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Abstract

We study the minimax rates of the label shift problem in non-parametric classification.
In addition to the unsupervised setting in which the learner only has access to unlabeled
examples from the target domain, we also consider the setting in which a small number of
labeled examples from the target domain is available to the learner. Our study reveals a
difference in the difficulty of the label shift problem in the two settings, and we attribute this
difference to the availability of data from the target domain to estimate the class conditional
distributions in the latter setting. We also show that a class proportion estimation approach
is minimax rate-optimal in the unsupervised setting.

Keywords: Binary classification, non-parametric classification, semi-supervised classifica-
tion, transfer learning

1. Introduction

A key feature of general intelligence is the transfer of knowledge from one task to another
similar but non-identical task. However, most machine learning (ML) methods are not
designed for such out-of-distribution (OOD) generalization. This limitation has led to
embarrassing performances of ML models in several high-profile applications (Angwin
et al., 2016; Dastin, 2018). Transfer learning attempts to improve the OOD generalization
performance of MLL models and has attracted attention in a variety of application areas:
computer vision (Tzeng et al., 2017; Gong et al., 2012), speech recognition (Huang et al.,
2013) and genre classification (Choi et al., 2017). Transfer learning is also known as domain
adaptation, and we refer to Pan and Yang (2009); Weiss et al. (2016) for surveys of transfer
learning.

Despite its empirical success, there is limited knowledge of the fundamental limits of
transfer learning. In this paper, we study the fundamental limits of transfer learning for
label shift problem under a binary classification setup. We posit the learner has a (labeled)
training dataset from the source distribution/domain P and either a small labeled dataset
or an unlabeled dataset from the target domain (). The learner knows P is similar, but not
identical to @ (the differences between P and @) will be made precise later). The learner’s
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task is to combine this knowledge about the similarities between P and ) with data from P
for inference in Q.

At a high-level, there are two lines of theoretical work in transfer learning. The first line
of work focuses on obtaining bounds on the worst-case performance of ML models in similar
target domains (Ben-David et al., 2010; Mansour et al., 2009). Here similarity between
the source and target domain is measured by some notion of distance/divergence between
probability distributions. Although general, such bounds are usually pessimistic, especially
if the learner has access to some data from the target domain.

The second line of work focuses on problems in which the learner has some data from
the target domain. In order to leverage the data from the source domain, the learner must
make some assumptions on the similarities between the source and target domains. Such
assumptions usually take the form of invariances between the source and target domain.
To keep things simple, we assume it is possible to partition each sample Z from the source
and target domains into two parts: Z = (U,V). We factorize the source (resp. target)
distributions as P(U,V) = P(U | V)P(V) (resp. Q(U,V) = Q(U | V)Q(V)). By picking U
and V carefully, it is possible to obtain many common transfer learning settings.

If the conditional factor changes between the source and target domains (P(U | V) #
Q(U | V)) while the marginal factor remains the same (P(V) = Q(V)), then there is
conditional drift between the source and the target domains. A prominent example of
conditional drift is posterior drift (Cai and Wei, 2019; Maity et al., 2021), in which the
marginal distribution of the features X remains the same between the source and target
domains, but the conditional distribution of the label / response given the features changes.
On the other hand, if the marginal factor changes between the source and the target domains
(P(V) # Q(V)) while the conditional factor remains the same (P(U | V) = Q(U | V)),
then there is marginal drift between the source and target domains. Prominent examples
of marginal drift include covariate shift (Kpotufe and Martinet, 2018; Zhang et al., 2015)
(U =Y,V = X) and label shift (Storkey, 2009; Saerens et al., 2002; Lipton et al., 2018;
Scholkopf et al., 2012; Zhang et al., 2015) (U =X,V =Y).

In this paper, we focus on the label shift problem: P(X |Y) =Q(X |Y) but P(Y) #
Q(Y). This problem arises in many application areas. For example, consider building a
pneumonia detector. While the symptoms of pneumonia may not change from month to
month, the prevalence of the disease in the population may increase in a month of pandemic
(e.g. January). There are two version of the label shift problem: the supervised version in
which the learner has labeled data from the target domain and the unsupervised version
in which the learner only has unlabeled data from the target domain. There has been a
flurry of recent work (e.g. Lipton et al. (2018); Azizzadenesheli et al. (2019); Garg et al.
(2020)) on methods for the label shift problem, especially the unsupervised version. Our
work complements this line of work by studying the fundamental limits of the label shift
problem in a non-parametric setting.

The organization of rest of the paper follows: we formulate the supervised and unsuper-
vised label shift problems and state the working assumption in Section 2. We study the
fundamental limits of the supervised and unsupervised label shift problems in Sections 3 and
4 respectively. In Sections 5 and 6, we present simulation studies that confirm our theoretical
results and prove the lower bound for the unsupervised label shift problem. Finally, we wrap
up with a brief discussion of the implications of our results in section 7.
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2. Setup

In this section, we forumulate the label shift problem and state the working assumptions.

2.1 Notations and definitions

For a random vector (X,Y) € [0,1]¢ x {0,1} with distribution P, we denote the marginal
distribution of X by Px and the marginal probability of the event {Y = 1} by nmp. We
denote the support of P with supp(P). We use 1 to denote the indicator function taking
the value in {0,1}. We use the AV notation for min and max: a A b = min(a,b) and
aVvVbE max(a,b). Finally, A(-) denotes the Lebesgue measure of a set in a Euclidean space,
and B(z,r) denotes the d-dimensional (closed) Euclidean ball of radius r > 0 with center

x € R%. For a generic probability distribution p the notation Xi,..., X, nd w implies that
X1,...X, are independently distributed and each of them have distribution pu.

2.2 Label shift in nonparametric classification

Let P and @ be two distributions on [0,1]¢ x {0,1}. We consider P as the distribution of
the samples from the source domain and () as that of the samples from the target domain.
In the supervised version of the label shift problem, the learner has labeled data from the
source and target domains:

Dy 2{(X ), (X ) Py

np) - -np

ind
(X2 V), (X2, 7, 2) % Q) e (x x p)nrira).
On the other hand, in the unsupervised version of the problem, the learner only has unlabeled
data from the target domain:
Dy 2{(XE ), (X v

np’) - -np

E(X x YY)’ x Xre.

p; x2,... X9, " QX}

In both versions of the problem, the class conditionals in the source and target domains
are identical: P(:|Y) = Q(-|Y)). However, the (marginal) distributions of the labels differ:
Tp # TQ.

Let Go 2 P(-| Y =0) and G; £ P(- | Y = 1) be the class conditionals. Note that
in light of the equivalence of class conditionals in the source and target domains, we can
(equivalently) define Go = Q(- | Y =0) and G = Q(- | Y = 1). The regression functions in
the source and target domains are

s JPY=1X=2) ifxesupp(Px)
np(r) = {

% otherwise

1 otherwise

no(z) 2 {Q(Y =1|X =z) if z € supp(Qx)
2

In both versions of the label shift problem, the goal of the learner is to correctly classify
samples from the target domain: learner wishes to learn a classifier f : [0,1] — {0,1}
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from the available data (Dy, in the supervised version and Dy in the unsupervised version)
that minimizes the classification error rate in the target domain Q(Y # f(X)). The Bayes
classifier in the target domain is

fo(e) = {o if ng(x) < 4,

1 otherwise;

i.e. fo € argming ey Po(Y # h(X)), where H is the set of all measurable functions h :
[0,1]¢ — {0,1}. We consider the error rate of the Bayes classifier as a baseline and study

A~

the excess risk of learned classifier f:

EQ(f) = QY # f(X)) — QY # f5(X)).

The excess risk is a random quantity depending on the available data through the classifier
f and is known to have the following representation (Gyorfi, 1978):

Eolf) = 2Eq |j1a(X) - 5| UFCO £ 500} (2.1)

To keep things simple, we assume that Gy and G; are absolutely continuous with respect
to the Lebesgue measure on R?. We also assume that the marginal distribution of the
features in the target domain Qx = mQG1 + (1 — mg)Gy satisfies the strong density condition.
This is a common assumption in non-parametric classification (see (Audibert and Tsybakov,
2007, Definition 2.2)).

