jo, . ,j1}7 and 77(3;‘2, PU) = V0—|—(1—2I/0)’L}i_j0+1 fori e {jo, . 7j1}. Then
note that for any v,v’ € {0, 1}* with [Jv —v’||; = 1, the total variation distance
» 7338 (1 — 2uyp).

This further implies ||P)* — P7|| < m| P, — Py < 2*13731—24 (%)4/3 < i
0
Therefore, Theorem 2.12(ii) of [46] implies that, for any estimator ¢ : (X x

V)™ — {0,1}* (possibly randomized), there exists a choice v € {0,1}* such
that, defining Pxy = P,, we have E[||0(Z,) —v[|,] > £ > 2L (1782”0)1/3.
In particular, for any passive learning algorithm A :(X x )™ — F*, we can

define a vector © based on the returned function f from A by letting v; =
(sign(f(xi+jo—1)) + 1)/2 for each i € {1,...,k}. Then we note that for any
v € {0,1}*, if Pxy = P,, then er(f) — er(f*) > 77234 (1 — 219)||® — v||1. Thus,

there exists a choice of v € {0,1}* such that, defining Pxy = P,, we have
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that for f = A(Z,), E [er(f) — ex(f)] > 22:(1 = 2m) - 305 (1=20)" > .
Thus, since these P, distributions satisfy the description of the construction in
Section 5.5, we see that to guarantee expected excess error rate at most ¢ for
all Pxy fitting the description in the construction, any passive learning method
would require the sample size m for its input labeled data set to be greater than
2713(1 —21)/3e=4/3 = Q(e=*/3), as claimed. In particular, this agrees with the
dependence on ¢ derived for ERM, in Section 5.5 (up to a logarithmic factor).
In contrast, the analysis of Algorithm 1 in Section 5.5 reveals that (by choosing
§ = ¢/2), Algorithm 1 can achieve Eler(h) — er(f*)] < e for all such Pxy with
a number of label requests n having only O(¢~"/'?Log(1/¢)) dependence on
e, a significant decrease compared to the Q(=%/3) lower bound we have just

established for all passive learning methods.

B.2. Derivations for Section 5.6

For completeness, we include here a derivation of the parameters a and «
for which the distributions Pxy in the example in Section 5.6 satisfy Con-
dition 3. Specifically, as in Section 5.6, let £ be the quadratic loss, fix an inte-
ger k > 5, suppose P is uniform on {x € R¥ : ||z|| = 1}, and suppose Pxy
is such that f*(z) = w* -z for some w* € R¥ with ||w*|| = 1. In particu-
lar, for this choice of ¢, this implies n(z) = (w* -z + 1)/2. For any f € F*,
er(f) —er(f*) =E[|1 - 2n(X)||X € DIS({f, f*})] A(f, f*), for X ~ P. There-
fore, among functions f € F* with a given value p of A(f, f*), the functions with
minimal er(f) — er(f*) are those that minimize E[|2n(X)—1||X e DIS({f, f*})]
subject to P(DIS({f, f*})) = p; since |2n(z)—1| = |w* -z is increasing in |w*- x|
and ¢t — P(x : |w* - x| < t) is continuous, any f € F* of minimal er(f) — er(f*)
subject to A(f, f*) = p has DIS({f, f*}) = {z : |Jw*-z| < ~,} (up to probability
zero differences) for some 7, € [0, 1] chosen so that P(z : |w* - 2| < v,) = p;
in particular, the minimum value of er(f) — er(f*) among such functions f is
E[|w* - X|1[Jw* - X| < ,]]. Fix such a function f, with DIS({f,, f*}) ={x :
w3 <}

For X ~ P, one can show that the [0, 1]-valued random variable |w* - X| has

density function g(t) = %

function (see [37] for a derivation of the CDF, from which this g can be derived).
Thus,

(1— t2)$, where I' is the usual gamma

E [Jw* - X|1[w* - X| < )] = O% %t(l — t2)¥dt
2 (k/2) 1

- (1f(1f~y2)kf?).
S (h—1)/2) k=1 2
When v, < \/%Tg, some basic calculus reveals 1 — (1 — *yf,)% > y2E-L Since

one can also verify that % > +/k/3, we have that if p is such that

x Vv, x
Tp < \/%, then er(f,) —er(f*) > 28}5. It also holds that A(f,, f*) = P(x :
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lw* - 2| <7,) < Vky, [see e.g., 22]. Together, we have that if v, < ﬁ, then

i\ 1/2
A(fpr %) < Vhyp = V2e(3k)1/4 (m) < V2e(3k)1/* (ex(f,) — ()2,

Noting that v, is continuous in p, with v9 = 0 and 7; = 1, the intermediate

2
value theorem implies 3p, € [0, 1] with v, = \/% Since v/2e(3k)'/4 (%) 1/2

= \/g > 1, we have v/2e(3k)/4 (ex(f,.) — er(f*))/* > 1. Now for any p with
T > =5 we have DIS({f,, f*}) 2 DIS({f,., f*}), which implies er(f,) >
er(f,,). Therefore, v/2e(3k)'/* (er(f,) —er(f*))1/2 > 1> A(fp, f*). Thus, we
have established that A(f,, f*) < v2e(3k)/4 (er(f,) — er(f*))1/2 for every p €
[0,1]. Since, for every p € [0, 1], f, was chosen to minimize er(f,)—er(f*) subject

t0 A(f,, /*) = p, we have A(f, f*) < v/2e(3k) /4 (ex(f) — ex(f*))"/* for every
f € F*: that is, that Condition 3 holds with a = v/2¢(3%k)*/* and a = 1/2.