Definition 1 (strong density condition) A distribution P defined on R? satisfies the
strong density condition with parameters pi_, piy, ¢y, 7, > 0 if

1. P is absolutely continuous with respect to the Lebesque measure on RY;

2. its support is reqular: supp(P) is compact and A [supp(P) N B(x,r)] > ¢, A\[B(x,r)] for
all0 <r <1y, and x € supp(P);

3. p < 2B(2) < py for all x € supp(P).

We note that we only impose the strong density condition in the target domain because
that is the domain in which we wish to study the performance of the classifier. Let gy and
g1 be the densities of Gy and G respectively (with respect to the Lesbegue measure on R?).
In terms of gg and g;, the regression function in the target domain is

1 otherwise.

Qg1 (z) if ¢ e
no(z) = {mg1<x>+<1m>go<x> if 2 € supp(Qx) (2.2)
2

Inspecting (2.2), we see that the main difficulty in estimating 7¢ is estimating the class
conditional densities gy and g;. The symmetry in the problem suggests that errors in
estimating gy and g1 affect the convergence rate of the excess risk equally. If the classes
are imbalanced, then the excess risk depends on the estimation error of the rarer class. To
measure class imbalance in our problem setup, we assume 7p € [ep, 1 — ep] for some ep > 0.
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As we shall see, ep affects the effective sample size from the source domain in the minimax
rate.

To quantify the hardness of estimating the class conditional densities gy and g1, we
impose standard smoothness conditions on them. For any s = (s1,...,54) € N? and
z = (z1,...,24) € supp(Qx), define [s| £ s1+ -+ 54, s! = s1!... 54! and 2° = 27' ...z
Let D* denote the differential operator

OS1t+sd

D=
51 Sd°
Oxi'...0x,

For any ¢ : supp(Qx) — R that is |3]-times continuously differentiable at a point g €

supp(Qx), we denote by g%) its Taylor expansion of degree || at z:

T — x9)°
@@= 3 T prgia)
|s|<(8) '

Definition 2 (Holder class) A function g : Q@ — R is called (B, L,ro)-Hélder smooth
(B-Hélder smooth in short) if it is | 5]-times continuously differentiable and satisfies

9@) —gP @ < Lle —yl;  VreBly.ro)nQ ye
We denote the set of all such functions as X(3, L, o).

As we saw, the difficulty of the label shift problem depends on the hardness of estimating
the class conditionals gy and g1, so we assume they are S-Hoélder smooth. Prior studies on
the fundamental limits of covariate shift (Kpotufe and Martinet, 2018) and posterior drift
(Cai and Wei, 2019) have imposed similar smoothness conditions on the regression function
instead of the class conditionals. This is because in those problems the Bayes classifier
remains the same in the source and target domains:

{z €[0,1)7 [ np(z) < 3} = {z € 0,17 ng(x) < 3}

As the hardness of the transfer learning problem now depends on the hardness of estimating
np, it is important in both covariate shift and posterior drift to quantify the hardness of
estimating np.

We further introduce the margin condition to quantify the difficulty of the classification
task in the target domain. It was introduced in Tsybakov et al. (2004) and adapted by
Audibert and Tsybakov (2007); Cai and Wei (2019); Kpotufe and Martinet (2018) to study
the convergence rate of the excess risk in binary classification problems. Intuitively, the
condition restricts the probability mass around the Bayes decision boundary (region of the
feature space such that 1o(z) ~ 4). In other words, it implies 7g(X) is far from 3 with
appreciably high probability.

Definition 3 (margin condition for Q) The distribution Q satisfies the margin condi-
tion with parameter «, if there exist co,Cq > 0, such that

1
for all0 <t <ecq, Qx <O < ’nQ(X) — 2‘ §t> < Cyte.

5
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We note that the condition becomes more stringent as a grows. We also note that if
Q@ x satisfies the strong density assumption and B(1 A &) > 1, then there is no distribution
@ such that the regression function 7 crosses % in the interior of the support of Qx (see
(Audibert and Tsybakov, 2007, Proposition 3.4)). This leads to a trivial Bayes decision rule.
In the rest of this paper, we rule out such settings by only considering target domains such
that o < 1.

Combining all the preceding restrictions, we consider the class P of source and target
distribution pairs (P, @) in our study of the label shift problem.

Definition 4 The distribution class P(pi—, piy, Cus Tus €p, &, Co, B,Cg) (or P in short) is the
set of all distribution pairs (P, Q) which satisfies the following conditions:

1. P(-|Y) =Q(Y) (label shift);

2. Qx satisfies the strong density condition with parameters p = (p—, pi4.), ¢, >0, 7, >0
(see Definition 1);

3. ep <mp <1—e€p for someep > 0;
4. go and g1 are locally B-Hélder smooth (see Definition 2);
5. ng satisfies the margin condition (see Definition 3);

6. af < 1, where a is the parameter of the margin condition and [ is the Holder
smoothness parameter.

The goal of the learner is to learn a decision rule f from all the available data (including
data from both source and target domains) that has small excess risk in the target domain.
To study the difficulty of the label shift problem in both supervised and unsupervised
settings, we study their minimax risks as functions of the sample sizes in the source and
target domains np,ng.

3. Supervised label shift

In the supervised version of the label shift problem, the learner has access to a dataset Dy,
which includes np labeled samples from the source domain and nq labeled samples from
the target domain. We assume the source and target distribution pair (P, Q) is in P (see
Definition (4)).

First, we present an information-theoretic lower bound on the convergence rate of the
excess risk in the supervised label shift problem. This is a lower bound on the performance
of all learning algorithms which accept data Dy, and return a classifier f : [0,1]¢ — {0,1}.
Formally, such a learning algorithm is a map A : S, — H, where Sp, = (X x Y)"?*"Q is the
space of possible datasets in the supervised label shift problem (the subscript ‘L’ indicates
the data from the target domain is labeled) and H £ {h : [0,1]% — {0,1}} is the set of all
possible classifiers on [0, 1]%.
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Theorem 5 (lower bound for the supervised label shift problem) There is ¢ > 0
independent of np,ng and ep such that

inf sup E [5 (A(D ))} >c<(n ep+n )_Tid +n_1/2)1+a
s (P,Q)peP D, |€Q L > peEp +nQ 0 :

To show that the preceding lower bound is sharp, we consider a simple plug-in classifier
whose convergence rate matches the lower bound:

flz) 2 {1 iffiga) 2 3, (3.1)

0 otherwise,

where ) is a particular estimator of the regression function. This estimator is constructed
by plugging in an estimator of 7y and kernel-based estimators of gy and g1 in (2.2):

. o (@)
M0(®) = 2 e @+ (1 - 7g)in(@) (3.2)

Here 7g is the fraction of samples from the target domain with label 1, and go and g; are
kernel-based density estimators:

/

=3 k() yeion, (33)

n
Y $/€Xy Yy Y

where X, = {z : (z,¥) € D1, ¥ =y}, ny = |A,|, and hy > 0 is a bandwidth parameter.
The kernel K in (3.3) is a f*-valid kernel (Tsybakov, 2009, §1.2) for some 5* > . Recall K
is a B*-valid kernel iff

/K(w)d:v =1, /:L‘lK(x)dx =0 for all [ € [57]. (3.4)

This choice of kernel is motivated by the Holder smoothness assumption on gg and g;. We
note that (3.3) uses samples from both source and target domains to estimate gp and g;; this
does not cause bias in gg and §; because in the label shift problem, the class conditionals
are identical in the source and target domains.

Theorem 6 (upper bound for the supervised label shift problem) Letf be the plug
in classifier defined above with bandwidths h, = ny—l/(2ﬁ+d); y € {0,1}, where ny is the total
number of samples in Dy, that has label y. There is C' > 0 independent of np,ng and ep
such that

¢ __B _ 1+«
sup Ep, {gQ(f)} <C ((Epnp +ng) 25+ + nQ1/2> '
(PQ)EP

Remark 7 The bandwidths ho and hy and 5* (in the choice of kernel) in Theorem 5 depend
on the smoothness parameter 5. In practice, B is usually unknown, so hg, h1 and B* are
chosen by cross-validation.
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We defer the proofs of Theorems 5 and 6 to the supplement. Together, the two theorems
imply the minimax rate of the excess risk is:

inf_ & sup Ep, [Eq(ADL)] p = ((epnp+7 )~ 2T +n_1/2>1+a (3.5)
A (RQ)DGP Dy, |€Q L = | (epnp +ng 0 : .

The minimax rate shows the benefits of transfer learning, especially when np > ng. In the
IID setting in which the learner has access to samples from the target domain but not the
source domain, the minimax rate simplifies to

_B(+a)
inf sup E__ ong [EQ(A(D))] ¢ < n, T
-A5SL—>’H{(P,Q)67J D~Q o [€q ] Q

(recall B/(28+d) < 1/2). This agrees with known results on the hardness of non-parametric
classification in IID settings (Audibert and Tsybakov, 2007). This is also the minimax rate

of learners who ignore the data from the source domain, To see the benefits of transferring
d

knowledge from the source domain, let np > ng. As long as epnp < ni; # —ng (%
can be large, so this does not conflict with np > ng), the minimax rate simplifies to
(epnp + ng)~PU+e)/(2B+d) " which is faster than the minimax rate of learners who ignores
the data from the source domain. We wrap up this section with some technical remarks
about the minimax rate in (3.5).

Remark 8 The first term in (3.5) depends on the hardness of estimating the class conditional
densities go and g1. This term depends on the total sample size epnp +ng from the source
and target domains because samples from both domains are equally informative in estimating
go and g1. The astute reader may wonder why ep affects the total sample size but mg does
not. This is because the hardest problem instance has wp close to zero and mg = % Thus
class imbalance in the target domain does not affect the minimax rate, while that in the
source domain heavily does. An intuitive explanation for mg = % being the hardest case of
classification can be understood from the convergence rate of 7q:

(1 —mg)mq
r(n,m) = nQ

+/(1 =) (1 = mp)np + (1 - mg)ng) ™"

__B
+VTQ (anp + WQHQ) 2otd

Inspecting r(n, ) as a function of mg one can see that the function achieves maximum rate
when mg 1s close to % We refer to the proof of the upper bound in Appendiz B.3.1 (especially
the discussion around (B.6)) for more details.

Remark 9 The exponent of npep +ng in (3.5) depends on the smoothness of go and gi;
similar exponents arise in the minimaz rates of density estimation (Tsybakov, 2009) and
density ratio estimation (Kpotufe, 2017). The second term in the minimax rate depends on
the hardness of estimating wg. Finally, the overall exponent on the outside depends on the
noise level, which we measure with the parameters of the margin condition. We wrap up a
few additional remarks about the minimazx rate in the supervised label shift problem.
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Remark 10 If the learner only has access to the labels, but the access to the features from
the target domain are restricted, then it is possible to adapt the proofs of Theorems 6 and 5
to show that the minimax rate is

inf {( sup E [EQ(fA)}} = ((EPnp)_%% +nél/2)1+a.

A:SL—YH P,Q) cIl

At a high-level, the absence of features from Q prevents us from using the samples from Q
for estimating the class conditional densities (but they are still useful for estimating mq ).

Remark 11 Unlike similar results on the fundamental limits of other transfer learning
settings (e.g. covariate shift (Kpotufe and Martinet, 2018), posterior drift (Cai and Wei,
2019), etc.), in the label shift problem, there is a sharp jump between the mp =g (P =Q)
regime and the mp # wg (P # Q) regime. This is most clearly seen by considering the case
in which P 1s known and the only unknown quantity is mg, which simplifies the problem to
a Bernoulli proportion estimation problem. In general, it 1s not possible to estimate g at

a rate faster than \/% unless we know v = |mp — mg| ~ o(—==). In this case, (because we

VQ
know P and hence we also know mp), we can simply estimate g with T = 7p, and the

worst-case risk of this estimator (over the problem class in which ~ ~ 0(\/%)) is o(\/%).

Consider the other problem class in which ~ ~ Q(\/%) In this case, Le Cam’s method
shows that the minimax rate is at least \/% (the two point construction uses two Bernoulli

distributions whose means are @(ﬁ) apart).

Taking a step back to the full problem (in which P is unknown), the dependence of the
minimaz rate on vy = |mp — mgl| is (by analogy to the simple case in which P is known)

B
1 - 1
\/T—Q"i‘ (Epnp+nQ) 26+d | Vwﬁ(ﬁ),
1

__B
max{~, \/%—P} + (epnp + nQ) BFd, oy~ 0(\/?),

We see that as soon as y ~ Q(\/%), the minimazx rate no longer depends on v. However,

the problem sub-class in which v is small consists of source and target distributions that are
very similar, so this sub-class is uninteresting from a transfer learning perspective.

In similar studies of minimazx rates for covariate shift (Kpotufe and Martinet, 2018) and
posterior drift (Cai and Wei, 2019), the minimax rate depends smoothly on a parameter
~ that quantifies the allowable difference between the source and target distributions in the
problem class, but this does not occur in the minimax rate for the label shift problem. The
Bayes decision rule is different in the source and target domains in the label shift setting, so
optimal prediction (in the target domain) entails estimating an additional correction term
to bridge the gap between the source and target domains. Estimating this correction term
basically boils down to estimating mq, and the hardness of estimating mq does not depend on
the difference between the source and target distributions measured in terms of v = |mp — ira]
(except in a very small problem sub-class in which transfer learning is irrelevant). Thus our
minimax rate for the label shift problem does not depend on .
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4. Unsupervised label shift

In the unsupervised version of the label shift problem, the learner has access to Dy, which
consists of np labeled samples from source domain and ng unlabeled samples from the
target domain. For this version of the label shift problem, we impose an extra separation
condition between the class conditional distributions. As we shall see, a preliminary step in
solving the unsupervised label shift problem is estimating 79 = Q(Y = 1), and separation
between the class conditionals is necessary for its accurate estimation. We consider the
Lo-distance D between probability densities:

D*(g0, 91) é/ (91(2) —90(90))2d95- (4.1)
X

For some 0 < C' < 1 we assume go and g; satisfy D(go,g1) > C. In the rest of this section,
we work with the following class of source and target distribution pairs (P, Q):

P' 2 {(P,Q) € P: D(go, 1) > C}

First, we present a lower bound for the convergence rate of the excess risk in the
unsupervised label shift problem. The lower bound is valid for any learning algorithm
A Sy = H, where Sy = (X x Y)"P x X"Q is the space of possible datasets in the
unsupervised label shift problem (the subscript ‘U’ indicates samples from the target domain
are unlabeled) and H £ {h : [0,1]¢ — {0,1}} is the set of classifiers on [0, 1]%.

Theorem 12 (lower bound for the unsupervised label shift problem) There isc >
0 independent of np,ng and ep such that

14+«

' - ~1/2
> B+d
Aé%iH{(PEEP/EDU[SQ(MDU))]}_c(<epnp) 1 1 ngh?)

To show that the preceding lower bound is sharp, we design a classifier whose rate
of convergence matches the lower bound. As we alluded to earlier, a preliminary step
is estimating mg. This is known as the class proportion estimation problem, and it is
challenging because the samples from the target domain are unlabeled (in the unsupervised
label shift problem). There are many ways to solve the class proportion estimation problem
(Lipton et al., 2018; Azizzadenesheli et al., 2019; Alexandari et al., 2020; Du Plessis and
Sugiyama, 2014; Iyer et al., 2014; Jain et al., 2016). To prove a matching upper bound, we
appeal to the method of Iyer et al. (2014), but it is possible to show similar upper bounds
with other methods (see Remark 16). Armed with an estimate of 7g, we consider the same
plug-in classifer as (3.2), except that the kernel-based estimators of gy and g; only depend
on the labeled samples from the source domain.