Appendix C: Remarks on VC major and VC hull classes

In addition to VC Subgraph classes, and scenarios satisfying general entropy
conditions, another widely-studied family of function classes includes VC major
classes. Specifically, we say G is a VC major class with index d if d = ve({{z :
g(z) >t} g € G,t € R}) < co. We can derive results for VC major classes,
analogously to the above, as follows. For brevity, we leave many of the details
as an exercise for the reader. For any VC major class G C G* with index d,
by reasoning similar to that of Giné and Koltchinskii [20], one can show that if
F = /(1 > F(G) for some measurable Y C X x Y, then for any distribution P
and € > 0,

d l 1

A7 .G, La(P)) 5 1og () 1o (1)

€ € €
This implies that for F a VC major class, and ¢ classification-calibrated and ei-
ther nonincreasing or Lipschitz on[—supj,c 7 Sup,c x |2 (2)],8Upsc 7 SUp e x |A ()],
if f* € F and Pxy satisfies Condition 3 and Condition 4, then the conditions of
Theorem 18 can be satisfied with the probability bound being at least 1 — ¢, for

some u = O (M + \PZ(E)B_Q) and n = O (M + 9504\1,@(5),3—2)7

T, ()2 P2 T,y (e)2-B/2

where 6 = 6(ae®), and O(-) hides logarithmic and constant factors. Under Con-
dition 2, with g as in Lemma 5, the conditions of Corollary 20 can be satisfied
with the probability bound being at least 1 — §, for some uw =

10) <<#(s)> (%)1_6/2> and n =0 <(,ﬁf(z))2_6/2). When 6 is small, these

values of n (and indeed u) compare favorably to the value of m =0 (To(e)P/272),
derived analogously from Theorem 17, sufficient for ERM,(F, Z,,,) to achieve
the same [see 20].

For example, for X = [0,1] and F the class of all nondecreasing functions
mapping X to [—1,1], F is a VC major class with index 1, and 0(0) < 2 for all
distributions P. Thus, for instance, if 1 is nondecreasing and ¢ is the quadratic
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loss, then f* € F, and Algorithm 1 achieves excess error rate & with high
probability for some u = O (52’1’3) and n = O (53(0‘*1)).

VC major classes are contained in special types of VC hull classes, which are
more generally defined as follows. Let C be a VC Subgraph class of functions on
X, with bounded envelope, and for B € (0, 00), let

F =Beonv(C) = x> BY Nhj(z): > [\ <LheC
j J

J

denote the scaled symmetric convex hull of C; then F is called a VC hull class.
For instance, these spaces are often used in conjunction with the popular Ad-
aBoost learning algorithm. One can derive results for VC hull classes follow-
ing analogously to the above, using established bounds on the uniform covering
numbers of VC hull classes [see 47, Corollary 2.6.12], and noting that for any VC
hull class F with envelope function F, and any & C X, F, is also a VC hull class,
with envelope function F1;,. Specifically, one can use these observations to de-
rive the following results. For a VC hull class F = Bconv(C), if ¢ is classification-
calibrated and Lipschitz on [—sup,crsup,cy |[R(2)],supyersup,cx |h(x)]],
f* € F, and Pxy satisfies Condition 3 and Condition 4, then letting d =
2ve(C), the conditions of Theorem 18 can be satisfied with the probability

bound having value at least 1 — 4, for some u = O ((95")01—12 \I/g(e)d%_2> and

~ 2d+2 28 _9 .. . .
n=0 ((95“) 2 Py (g)a+2 ) Under Condition 2, with 3 as in Lemma 5, the

conditions of Corollary 20 can be satisfied with the probability being at least

- - \1-35 - o\
1-4, for someuO((\I,;(E)) (\I?%(E)) > anan((\I,@f(E)) >

Compare these to the value m = O \114(5);_52_2), derived analogously from

Theorem 17, sufficient for ERM,(F, Z,,,) to achieve the same general guarantee
[see also 6, 10]. However, it is not clear whether these results for active learning
with VC hull classes have any practical implications, since we do not know of any
scenarios where this sufficient value of m reflects a tight analysis of ERM,(F, -)
while simultaneously being significantly larger than either of the above sufficient
n values.

Appendix D: Computationally efficient updates

As mentioned in Section 6.3, though convenient in the sense that it offers a
completely abstract and unified approach, the choice of T, (V;Q,m) given by
(21) may often make Algorithm 1 computationally inefficient. However, for each
of the applications studied in this work, we can relax this T, function to a
computationally-accessible value, which will then allow the algorithm to be ef-
ficient under convexity conditions on the loss and class of functions.