Theorem 13 (upper bound for the unsupervised label shift) There is C > 0 inde-
pendent of np,ng and ep such that

14+«

5[0 ()] <0 (laner~ 1)

10
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We defer the proofs of Theorems 12 and 13 to Section 6 and Appendix B. Theorems 12 and
13 together show that the minimax convergence rate of the excess risk in the unsupervised
version of the label shift problem is

nf Epy (€0 (AD))] b = ((epnp) 5 +0g"?) " (42)
n = . .
A:éUHH (PZI;IEP/ Dy 1€Q U epnp ng

Recall the minimax rate of IID non-parametric classification in the target domain
B(+a)
28+d

is ng (Audibert and Tsybakov, 2007). Comparing the minimax rates of IID non-
parametric classification (in the target domain) and the unsupervised label shift problem, we
see that as long as there are enough samples in the target domain (so we are in the regime
of the preceding remark), then labeled samples from the source domain are as informative
as labeled samples from the target domain. An extremely important practical implication of
this observation is if labeled examples are hard to obtain in the target domain, then it is
possible to substitute them with labeled examples in a label shifted source domain.

Before moving on, we compare the minimax rates in the supervised (3.5) and unsupervised
(4.2) label shift problems. We see that the rates differ in the first term in the parentheses:
there is epnp instead of epnp + ng in the minimax rate of the unsupervised version. Recall
this term depends on the hardness of estimating the class conditional densities gy and ¢;.
In the supervised version, the samples from the target domain are labeled, so they can be
directly used to estimate gg and g1. In the unsupervised version, the samples from the target
domain are unlabeled, so there is no direct way to use them to estimate go and g;. There
may be indirect ways to leverage the samples from the target domain (e.g. by imputing
their labels), but our results show that such tricks cannot improve the convergence rate of
the classifier. We wrap up with a few additional remarks about the minimax rate in the
unsupervised label shift problem.

Remark 14 If np > ng, then the minimaz rate simplifies to

B(+a) 142

epnp) 28+d ifepnp K n %,
inf s Ep, [ (A(Dy)] < { T Fepne <ng
(PQ)EP ng ° if epnp > ng 7.

Recalling the form of the plug-in classifier, we see that there are two main sources of errors
that contribute to the excess risk:

1+a

2

1. error in the estimation of the class probability mg. This leads to the (’)(nc_2 ) term

mn the minimaz rate.

2. error in the estimation of the class conditional densities go and g1. This leads to the
_B(0+a)
O((epnp)” 28+d ) term in the minimax rate.

d

1+
If epnp > ng *7 then the error in estimation of mg dominates the excess risk. In this case,
improving the estimates of the class conditional densities (e.g. by increasing np) does not
improve the overall convergence rate.

11
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1+
Remark 15 Ifepnp < ng % then the minimaz rate simplifies to

_B0+a)

inf E D = 2B+d
A:‘%I;_)H{(P,Séu)gp/ DU[SQ (A( U))]} (epnp) +d

which is the minimax rate of IID non-parametric classification in the source domain. In
other words, given enough unlabeled samples from the target distribution, the error in the
non-parametric parts of the unsupervised label shift problem dominate. As this is also the
essential difficulty in the IID classification problem in the source domain, it is unsurprising
that the minimax rates coincide.

Remark 16 Reviewing the methods for class proportion estimation shows that most methods
converge at a nél/Q + d(np)-rate uniformly on P’, where §(np) is a term that captures the
dependence of the rate on np. Inspecting the proof of Theorem 13 reveals that as long as
5(np) < (epnp) =P8+ (which is satisfied by the method of Iyer et al. (2014)), the excess
risk of the resulting classifier attains the minimax rate (4.2). Thus, it is possible to prove
similar upper bounds with other methods for class proportion estimation as well (Lipton
et al., 2018; Azizzadenesheli et al., 2019; Alexandari et al., 2020; Du Plessis and Sugiyama,

2014; Jain et al., 2016).

5. Simulations

In this section, we present simulations that illustrate the effects of class imbalance in the
source domain. The labels in the source domain are distributed as Y; ~ Ber(np), and
the labels in the target domain are distributed as Y; ~ Ber(0.75). The class conditional
distributions (in both source and target domains) are

X; | Y; ~ Y« TN(0,1,-2,2)%3 + (1 - Y;) « TN (2,1,0,4)®3

where TN(u, 02, a,b) is the N (u, 0?) distribution truncated to the interval [a, b]. We consider
three class imbalance settings: 7p = 0.5 (solid line, solid circle as pointer), 7p ~ 1/,/np
(dashed line, star as pointer) and mp ~ 1/np (dotted line, plus as pointer). We defer other
details of the simulation setup to Appendix A.

Supervised label shift simulations In the supervised setting, we compare the excess
risks of the two following methods:

1. a minimax rate optimal plug-in classifier 1 {fjg(z) > %}, where 7jg is defined in (3.2).
This method is denoted as C1-labeled.

2. a classical classifier designed for IID settings. This is the same classifier as the minimax
rate optimal plug-in classifier that only uses data from the target domain to estimate
the class conditional densities and class probabilities. We considered this classifier in
Section 3 when discussing the benefits of transfer learning. This method is denoted as
Cl-classical.

12
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Figure 1: Excess risks in the supervised label shift problem. We see that the minimax
optimal approach studied in section 3 is the only approach that learns effectively
from both source and target domains.

To estimate the class conditional densities, we use a 2-valid kernel (see (3.4)) with the
optimal bandwidth hg = nalﬁ and h; = nl_l/7 (see Theorem 6).

We compare the efficacy of the two approaches in two settings. In the first setting
(Figure 1, left), np > ng (np is growing and nq is held fixed), so it is necessary to transfer
knowledge from source to target data to reduce the excess risk. As expected, the excess
risk of the classical classifier designed for IID settings remains constant as np changes as it
ignores data from the source domain. On the other hand, the excess risk of the C1-labeled
classifier, which transfers knowledge from source to target domain, decreases as np increases

in the 7p = 0.5 and mp ~ —= settings. This shows that C1-labeled leverages data from

n

the source domain to impr\é\z classification accuracy in the target domain. We note that
effect of class imbalance in the source domain appears in the epnp term in the minimax rate
(3.5). Recall this is the minimum expected per class sample size in the source domain. From
(3.5), we expect the convergence rate of the excess risk is slower in the mp ~ \/%To setting
than in the mp = 0.5 setting, and we see that this is indeed the case in Figure 1. We also
expect the excess risk to remain bounded away from zero in the 7wp ~ % setting because
the epnp term remains bounded away from zero in the minimax rate.

In the second setting (Figure 1, right), we compare the classical classifier and C1-labeled
in the ng > np (ng is growing and np is held fixed) setting. This is an easier setting
because it is possible to perform well (have small excess risk) in the target domain without
transferring knowledge from the source domain. We expect both approaches to perform well

in this setting, and Figure 1 confirms this.

Unsupervised label shift simulations In the unsupervised setting, we compare the
excess risks of the two following methods:

1. a minimax rate optimal plug-in classifier where 7)qg is estimated using kernel-based
density estimates of g1 and go and a distribution matching estimator of mg Lipton

13
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Figure 2: Excess risks in the unsupervised label shift problem. We see that the minimax
optimal approach studied in section 4 (eventually) matches the performance of
the oracle classifier.

et al. (2018). This method is denoted as Cl-unlabeled. We use a different method
here to estimate m¢g than in the proof of Theorem 13 to demonstrate the robustness of
our results to the choice of estimator (of mq).

2. an oracle plugin classifier that uses the exact value of mg. We denote this classifier by
Cl-oracle.

To estimate the class conditional densities, we use a 3-valid kernel (see (3.4)) with the

optimal bandwidths hg = (%)—1/77 hy = (n’l)_l/7 (see theorem 13). We defer the other
details of the simulation setup to Appendix A.

We evaluate the efficacy of both approaches in the two preceding settings, np > ng (see
Figure 2, left) and ng > np (see Figure 2, right). In both settings, we fix g = 0.75 and
vary mp to study the effects of class imbalance. At a high-level, as long as n( is large enough,
the distributional matching classifier matches the performance of the oracle classifier. This
is explained by the fact that if ng is large enough, the distributional matching produces a
good enough estimator of 7g, so the error in the estimation of 7 is no longer the dominant
source of error in the excess risk.