In particular, in the application to VC Subgraph classes, Theorem 8 remains
valid if we instead define 7} as follows. If we let V(™ and Q. denote the sets V'
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and @ upon reaching Step 5 for any given value of m with log,(m) € N realized
in Algorithm 1, then consider defining T} in Step 6 inductively by letting

8(1Qms2l V1) /x

Ymy2 = - (Té(V(m/Q); Qumy2,m/2) A 57)

(Or Ypy2 = ¢ if m = 2), and taking (with a slight abuse of notation to allow Ty
to depend on sets V(™) and Q,, with m’ < m)

for an appropriate universal constant cy. This value is essentially derived by
bounding %UZ(VDIS(V);PX%m/2,§(m)) (which is a bound on (21) by
Lemma 15), based on (30) and Condition 4 (and a Chernoff bound to argue
|Qum| = P(DIS(V))m/2); since the sample sizes derived for w and n in The-
orem 8 are based on these relaxations anyway, they remain sufficient (with
slight changes to the constant factors) for these relaxed Ty values. We include a
more detailed proof that these values of T} suffice to achieve Theorem 8 in Ap-
pendix E.1. Note that we have introduced a dependence on b and S in (56). These
values would indeed be available for some applications, such as when they are de-
rived from Lemma 5 when Condition 2 is satisfied; however, in other cases, there
may be more-favorable values of b and 8 than given by Lemma 5, dependent
on the specific Pxy distribution, and in these cases direct observation of these
values might not be available. Thus, there remains an interesting open question
of whether there exists a function Tg(V; @, m), which is efficiently computable
(under convexity assumptions) and yet preserves the validity of Theorem 8.

In the special case where Condition 2 is satisfied, it is also possible to define
a value for T} that is computationally accessible, and preserves the validity of
Theorem 9. Specifically, consider instead defining Ty in Step 6 as

To(V;Q,m)
oy (1 (61 (5 (i) ) ws0)) ™
¢ 2 (el \' L ;
@IV (Vc(gf)Log <T (7tt) ) +5(m)>
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for b and § as in Lemma 5, and for an appropriate universal constant cy. This
value is essentially derived (following 34) by using Lemma 15 under the condi-
tional distribution Ppg(v), in conjunction with a localization technique similar
to that employed in the derivation of Theorem 17. Appendix E.2 includes a
proof that the conclusions of Theorem 9 remain valid for this specification of
Ty in place of (21). That these conclusions remain valid for this bound on ex-
cess conditional risks should not be too surprising, since Theorem 9 is itself
proven by considering concentration under the conditional distributions P, via
Corollary 20. Note that, unlike the analogous result for Theorem 8 based on
(56) above, in this case all of the quantities in 7;(V; Q, m) are directly observ-
able (in particular, b and ), aside from any possible dependence arising in the
specification of 5.

It is also possible to define computationally tractable values of T, (V;Q,m)
in scenarios satisfying the entropy conditions (Condition 10), while preserving
the validity of Theorem 12. This substitution can be derived analogously to (56)
above, this time leading to the definition

7, (V0 Q) =

1—p

2 _q_ 2p
- m/2 ValFlp, (bvmp) 0% gt HFH;;Q
max 172 ,
|Qm|\/1 (1 —p)m (1—p)+e FmT

. 8(m) l5(m)
+ b’Ym/g m + m > (58)

where 4, /2 is defined (inductively) as above, and ¢y is an appropriately large
universal constant. By essentially the same argument used for (56) (see Ap-
pendix E.1), one can show that using (58) in place of (21) preserves the validity
of Theorem 12; for brevity, the details are omitted.

In the case that Condition 2 and (11) are satisfied, it is possible to define a
computationally accessible quantity TZ(V; @, m), while preserving the validity
of Theorem 13. Specifically, following the same reasoning used to arrive at (57),
except using (36) instead of (30), we find that while replacing (21) with the
definition

TE (Vv Qa m) =

U A co| max ( ql?rpl=r )25(11") Z””
’ (1-p2(QIV1) (1= ) (Q v )T

bs(m) \=F  04(m)
+(arvr) - )
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for b and S as in Lemma 5 and for an appropriate universal constant cg, the
conclusions of Theorem 13 remain valid. The proof follows similarly to the proof
(in Appendix E.2) that (57) preserves the validity of Theorem 9, and is omitted
for brevity.

Finally, in the case that Condition 2 and (10) are satisfied, we can again de-
rive an efficiently computable value of Tg(V; @, m), which in this case preserves
the validity of Theorem 14. Specifically, noting that the reasoning preceding
Theorem 14 also implies In A (€, Gv, La(Ppis(v))) < ¢P(DIS(V))~Pe=2¢, and
following the reasoning leading to (59) while replacing ¢ with ¢P(DIS(V))~?,
combined with a Chernoff bound to argue P(DIS(V)) = 2|Q|/m in the algo-
rithm, we find that Theorem 14 remains valid after replacing (21) with the
definition

T@(Vanm) =
; < qmP2epl—p )M b m T
A co | max ,
’ (1-p2(QIV 1)+ (1—p) 5 (Q|V 1)
1

bs(m) \ 27  £5(m)
(IQV1> Qv

for an appropriate universal constant ¢y, and where b and § are as in Lemma 5.
The proof is essentially similar to that given for (57) in Appendix E.2; and is
omitted for brevity.