We observe that there is always a small gap between the excess risk of the two methods
because the estimates of the class probability ratios are not consistent in the simulation
settings. Recall that the error incurred by distributional matching is O(%) v O(%) (see
Lipton et al. (2018), Theorem 3). This implies that the estimates of the class probability
ratios never converge to their population counterparts in the simulation settings, because
one of np and ng is held fixed by design. Thus, the oracle classifier, which does not suffer
from errors in the estimates of the class probability ratios, is always a step ahead of the
minimax rate optimal classifier.

14
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6. Proof of Theorem 12

In this section, we prove Theorem 12. The proof of Theorem 5 is similar, and we defer the

details to the supplementary materials. At a high-level, the proof has two parts. The first part
_B(+a)
shows that the minimax rate is at least (epnp)” 26+d . This is due to the difficulty arising

from the non-parametric part of the label shift problem: estimating the class conditional
1+a

densities gg and g;. The second part shows that the minimax rate is at least ng? 2 . This
stems from the difficulty of the parametric part of the label shift problem: estimating the
class probabilities in target domain 7.

6.1 Difficulty of the non-parametric part

To study the difficulty of the non-parametric part of the label shift problem, we appeal to
the following proposition to obtain lower bounds in the non-parametric regression problems.

Proposition 17 (Theorem 2.5 in Tsybakov (2009)) Let {II,}ren be a family of dis-
tributions indexed over a subset H of a semi-metric (F,p). Suppose there are hg,...hy € H,
M > 2, such that:

1. p(hi,hj) > 25 >0 for all0 <i<j <M,

2. Iy, < I, for all i € [M], and the average KL-divergence to I, satisfies

M
1 1
i E KL(IIp, | p,) < klog M for some 0 < k < 3
i=1

Let Z ~ 11}, and f : Z — F be any improper learner of h € H. We have for any f :

s 3-2V2
sup Tl (o(F(2). 1) = 5) = ===,

The crux of this part is construction of a family of distributions on the source and target
domains {Hi}g‘il that satisfies the assumptions of proposition 17. Before delving into the
technical details, we describe the intuition behind the construction.

We devote most of our efforts in this part to constructing the class conditional densities
because we wish to study (the difficulty of) the non-parametric part of the problem. We
partition the sample space [0,1]? into small (hyper-)rectangles and divide the rectangles
into three groups. The class conditional densities differ on the second and third groups, but
they are identical on the first group. The sizes of the two groups are carefully adjusted to
satisfy the margin condition in definition 4 and minimize the KL divergence between the
II;’s. Within each rectangle, the class conditional densities are smooth functions with a
rise/fall near center of the rectangle and half near the boundaries.

In the proof, we associate the rectangles with the vertices of a hypercube and judiciously
pick a subset of rectangles on which the class conditional densities differ, so that the Hamming
distance between the associated verticies of the hypercube is maximized. The lower bound
on the minimax rate then follows directly from proposition 17.
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We assume epnp > 1. Let r = c,«(epnp)*l/(w*d),m = Lcmro‘ﬁ*dj, where a > 0 is
the noise condition exponent and 8 > 0 is the Holder smoothness exponent. Also, define
cr = (1/17), ¢ = 8 x 174 and ¢,, € (0,1) is a constant to be picked later. The preceding

constants satisfy
1)1
8<m< = |—| .
2 r

To see the first inequality, we observe that » < 1/17 and recall a8 < d. Thus
m=8x (17r)*~1 > 8,

To see the second inequality, we observe that r—! > 16, which implies r—! < 17[r~!]/16.
Thus
1\? di—1yd ~ L —1d
=8(17r)*P [ — ) <8-167r 1)< Z|r e
m = 8(17r) <m> <8167 < S
We also have 2mw = 2me,r? < 2¢,,c0 < 1 for a suitable ¢y,
Construction of {IL}M,. Let r1 = 1/[1/(cwr)] if |1/(cur)] is even, otherwise let
r1 =1/ (]1/(cwr)] +1). Let us consider the grid of points

Z={(1/24i)r :i=0,1,...,1/r —1}% (6.1)

We see that Z is a grid of equally spaced points of size 7| 4 For a z € Z we consider the
hyper-cube
Cz)={ze0,1]%: ||z — z|e < r1/2}.

Note that, volume of each of these hyper-cubes is rf. Let Z1, Zy C Z be subsets of size m.
Moreover, we let Z; and 2, are disjoint. We define a bijection v : Z; — Z5 which shall
be used to construct the conditional densities. We define Zy = Z\(2Z; U Z3). Note that,
Z has even number of points and |Z;| = | Z3|. Hence, Z; has even number of points. We
further divide Zj in two sets Z3, Z4 of equal sizes. We shall define a set of distributions
parametrized by o € {—1,1}%L.

Conditional densities. For a > 0 we define a function v, supported on on R which will be
used heavily for the construction of conditional densities. Define

0 forz <0
1

ug(z) = w for0<z<1
fle @i gt
1 forz > 1

and 1

o) = (1 — uq()) for g < 1, (6.2)

(1 — uq()) for p > 1.

According to lemma C.6 we choose a such that v, = v is (8,Cp) Holder smooth.
Therefore, the following functions are (5, Cg)-Holder smooth:

B /9lr —
rez, mia) = o (220)
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and

z€Z, §Z(x)—v<wo—2<ll)—l>>.

For a parameter o the construction of conditional densities are given below.

1+ o(z)/epn.(z) z € C(z), z € Z,
I o(z)\epnse(x)  xeC(f(2)), z € 21,
14+ &.(x) x € C(z), z € Z3,
1—&.(x) z e C(z), z € 2y, 63)
1 —o(z)/epn.(z) reC(z), z € 2,
6 (z) = L+ o(z)vepnse () =€ C(f(2), z € 21,
1—¢&,(x) x € C(2), z € Zs,
14+ &.(x) xeC(z), z€ 2y

We also define ) = 1/2 and 7% = 1/2. We then define the probabilities

PiX €AY =y)= /A (7597 (2)1(y = 1) + (1 — 75)g8 (2)L(y = 0))dz

and
QX €AY =y = [ ol @iy =1+ (1~ @1l = Olde. (64

Given the source and target distributions we define the joint distribution of Dy as
I, = P @ Q218 (6.5)

Here, ep < 7% < 1 —€p. Also, gx = 1 for any = € Q. Hence, p— < ¢%(z) < pg.
Furthermore, Q = [0, 1]¢ is a regular set. Hence, q% satisfies strong density assumption.
For such a construction, the marginals are

Phe(r) = % (@) = 5o (@) + 2o§(x) = 1 (6.6)

Furthermore, the regression function 7y, is

mo97(z) 1
QI1 o
ng(z) = = =591 (z) (6.7)
@ % (x) 27t
We refer to lemma 20, where it is shown @), satisfies a-margin condition with constant
C,. Also, the separation assumption 77 is verified in lemma 22.
Let F be the set of all classifier relevant to this classification problem. For o € {—1,1}%1
let f, be the Bayes classifier corresponding to the probability distribution (), defined as
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fo(x) = 1{ng, (x) > 1/2}. For 0,0’ € {—1,1}?" define p(c,0’) == E,(f,) and p(o,0’) =
card{z € Z; : 0(z) # 0/(2)} as the Hamming distance. Then

plo.o") = 2Bq, v | 1B0X) — 3| LU0 # fo(X)

> clrilrﬁp(a, o)
d, . B+d

plo,a’).

We recall Varshamov-Gilbert bound, which shall be used to construct the probability
class.

> cic

Lemma 18 (Varshamov-Gilbert bound) Letm > 8. Then there ezists a subset {oq,...,on} C
{—=1,1}" such that o9 = (1,...,1),

pu(0i,05) > %, forall0<i<j< M, and M > om/8,
where, pg s the hamming distance.