Appendix E: Proofs for efficiently computable updates

Here we include more detailed proofs of the arguments leading to computation-
ally efficient variants of Algorithm 1, for which the specific results proven in
this work for the given applications remain valid. Specifically, we focus on the
application to VC Subgraph classes here; the applications to scenarios satisfying
the entropy conditions follow analogously. Throughout this section, we adopt
the notational conventions introduced in the proof of Theorem 18 (e.g., ym),
V) Qs Lo, S ), except in each instance here these are defined in the context
of applying Algorithm 1 with the respective stated variant of 7.

E.1. Proof of Theorem 8 under (56)

We begin by showing that if we specify TZ(V; @, m) as in (56), the conclusions of
Theorem 8 remain valid. Fix any § function (to be specified below), and fix any
value of € € (0,1). First note that, for any m with log,(m) € N, by a Chernoff
bound and the law of total probability, on an event E/ of probability at least
1—2350m) if m € S, then

(1/2)mP(Du) — \/6(m)ymP (D) < |Qum| < §(m) + emP (D). (60)
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Also recall that, for any m with log,(m) € N, by Lemma 15 and the law of total
probability, on an event F,, of probability at least 1 — 6e~%("™) if m € S and
f* eV then

(1Qul v 1) (Re(f @)~ inf Re<g,czm>>

=3 (Re(f*;ﬁm) - )R‘(QD”“C’”O

9D EVE™
< 20 (VS Py, m/2.5(m)) - (61)
and Yh € V(™)
5 (Re(hp,) = Re(f*))
< (Rg(hD L) — Re(f*; L) + U (ng}mx%m/z,g(m)) AE)
= Qi (Re(h: Q) = Re(£*5 Q) + 5 (T (Vs Py m/2,8(m) ) 1)
m ]

< (1Qm| v 1)T; (V<m>;Qm,m)+5(ﬁg (VD Py, m/2,5(m ))/\£ . (62)

Fix a value i, € N (an appropriate value for which will be determined below),
and let x¢ = x¢(Vs(€)). For m € N with log,(m) € N, let

Tg(m) =C2 (TZ:L (VC(gF)LOg(XEE) +§(m))> o

+ 02% (ve(GF)Log(xel) 4+ §(m)) ,

for an appropriate universal constant c; € [1,00) (to be determined below);
for completeness, also define Ty(1) = ¢. We will now prove by induction that,
for an appropriate value of the constant ¢g in (56), for any m’ with log,(m’) €

{1,...,ic}, on the event ﬂiozgf(m,)fl Eyi NEY ., if m' €5, then f* € vem,
FITum'/2) v 0i(0); ),
F(Ee(2To(m/ [2) V Ty(2)); 01),

el 711 (1) 1)

V™) C [ F) B o

D, =

V(m) C ]:(82( m’/2)

Ug (Véﬁ/ ;'ny,m//Q,ﬁ(m/)) Al

6 C
1) <

IN

and if 4,/ 2 > Wy(e),
|@m| V1
1/2

As a base case for this inductive argument, we note that for m' = 2, we have (by
definition) 4,,/ /2 = ¢, and furthermore (if co A ¢ > 2) Ty(V?;Q2,2) > £ and

(7 (V: Quusi) A7) < Ty
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Ty(1) > 7, so that the claimed inclusions and inequalities trivially hold. Now,
for the inductive step, take as an inductive hypothesis that the claim is satisfied
for m’ = m for some m € N with log,(m) € {1,...,i. — 1}. Suppose the event
ﬂlogz(m) Ey N EY.., occurs, and that 2m € S. By the inductive hypothesis,
combined with (61) and the fact that (|Qm|V 1)Re(f*; @m) < (m/2)¢, we have

(1Qul v 1) (Re(f*;Qm)— inf Ri(g: Qm)>

cv(m)

(Ue ( ny7m/2 5( )) /\Z) < (|Qm‘ \Y 1)Tg (V(m);Qm,m> .

Therefore, f* € V(™ as well, which implies f* € V@™ = V(™) Furthermore,

by (62), the inductive hypothesis, and the definition of V(™) from Step 6, Vh €
y@Em) = y(m)

Ra(hp, ) = Ra(£*) < 2902 (5 (V)3 Qum) 7).

and if 4,,,/2 > Wy(e), then this is at most 2Ty (m).
Since 4, = 2|Q’"/‘v1 (Te( M) Q) /\Z), and Ry(hp,,,) < Re(hp,,) for
every h € V™) we have V(Qm) C [FIAm;€) C [FI2Tu(m) V Uy(e);€). By

definition of €,(-), we also have er(th) —er(f*) < &(4m) for every h € Vm);
since f* € V®™) we have sign(hp,,, ) = sign(h), so that er(h) —er(f*) < &(5m)
as well: that is, V3™ C F(E(3m);01) C F(Ee(2Ty(m) V Wy(€));01). Combining
these facts with (15), (30), Condition 4, monotonicity of vc(Gy,, ) in both & and

H, and the fact that ||[F(G,,cem) ny)H%'xy < ?P(Dayy), we have that
Dom ?

o, , ve(Gr)Log (PiLe2)) + 5(2m)
Ue (Vi Py m,5(2m)) < e\ b3 .

3

for some universal constant ¢; € [1,00). By (60), we have P(Day) < 2 (|Q2m| +
5(2m)), so that the right hand side of (63) is at most

ve(Gr)Log (26(|Q2m|+g(2m))) +5(2m)

C1 b’%% 2;:;’?m
(G Log (bt ) 4 o0
+ ¢/ m

Ym

ve(GF)Log (W) +5(2m)
< 81 \| B3,

2m
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ve(Gr)Log (w) +5(2m)

2mbAm,

8 f
+oa 2m

Thus, if we take ¢o = 8¢; in the definition of 7} in (56), then we have
7 m ~ Vi m V1 ~ o
Uy (V[(im);ny,m,s(Qm)) AN < % (T( (V(Qm);ng,Qm) /\f) i

Furthermore, (60) implies |Qam| < §(2m) 4+ 2emP(Day, ). In particular, if §(2m)
> 2emP(Day, ), then

|Qam| V1 (Tz (V(gm); Oa. 2m> N Z) - §(2m) + 2emP (Do) i< 25(2m)€’

m m m
and taking any cy > 4 guarantees this last quantity is at most Tg(2m). On the
other hand, if 5(2m) < 2emP(Day,), then |Qap| < demP(Day,), and we have
already established that V(™) C F(&¢(4m);01), so that

|Q2m| V1 (5, ( <v(2m sz,Qm) M)

m

VC(g]:)Log (ZSeP(DIS(}'((;z(’Ym);Ol))) ) 4 §(2m)

S 861 b’%ﬁn Om
2m
ve(Gr)Log <€3P73(DIS(§(E@(’Ym) 01)))) +5(2m)
+ 801€ Vm (64)
2m

If A4y, > Wy(e), then this is at most

8¢, \/b’%ﬂn ve(Gr)Log (;’Z@E) +5(2m) n Zvc(gf)Log (z:fé[) +§(2m)

< 48¢ \/bﬁﬁl ve(Gr)Log (xef) +5(2m) N Zvc(QJr)Log (xel) +5(2m)
2m 2%m

For brevity, let K = Y9z )LOgQ(X“ O+52m) - pq argued above, 4, < 2Ty(m), so
that the right hand side of the above mequahty is at most

48v/2¢; ( bTy(m)BK + €K> .

Then since §(m) < 25(2m), the above expression is at most

48 - dey /e <\/b ((bK)z%ﬂ \/EK)BK—MK). (65)
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If (K < (bK)ﬁ, then (65) is equal
18 41 /a5 ((bK)77 + 0K ) .

On the other hand, if /K > (bK)= 7, then (65) is equal

48 - deyy/cy (\/bK(ZK)B + EK)
< 48 -4deiy/eo <\/(ZK)25(€_K)I5 + ZK) =48 - 8¢y /el K.

In all of the above cases, taking co = 9 - 2!4¢? in the definition of T, yields
m| V1 /a . ~
[Qzm| V1 (Tg (V<2m>; Qom, 2m) A 13) < Ty(2m).
m

This completes the inductive step, so that we have proven that the claim holds
for all m' with logy(m’) € {1,...,i.}.

Let je = 7(10«%2(@)]7 Je = “OgZ(l/\ij(e)ﬂv and for each J€ {jfﬂ s 736}3 let
=70 o
s; = log, (%), define

mj =323 (0279 4 227 (ve(Gr)Log(xed) + 55)

and let m; = 2llog2(m)1 Also define mj,—1 = 1. Using this notation, we can now
define the relevant values of the § function as follows. For each j € {jo,...,J:},
and each m € {m;_1 +1,...,m;} with log,(m) € N, define

5(m) = log, <1610g2(4mj/7’7’;>2(2 +Je — j)Q) .

In particular, taking i. = logy(m;_), we have that 2T,(2=~1) < Wy(e), so
that on the event ﬂi;l Eyi N EYyy, if we have 2ic ¢ S, then hoe Ve C
F(Ee(2Tp(271) V Wy(e));01) = F(Ee(e(e));01) C F(T, (We(e));01) = Flesom),
so that er(h) — er(f*) < e.

Furthermore, we established above that, on the event ﬂ;;l Eyi N EYii,
for every j € {ji,...,j-} with m; € S, and every m € {m;_; +1,...,m;}
with logy(m) € N, vim c f(gg(QTg(m/Q) V Uy(e));o) C .F(&g(?rfg(mj_l) V
Wy(e)); 01). Noting that 27Ty(m;_1) < 2'77, we have

Je m;
Z |Qm|§Z Z Ip1s(F (e, (21 4)501)) (Xim)-

mes:mgmk j=jem=mj_1+1

A Chernoff bound implies that, on an event E’ of probability at least 1 — 4/2,
the right hand side of the above inequality is at most

logy(2/6) + 2¢ 3 (m; — mj_1)P(DIS(F(Ee(21); o)

J=Jje
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JE
< log,(2/0) +2¢ Y _ myP(DIS(F(¥, (2" 7);01))).
J=Jje
By essentially the same reasoning used in the proof of Theorem 8, the right
hand side of this inequality is

o b(Al + Log(Bl))Bl Z(A1 + Log(Cl))Cl
< abe ( Ty(e)27 T,(e) )

b 7
<
Je (%(s)w - Me)) A1,

the conditions on u and n stated in Theorem 8 (with an appropriate constant

¢) suffice to guarantee er(h) — er(f*) < ¢ on the event E' N (/2" Eyi N Bl
Finally, the proof is completed by noting that a union bound implies the event
E'nNi; E2z N EY;,, has probability at least

Since

ie—1
g \ 1-5(2°F1) —5(2%)
15— Z} 2 + 6e

logy (m;) 5

SRR >

J=jei=logy(mj_1)+1

je oo
Zkz 2(2+ k)2 2+]E—j)

2(2 + logy (m;) — 1)2(2 + je — j)?