Let {o0,...,om} C {—1,1}" be the choice obtained from the lemma 18. Note that for
such a choice p(o;,05) > m/8 whenever i # j.
Then

_ m
ploi,o5) > clc;‘f)rﬂ+d§

> cﬁ,r*3+dro‘57d
> C,T‘B(l+a)

. _80+a)
=c (Gpnp) 2p+d

£ 95

Now we bound the Kulback-Leibler divergence between the joint distributions Il,,. Using
lemma 21 we get

KL(Iy,|[1,;) < L K(d, o, B)p(oi, 0;)
cqu(d, a, B)m

IN

IN

1
§ IOgQ(M )

for suitable ¢, < 1.
Finally we appeal to proposition 17 (and Markov’s inequality) to obtain the minimax
rate

sup EEQ(f) > sup sPp <8Q(f) > s)
(P.Q)ell (PQ)en

>s sup I, (5Qa(f) > 8)
oe{—1,1}%1
3= 2v/2

- 8
_ B(+a)
> C(Epnp) 28+d |
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6.2 Difficulty of the parametric part

To study the difficulty of the parametric part, it is enough to construct two well-separated
hypotheses (versus the family of well-separated hypotheses required in our study of the
non-parametric part). We refer to the following theorem to establish lower bound. This
particular form of LeCam’s bound is taken from Tsybakov (2009), Chapter 2. The result
directly follows from Equation (2.5) and statement (iii) in Theorem 2.2.

Theorem 19 (LeCam’s bound) Let P be a set of distributions. For any pair Py, P, € P,
- A
inf sup Ep [d(@,H(P))] > 2 KL(Bo|[P)
6 PepP 8

where A = d(6(Py),0(P1)).

The construction will closely follow the non-parametric part. Let o € {—1,1}, ¢, <

_ /2
1,r—nQ ,

. {1/ [1/(cwr)] if [1/(cyr)] is odd
1/ ([1/(cwr)] +1)  if [1/(cyr)] is even

Thus % is always an odd number. Define 2D + 1 = 1/r;. Let us consider the grid of points
Z={z=01/2+1i)r :1=0,1,...,2D}.

We again consider the function v, = v (as defined in (6.2)) which is (5,C3) Holder
smooth. Hence the following functions are also (3, Cz) Holder smooth.

B 2|z — 2|00 1
z € Z, nz(x)—v<brl 2 3 1

. We also define C(z) = {z € [0,1]%: ‘:U(l) - Z(l)‘ <r/2}

1 :IIECZ()),
gl (x) = ¢ 1+, (x) xeC(z), fori=1,...,D,
= n(e)  weC=)

(
(
(
1 z € C(z),
(
(

(6.8)
go(r) = 1 —mn,(x) xeC(z), fori=1,...,D,
L 1+, (x) x € C(z), fori=D+1,...,2D
and 7% = 1/2, o = 1/2 4+ achg)l/Q. We construct P,,Q, and define
I, = P @ Q5" (6.9)

in the similar way. As before, we have ep < 7% <1 —e€p and gx = 1. Hence, u— < gx < py
and supported on [0, 1]%. This implies Qx has strong density. Also, we refer to lemma 20 to
show @), satisfies a margin condition with constant C,,.
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For o € {—1,1} let 1, and f, be the regression function and Bayes classifier for Q,,
respectively. Then

P, ITq) = Eq, (f-1)
= 2Bq, x [[n6(X) — 1/2[1{A1(X) # f1(X)}

> 4chE)1/2r1

1+«

> dng 2 =2s.
We refer to lemma C.4 in supplement to get the following bound

KL(IL|[I-1) < ngKLUY JUS ™)
—1/2
) 1/2 + cqng

<ng(1/2+4 cong '7)log 7

1/2 — chc_Ql

~1/2
1/2 = cgng /
/2

+(1/2 - chél/Q) log -
1/2 + cgng

2,0 1

< nQZ?)CQnQ
2
< ()

where Ug ~ Bernoulli(7g)).
Using theorem 19 we conclude

A e e
sup E[Eq(f)] > g .
(PQ)el
Finally, we combine the two bounds to get
~ _lfa _ B(+a)
sup E[€o(f)] > cng ? Vc(epnp)” 2

(P,Q)ell

14+«
__B —1/2
> c’<(6pnp) ¥+, / ) )

Lemma 20 For any o € {—1,1}2' Q. as defined in 6.4 and 6.9 satisfies c-margin condition
with constant Cl,.

Proof We prove the lemma for both 6.4 and 6.9.

Margin condition for non-parametric part We recall the marginal and regression
function as in 6.6 and 6.7, respectively. For such a regression function

Vepn:(x)/2 x e C(z), z € 2,
(@) = 1/2] = { vepns(@)/2  z€C(f(2)), 2 € 21,
0 x € C(z), z € 2.
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Let 5
to:{ﬁ’” (1~ ua(1/2)Y* 5 <1
T (- u(1/2) A1

For t <tg,B <1 and z € Z1 U Z5, we see that

/1 e_a(siSQ) ds < /1 e_a(sisz)ds ( 6t )a (6 10)
1/2 —Jo Verr?) '
Qx{0 < Vepn.(x) < 2t}
2|z — 2||oo 6t \“
— 1 —q (22l <
Ox {0 < “( o )= \Var?
1 _%d 1 _%d 6t \“
— a(s—s%) < a(s—s?)
@x 0</2|“|Ooe 8_/06 S(ﬁ”’)
r1
» 2|z — 2|l /1 1 6t \°
< O<es(1- 22l o a7 d
_Qx{ <e ( " =€ "\ Verr?
p— 6t \“ _ 2llz—z|
— 1 — 4/a/ a(s—sz)d - 2 ~lice <1
QX{ L 8<\/6P7“5> ST - }

d
S 6t \“
_ d _ _ 4/(1 a(s—s2
=7r] |1 (1 e /06 ( )ds( €p’l“6> )

Hence,

where the third inequality is true because % > 1/2 (obtained from inequality 6.10).
Similarly, t < tg, 3 > 1 we have

,r.

Qx{0 < epn.(z) <2t} < Chle _1/2 73
< Cblep! %l (C't/r )~

a/2 dT tOé
Cw raB

< O//

because oo < 1 for 8> 1. For z € Z3U 24

dta
QX{O < epn.(z) < Qt} < Ccibdq;aﬁ

Hence,

o 1 ~a/2.4 " aar't
QX{0<’77Q( )—2’<t}<0 cly ozB 2m+( —2m)Cb Cw o

< Cpt™.
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for small enough c,,.
]
Let YE (1 — 4 (1/2))* < ¢ < 1. Then
1
Qx {0 < ’né@) - 2‘ < t} < 2mrd + (r7% — 2m) (bry)?

< QCmeUTO‘B + cglrd

< (2CmeU + cg)raﬁ

< Ca ( eg”j (1- ua<1/2>>”“)a

< Cpt®

where the second last inequality is true for small ¢, and c.

Margin condition for parametric part Let ¢ < % (1-— ua(l/Z))l/a. Fori>1

Qx{0 < \epn.,(z) < 2t} < Cheyrt®.

~1/2
Hence, for t < cQng

1
ngg(m) — 2‘ < t} < 4DCbcyrt®

Qx {0 <
< Cut®.

for small enough c¢,,. For chél/z <t<i(1- ua(1/2))

N | =

Qx {0 < ‘ng?(x) - ‘ < t} < ADCbey,rt™ + cre
< Ct*.

for small enough c,,.

Lemma 21 Let {HU co e {—1, 1}21} be the class of joint distributions defined in 6.5. For
0,0 € {~1,1}21 we have
K LI, |[Tlyr) < ¢, K (d, v, B)p(a, o).

Proof We recall from 6.6 Qx o ~ Uniform([(), l]d) doesn’t depend on o. Hence,

KL(Qx0l1Qx.0) =0.