0 R 0
>1— - — — e >1 =) ————>1-4
K j;jez(zﬂg—j)r PSR

Note that, as in Theorem 8, the function § in this proof has a direct depen-
dence on a, a, and Yy, in addition to b and . As before, with an alternative
definition of 5, similar to that mentioned in the discussion following the proof
of Theorem 8, it is possible to remove this dependence, at the expense of the
same logarithmic factors mentioned above.

E.2. Proof of Theorem 9 under (57)

Next, consider the conditions of Theorem 9, and suppose the definition of T,
from (57) is used in Step 6. For simplicity, we let V() and Q,, be defined
(though arbitrarily) even when m ¢ S. Fix a function § (to be specified below)
and any value of ¢ € (0,1). We will prove by induction that there exist events
E +, for values m’ with log,(m’) € N, each with respective probability at least

1 — 12e=5("") such that, for every m with log,(m) € N, on ﬂiozgf(m) Eos, if
m € S, we have that f* € V(™ and V(™) C y(m) <4Tm;€, Pp ) where T}, =

m )
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WIVARE Qm,m). This claim is trivially satisfied for m = 2, since Ty = 7, so
this will serve as our base case in the inductive proof. Now fix any m > 2 with
log,(m) € N, and take as an inductive hypothesis that there exist events E,,
for each m/ < m with log,(m/) € N, such that, on ﬂiff(m)_l By, if m/2 € 8,
then f* € V(™/2) Note that, since V(™ = V("/2) (if m € S), we have that
f*e Vv on ﬂi‘ff(m)_l Es: by the inductive hypothesis.

For any T' > 0, let s(T,7) = Log (Z) 4+ 5(m). Note that (16), (18), (19),
Lemma 5, (31), and monotonicity of H ~ vc(Gy) imply that, if f* € V(™) C F,
then

sup M (7/8,% ™., Pp,..s(T ,7))

¥>T
(% n %) <vc(g}-)Log (;;2[3) +§(m)> . (66)

for an appropriate finite universal constant ¢ > 1. If m € S and T, = Z,Nthen
we trivially have R¢(f*; Qm) — inf ey om Re(g; Qm) < Ton, so that f* € y(m)

and furthermore V(™) = y(m) = y(m) <4Tm;€, PDm). Otherwise, if m € S and
T, < 0, we have that

(91)2_/6@ (Vc(gf)Log (% ( et '))L”> +5(m ))

_ N 8 X
it (ve(r o (5 (4255)") +40m))

<

Ql

b

|Qu| > max

which implies

Q| > max { ( Tm)ﬁ > } (vet@)ron (éﬁa) )
3 (e ) i () ).

Combined with (66), this implies that if we take cg > 2¢, and if f*€ V(™ C F,
then

Q

Qul > sup Ny (/8,5 V™, Py, 5(Tm,) ) - (67)

v2Tm
We now follow the derivation of localized risk bounds by Koltchinskii [34]. Specif-
ically, applying Lemma 15 under the conditional distribution given V(™ and
|@Qm|, combined with the law of total probability, there is an event E!/ of con-

ditional probability at least 1 — GZ]eZ s(Tm,2) (given V™ and |Q,.]),
such that on E”,if m € S, f* € V™), and Ty, <0 (so that (67) holds), then

m»

Vj € Zj, , the following claims hold for every h € y(m) (Qj; l, PDm).

Re(h; Pp,.) = Re(f*: Pp,,) < Re(h; Qm) = Re(£*5Qm) + 2772,
(68)
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Rl(h§ Qm) - inf RZ(Q; Qm) < Ré(h; PDm) - Re(f*; PDm) + 273,
gev(m)(2‘7;f,'PDm)
(69)
Since Zj€ZT e=s(Tm,2) = ¢=5(m) ZjGZT 2797, < 2e~3(m) the law of total

probability implies that there exists an event E,, of probability at least 1 —
12¢=5(™) on which this implication holds. In particular, for any hg € V(™ with
Re(ho; Qm) —Re(f*; @m) < 0, (68) implies that for any j € Z;, , if Re(ho; Pp,,)
—Ry(f*;Pp,,) < 27, then Re(ho; Pp,, ) — Re(f*; Pp,,) < 2973, this inductively
implies that Re(ho; Pp,,) —Re(f*; Pp,,) < T),, so that (69) can more simply be
stated as: Vh € V(™) (27;¢,Pp, ),