We refer to lemma C.4 in supplement to show

| A 1/ 50 o
KL<P0HPJ’) :§<90||90>+§(91||g1)

< epcd K'(d, o, B)r¥*+p(a, o).
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Combining them we get

KL(HUHHU/) - npKL<PUHPU/) 4 nQKL(QXﬂHQXJ/)
< nPEPCqu,(CL a, /B)r26+dp(07 U,)
< A K'(d, a, 3)2Pepnp)(epnp) p(o, o)

< K (d, o, B)p(0, ).

Lemma 22 For suitable choices of ¢y, b > 0 we have
| 6@ = g5 @)o = 2

Proof Notice that,

(A=l 21N L
fz(“”‘”(zm 4G 1))—1

whenever ||z — z||oo < 71(1—0) and in such regions the density differences are > 1. Hence, the
integral of the difference squared is > r¢(1 — b)¢ for non-parametric case and > r1(1 — b) for
parametric case. Noticing that there are (1/r¢ —2m) (non-parametric) and 2D (parametric)
many regions we get the following

(1 = 2¢,cd)(1 — b)? for non-parametric part,

/ (90(2) — g1(2)) da > {
X

<1 — Wl—kl) (1 — b) for parametric part.

Here Wlﬂ ~ cwnéa/ % The constants cw, b can be suitably chosen to satisfy the condition
in lemma.
|

7. Summary and discussion

We studied the hardness of the label shift problem in two settings, one in which the learner
has access to labeled training examples from the target domain, and another in which the
learner only has unlabeled training examples from the target domain. We showed that
there is a difference between the hardness of the label shift problem in the two settings.
In the former setting (in which the learner has access to labeled training examples from

the target domain), the minimax rate is O((epnp + ng)~A/(20+d) 4 nél/z)Ha

the latter setting, the minimax rate is O((EPnp)_ﬁ/(26+d) + nél/Q)Ha. We attribute this
difference in rates is due to the availability of data from the target domain to estimate the
the class conditional distributions in the former setting.

, while in
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Although we studied the hardness of the label shift problem with non-parametric model
classes, we expect our results to generalize to more restrictive model classes. Inspecting the
minimax rates, we see that they consist of two terms: a term that depends on the hardness
of estimating the (ratio of) class conditional distributions, and a term that depends on the
hardness of estimating the ratio of class probabilities in the source and target domains. In
non-parametric classification, the hardness of estimating the class conditionals determines
the hardness of the non-parametric classification problem in the IID setting (Kpotufe, 2017).
This observation leads us to interpret the first term in the minimax rate as the hardness of
finding the optimal classifier, and we expect this term to change with the model class. Thus,
for more restrictive model classes, we expect the first term in the minimax rates to improve
(vanish faster) in a way that depends on the (reduced) complexity of the model class.

To wrap up, we mention two possible extensions of our work. First, it is natural to
consider the label shift problem in high dimension. To keep the problem tractable, we must
impose stronger parametric assumptions on the regression function. Such assumptions may
also be phrased as assumptions on the class conditional densities because the regression
function is (up to a monotone transform) the ratio of the class conditional densities. In
the supervised label shift problem, we expect the minimax rate to depend on the hardness
of estimating the regression function under the additional parametric assumptions. In
the unsupervised label shift problem, we expect the distributional matching approach to
provide good estimates of the class probability ratios (because the class probability ratios
are low-dimensional), so we also expect the minimax rate to depend on the hardness of
estimating the regression function.

Second, it is natural to consider the possibility of achieving the minimax rate with a
classifier that adapts to the smoothness of the regression function and the noise level in the
labels. Kpotufe and Martinet (2018) and Cai and Wei (2019) developed adaptive classifiers
that attain the minimax rate in the covariate shift and posterior drift problems with Lepski’s
method. We expect Lepski’s method will lead to an adaptive classifier in the label shift
problem as well. However, the main goal of this paper is investigating the hardness of the
label shift problem, and we defer such methodological questions to future work.
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Appendix A. Simulation details

The codes and simple demonstrations are provided in https://github.com/smaityumich/label-
shift.

Data generating process We start by describing the data generating process D(n, ).
Let px denote the probability distribution of random variable X. For a < b we define the
TN(u,02,a,b) as the N(u,o?) distribution truncated to the interval [a,b]. Given inputs
sample size n and class probability = for class 1, D(n, ) returns a pair (x,y) where,

e y is a n dimensional random vector with IID Ber(1,7) components.

e x = [71,...,7,)T is a n x 3 random matrix with independent rows. The distribution
of the i-th row is

Ti | yi ~ yi * /‘%31(0,1,72,2) + (1 =) “%31(2,1,0,4)'
We observe that the features are supported on the hypercube [—2,4]*
Given the data generating procedure D(n, ) we generate the following synthetic data:
- (xp,yp) = D(np,0.5) is the data from source population.
~ (xQ,¥q) = D(ng,0.75) is the data from target population.

— (Xtests Ytest) = D(ntest, 0.75) is the data for evaluating the performance of the classifiers,
which shall also be referred as test data. Note the distribution of test data is same as
the target distribution.

Other classifiers Next we describe the classifiers that we shall consider for our comparative
study:

e Labeled-Classifier is a function that takes the data (xp,yp) from source, (xg,yQ)
from target distribution and bandwidth parameters hg, hg > 0 as inputs, and returns
the classifier

CL-labeled £ Labeled-Classifier(xp,yp,XQ,y0, ho, h1)

as defined in section 3, equation 3.1 and 3.3. Throughout our simulation study we use
B*-valid kernel (definition 23, Tsybakov (2009), definition 1.2 and section 1.2.2) with
B* as 3. Since the densities are infinitely differentiable on the interior of support, we
expect to realize a ra{ce of convergence with 8 = 3. In that regard, we fix the bandwidth

parameter hg = naﬁ, h1 = nl_TO.

e Classical-Classifier is a function that takes the target data (xg,y¢g) and a band-
width parameter A > 0 as input and returns a classifier

CL-classical £ Classical-Classifier(xg,yq,h)

where

" YRR, (x — X9 1
CL-classical(z) =1 {Zzzl i K (z ) ‘

> —
S Kp(r— X)) 2

We fix hg = %nQ .

o=
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e Unlabeled-Classifier takes the data (xp,yp) from source, z¢ from target distri-
bution, a classifier g fitted on the source distribution and bandwidth parameters
hg, h1 > 0 as inputs, and returns the classifier

CL-unlabeled = Unlabeled-Classifier(zp,yp,z0,g,h)

. It first estimates 7y using distribution matching approach Lipton et al. (2018);
Azizzadenesheli et al. (2019); Alexandari et al. (2020). For this particular simulation
study we use Lipton et al. (2018). The classifier g is a non-parametric classifier
Audibert and Tsybakov (2007) fitted on xp, yp with same kernel and bandwidths.
The final classifier is obtained by an appropriate re-weighting of the P-samples. We
fix hg = (n{))’l/?,hl = (nll)flﬁ.

e Oracle-Classifier takes the source data xp, yp, and g and bandwidths hg, h; > 0
as inputs, and returns a classifier

CL-oracle = Oracle-Classifier(zp,yp,wo,wr, h)

exactly same as in Unlabeled-Classifier with actual value 7 used for data gener-
ating purpose.Here, we use same kernel and bandwidths.

Appendix B. Proof of Theorem 6 and 13
B.1 Definitions

In this subsection we define S-valid kernel, convergence rates and parametric convergence
rates.

Definition 23 (f-valid kernel) Let K be a real-valued function on R?, with support
[—1,1]%. For fired B > 0, the function K(-) is said to be a B-valid kernel if it satisfies
[K =1, [|KIP < oo foranyp > 1, [|[t|°|K(t)|dt < oo and, in the case |B] > 1, it
satisfies [t*K(t)dt =0 for any s = (s1,...,84) € N? such that 1 < |s| < |B].

We refer to Tsybakov (2009) section 1.2.2 for construction of such kernels for 1 dimensional
data. Kernel for d-dimensional data can be constructed as K'(z1,...,2q) = K(z1) ... K(xq).

The proof of upper bound is broken into some technical lemmas. These lemmas are
states in terms of general rate of convergence for parameter mg and densities go and g;.
Formal definitions of these rates are given later. We denote the source-target sample size

pair (np,ng) by n, i.e. n = (np,ngQ).