Re(h; Qm) — ei‘f/lf  Re(g:@m) = Re(h; Pp,,) — Re(f*;Pp,,) + 2773
gevim

Furthermore, this implies

Re(f*Qm) — inf Re(g; Qm) < T, (70)
gevim)

so that f* € V™) in this case as well. Also, (68) and the fact that f* € V(™
further imply that for any h € V™ with Re(h; Q) — inf jcyom Re(g: Qm) <
T, for any j € Zyy , if Re(h; Pp,,) — Re(f*;Pp,,) < 27, then Ry(h; Pp,,) —
Re(f*;Pp,,) < T + 2973 < 2072 4 253 < 23':1; this inductively implies that
any such h has R¢(h; Pp,,) —Re(f*; Pp,.) < 4T, In particular, by definition of
V™) this implies V(™) C V(™) (4Tm;€, PDm>. Since the inductive hypothesis
implies f* € V(™ on ﬂicff(m)*1 Eyi if m € S, we have that on ﬂicff(m) Es,
if m e S, then f* € V(™ and V(™ C y(m) <4Tm;€, PDm>, which extends the
inductive hypothesis. By the principle of induction, we have established this
claim for every m with logy(m) € N. )

Let j. = [logy(¢/W¥(e))]. For each j € NU{0}, let e, = €277, p; =
P (DIS (}" (\Il;1 (sj);m))), and s; = log, (W) Let mg = 1, and for
each j € N, define

iy 7 () Ppl_
m, =¢ =L ) [ ve(Ge)Log [ — 2227 ) 45 ,
J ( 6?_/3 £ ( ]—') g bﬁf J

for an appropriate universal constant ¢’ € [1, 00) (specified below), and let m; =

max{Qm]—,l,ZHﬂog?(m.’iﬂ}. Also, for every j € N and m € {2m;_1,...,m;},
define

§(m) = log, (48 10g2(4mj/n?2(2 + . — ])2> |

In particular, this definition implies §(m;) = s;.
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We next prove by induction that there are events E;, for j € NU {0}, each
with respective probability at least 1 — 275 such that for every j € NU {0},
on ﬂlog?(m’)E N ﬂj, o Ly if my € SU {1}, then vims) C F (U, gj);01).
This claim is tr1V1ally Satlsﬁed for j = 0, which therefore serves as the base
case for this inductive proof. Now fix any 7 € N, and take as an inductive
hypothesis that there exist events E' v, as above, for all j' < j, such that on

Nee2(mi-v) f. ﬁﬂ], o Bl if mj_y € S, then Vmi=1) C F (T, (g;_1);01).

By the above, we have that on ﬂioff(m” Egi, if m; € S, then f* € Vimi) C
V(m;) (4ij;€, Pij ) In particular, this implies that every h € V(i) hag

Re(hp,,,; Pxy) = Re(f*: Pxy) = (Relli Po,. ) = Re(f*5Pp,.,) ) P(Di,)

< 4Ty, P(Dp,). (T1)

By a Chernoff bound and the law of total probability, on an event E; of proba-
bility at least 1 —27% if m; € §,

(1/2)m;P(Dim,;) — 1/ $im;P(Dm) < |Qm, |- (72)

c

with any ¢ > 32, (71) would glve Rz(th]_,PXY) Re(f*;Pxy) < g;. Oth-
erwise, (72) implies that on EAJ’, if m; € S and P(D,,,) > 1657 , then |Qp,, | >
(1/4)m;P(D,y,). In this latter case, we have

If mj € S and P(Dy,,;) < 1687 , then 47T}, ,P(Dpp;) < 64451 < 32 50 that

AT, P(Dp,) <
1-8 P(Dm ) QLﬁ ﬁ
1-8 72 [ m; s =
P(Dm]) - <mij (VC(Q]—‘)LO§<%( 4bvc(g}_§ ) ) +SJ>>
- myP(D)\ P '
m_] (VC(g,F)LOg( ( 4/vc(g ; ) )+8j>
Since m; > 2m;_q, by the inductive hypothesis, on ﬂlogQ(m’ 1) Eoi ﬂﬂJ EA’;-H
if m; € S, we have V(mi) C Vimi-1) C F (¥, (gj_1);01), which implies

P(Dp,) < P (DIS(F (¥, (gj-1)501))) = pj1- In this case, the right hand
side of (73) is at most

1= mips1 \ TP =7
p7 (i (vetoron (5 (285) ) +) )
16co max 5
4 7 ( mipj—
ij (vc(g}')Log <eb <4Zvcp(g;1)) > + 5j>
The value of m; was defined to make this value at most ¢}, with any value of
¢ > 16¢p. Altogether, we have that on ﬂlogZ(m’) Eyi N ﬂj, o By it my €8,

|

16¢o max

(73)
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then every h € V(™) has Rg(thj;ny) —Re(f*;Pxy) < gj; in particular,
this also implies every h € V(™) has er(thj) —er(f*) < W, '(g;). Since we

have already proven that f* € V(™) on this event, and since V(™) C y(m)
we have that every h € V(™) has er(h) = er(hp,,), which therefore implies
er(h) —er(f*) < ¥, '(g;): that is, V(™) C F (¥, (g;);01). This completes the
inductive proof. A

The above result implies that, on ﬂioff(mjf) EQi N ?;O E;, if m;_ € S, then
er(h) —er(f*) < \Ilzl(ej ) < ¥, (Wy(e)) = . In particular, we are guaranteed

€

to have m; € 5 as long as u > m;_and

logy(m;_) min{Qi,max S}

n> Z Z ]lDIS(f/@"’l))(Xm)' (74)
=1 m=2i—-141

By monotonicity of m — DIS (V(m)), the right hand side of (74) is at most

je min{m;,max S}

> Lprs(itms-0) (Xom)-

j=0 m=mj_1+1
log2(m55) r- 35 F1/ . . ..
Furthermore, on (,_; Eyi N (V;20 £ the above result implies this is at
most

je min{m;,max S}

‘2—21 Z ]lDIs(f(qz,;l(aj,l);m))(Xm)

m:TH,j_1+1
32 m;
< Z Z ]lDIs(f(\pgl(sj,l);m))(Xm)-
j=1lm=mj;_1+1

By a Chernoff bound, on an event E” of probability at least 1 — & /2, the right
hand side of the above is at most

jE
l0gy(2/8) + Y _(mj —m;_1)pj-1. (75)
j=1
Since g1 > 721 -7- > Wy(e), and therefore
i1 < P (DIS (B (¥, (550)%)))
<0 (a¥; (ej-1)*) aly  (gj-1)* < 0(ac®) a¥,  (g5-1)",

0/911\1’(_1(5]'71)&

B
letting ¢; = ve(Gr)Log (% (T) ), we have that

, b (0a¥; (e )\ "0
21+“0g2(mjﬂ < 4c <_ (M) + — (é] + sj) . (76)
€j €j €j
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Since W, ' (g;_1)%/e; is nondecreasing in j, the right hand side of (76) at least
doubles when j is increased by one, so that by induction we have that the right

hand side of (76) is also an upper bound on m;. This fact also implies that
¢j + s; is at most

(g;)Log< : <2c eaqf%g;h(a))af) + Log(%) + 2Log(2 + e — j) :

and the fact that z — W, '(2)/z is nonincreasing implies this is at most

62 4¢'0as>\ "’ 192 “ .

< (A2 + Log (2+§'s —j)),

where ¢’ = In (768ec’). Furthermore,

Uyl (e)® _ 2 e )0

J 2Vee5

—1 Ge—3j oY a
LA 71C) T R e
20— W, (e) - Uy(e)
Applying these inequalities to bound m;p;_1, and reversing the order of sum-
mation (now summing over i = j. — j), we have that

2-8

o 11921 a— 1) .
Zm]pj 1 < 16c'¢ Z (A2 + Log(i + 2))

7j=1

js_l 3
Y] 921(04 1)
+ 166/0// Z % (A2 + LOg(Z + 2)) .
=0

Note that this is of the same form as (55) in the proof of Theorem 9, so that
following that proof, the right hand side above is at most

fac®

2-8 “
144¢¢" (b(Az + Log(C1)Cy (V(E)) e Los( O <‘§Z—f€))> |

Therefore, since log,(2/6) < 3As, (75) is less than

fas®

2-8 o
147 ¢ (b(AQ + Log(C1)C'1 <m> + é(AQ + Log(01))C’1 <\I’Z(5))> .

The above inequalities also imply that

b (Bac) " ‘
. < /1 .
m; < 32d¢ ( T, (e)2P + 7@ Ay
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Thus, taking ¢ = 147¢'¢” in the statement of Theorem 9 suffices to guarantee
that, for any u and n satisfying the given size constraints, u > m;_, and on the

gz m,E)

event ﬂ Eyn js EA’( E”, (74) is satisfied, which (as discussed above)
implies er(h) —er(f*) < € on thls event. We complete the proof by noting that,

by a union bound, the event (,_ gQ(m“) Eqyi N j:O E; N E” has probability at
least
Ing(m_; )
I
i=1

which is greater than 1 — 4, since

logQ(m3 ) log, (M)

—5(2 ) 0
; = Z 2. 4log(4m;/20)2(2 4 j. — 7)2

Jj=1i=logy(m;_1)+1

=1
SJZi i = SJZE ES gi J 2§é7
o 424 k)2(2+ 7. —j)? o 4(2 + jo — 5)2 k:04(2+k) 4

]5 S > o) )
and Z 2 i< Z] =0 192( 2+j€ )2 < Zk 0 192(2+k)? < 192°

Appendix F: Remarks on the assumption that f* € F

We conclude with some remarks on the assumption that f* € F (used through-
out this article). As noted in Section 2.1, this assumption is often very strong.
While the specific assumption that f* € F adds a certain elegance to the theory
developed in this work, one natural question is to what extent it can be relaxed
without changing the essence of the approach considered here. For instance,
in passive learning, one can generalize the abstract results on empirical risk
minimization (stated in Theorem 17) to hold under the weaker condition that
argming, c » R¢(h) = argmin, c » er(h). However, this simple relaxation appears
insufficient for the approach to active learning considered here. Specifically, for
our analysis, we would require that an error minimizer argmin, » er(h) also be
an (approximate) minimizer of Ry(h; P) in F, not merely for P = Pxy, but also
for certain conditional distributions Pxy (-|DIS(V') x V), for sets V' C F arising
in the algorithm. In principle, the results in this work can be generalized to pro-
vide guarantees when this condition (suitably formalized) is satisfied. However,
the statements of the results become considerably more involved, and moreover
we do not know of concise, general, a priori conditions on F, ¢, and Pxy, un-
der which this property will hold. Beyond this, it appears our analysis does not
easily extend to the important problem of active learning with surrogate losses
in the general case, where results would presumably need to be expressed in
terms of the approximation loss inf re 7 Ry(f) — Re(f*) or related quantities (as
observed for passive learning [6]). It seems such a generalization would require
a significantly different approach.
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