Definition 24 (Parameter estimation rate) For (P,Q) € II let 0, is an estimator of
the parameter § = (P, Q) € R. For non-increasing sequences (@) and (1) of positive
numbers we say 0, converges to 0 at a (p, ¥n)-rate uniformly on P if there exists positive
numbers ci, ca, ¢y for any 6 >0

sup P(\én — 0] > (5) < clexp( — 02(5/<pn)2), d < cyhn.
(P,Q)EP
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Definition 25 (Function estimation rate) For a pair (P,Q) € P let p, be an estimator
forp=p(P,Q) : X — R. Let (py) be a sequence of non-increasing positive numbers. We say
Dn converges pointwise to p at a pn-rate for (P, Q) if there exists positive constants c1,co, A
and c, such that for Qx almost surely all x € X we have

}P’(|ﬁn(x) —p(z)| > 5) < clexp( — 02(5/g0n)2), Copn < 6 < A.

We say pn converges pointwise to p at a @p-rate uniformly on P, if the above happens for all
(P,Q) € P for some constants c1,c2, A and c, independent of (P, Q).

B.2 Required Lemmas

The proof of upper bound is broken into three main lemmas, which are presented in this
subsection.

(n)

Lemma 26 (Concentration of 7g) Let 7, converges to g at a (n,¥y)-rate and for

i€ {0,1} let gi(”) converges pointwise to g; at a n(f) rate, uniformly on P. Then there exists
positive constants cg, c1,ca such that 7)g converges pointwise to 1q at a (co(l —TQ —|—¢n)77(10) +
ci(mg + @Dn)ﬂgl) + cchn) -rate uniformly over P.

Proof We break the proof in several steps.

Step 1: Upper bound for fjg. Note that both 7jg(x) and ng(z) can be expresses as

_ Qg1 (x)
() = T @+ (- ro)h (@
fa(e) = =0

7Qd1(x) + (1 = 7Q)do(x)
For the ease of notation, let us define u(z) = mgg1(x), v(z) = (1—7mg)go(z), u(z) = TQd (x)
and v(z) = (1 — 7g)go(x). Then

e | @) ()
_lilw)e() — u(@)ita)
(@) + o)) + (o))
|

Step 2: Upper bound of i(z) and 0(x). Since, ft,” = fiq converges to g at a (¢n, 1y )-rate,
there exists cgﬂ), cgr), ¢y > 0 such that for any § > 0

~(n) () _(m 2
(P%)peHIP’(\WQ TQ| > 5) <¢ eXP( ¢y (0/¢n) ), § < eqxthy,
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The above inequality can be rewritten as

sup P(‘frg”) — 7TQ| > (5g0n/\/cgr)) < cgw)exp( — (52), 0 < crihy cgr)/gon. (B.1)
(P,Q)ell

i (i)—rate, there exists positive
constants ¢i 4, 2,4, Aj, ¢r; such that for any (P, Q) € P for Qx almost surely on X we have

i

The above inequality can be rewritten as

Fix i € {0,1}. Since, Q(") converges pointwise to g; at a 7,

" (@) = gi(2)] > 6) < erexp( — e2(6/7)?) eramy!) <0< Ay,

P(lgz(n)(x) - gi(z)| > 57}@/\/@) < c1exp(— 6°), Cri <6< AT, (B.2)

Using union bound, for QQx almost surely x € X', with probability at least 1 — (c1,0 +
ciq+ CYF)) =1— cye* we have the following

757 — mq| </l (B.3)

195 () - go(2)| <67/ /ezn (B.4)

9" (@) — g1 (2)| <67V /\Jean (B.5)

for c;o Ve <0< (AO/T,SO)) A (Al/TT(Ll)) A (extn cgr)/cpn). From the above inequalities,
we get

19 () — moau (@)

( (n)
Q 1
= 700 91" (x) — 70 g1 (x) + 75 g1(x) — mor(@)]
~(n
1

< #1" (@) — g1(2)] + g1(2)|7S) — mgl
< (175 = mql + 1013\ (z) — g1(2)| + g1 ()75 — g

g(Q+5gon/\/Z<ST /\/cT—i-L&pn/\/»

< (mq + exthn)orV ezt + L*60n )\ 7,

and similarly

|0(x) —v(x)| < (1 — 7o + cwwn)&;(lo)/, /Ca0+ L 0pn/A\/ cgr).

Step 3: Concentration of ng. Under strong density assumption, for Q) x almost surely z € X,
52

with probability at least 1 — ¢je™°" we have

0
() = no(@)l <~ (7@ + exthn) TV /y/E2T

+(1—7rQ+c7rwn) /ﬁ+2L gon/\/il

=01
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for croVer1 <0< (Ao/’l'y(lo)) A (Al/n(Ll)) A (Cxthnr/ cgr)/gon). We can rewrite this as for Qx
almost surely z € X

S B(lie(@) ~ng(e)| > 8) < dexp( = (5/r.))

for (0770\/0771)7‘71 <o<Ty, {(Ao/Tr(LO))/\(Al/TS))/\(cﬂgbn cgr)/gon)] . Let ¢, = ¢ 0Ver . Since,
rn/ﬂ(lo) > 1/./¢20, rn/n(ll) > 1/,/¢21 and mn/0n > Cx cgr) letting A = (Ag//C20) A
(A1/\/E21) N (cxy/ cgr)) we get, for Qx almost surely z € X

sup P(\ﬁ@(m) —ng(x)| > 5) < cexp(— (6/mn)?), crn <6 < A.
(P,Q)EP

Lemma 27 (Bound on EEQ(f)) Suppose an estimate 7 of the regression function ng
converges pointwise at a ryp-rate uniformly on P. Then under a-margin condition there exists
a positive constant C such that

sup E[é’Q(f)] < Crite,
(P,Q)EP

Proof Since, 7)g converges pointwise to ng at a r,-rate, there exist positive constants
c1,¢2, A\, ¢ such that for Qx almost surely all x € X

sup ]P’(]ﬁ@(;c) —ng(x)| > 5) < crexp( —c2(6/m)%), e <6 < A
(P,Q)EP

Recall, under a-margin condition there exists c, > 0 such that

Qx (Ing(z) — 1/2] > 6) < cad®™.

We replace ¢, by ¢o(A/2)7* V1 so that ¢, (A/2)* > 1.
We define the following events.

Ag = {xeRd:0< Ing(x) —1/2] <5}

and for j > 1,
Aj = {x eR?: 20705 < |ng(z) — 1/2] < 2]'5}
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Now,
Ealf) =2Ex (110(X) = 1/201 5,21y )
=2 Ex (!HQ(X) —1/2| Il{f()();,,sf*()()}]L{Xex“j})
=0

<20y (o < 'nQ(X) - ;‘ < 5>

> 1
j=1

Let § = ¢;rp,. Then 20715 > AJ2 if j > logy(A/9).
On the event {f # f*} we have |ng — %’ < |7 —mnl|. So, for any 1 < j < logy(A/§) we
get

1
2ExE <‘”Q(X )= 3 ’ ﬂ{f(X)#f*(X)}]l{XGAj}>
< PHOEXE (1106 -ng()122-15) L{0ing (¥)-1/21<215) )

= 2" 0Ex [P (l{mcg(X)—nQ(X)\zzrlé}) 1{0<In@<X>—1/2|<2"5}}
< 27 5exp (—(27716/rn)?) Px (0 < |ng(X) — 1/2| < 276)
< 2C,20F g exp (— (20716 /r,)?) .

For j > logy(A/§) we have P(|ng(z) — 1/2| > 27715) = 1 and hence
]1»(2]’*15 < Ing(z) —1/2| < 2]’5) —0.

This means

1
2l (‘”Q(X )~ 2‘ l{f(X#f*(X)}]l{XeAj})

< 2 OEXE (L (130(x)-n(022 13} L2 o<ino(X)-1/21<2i5} )

= VB x [P (L (x0)-ng (0115215 ) Lprmt6elng(0)-1/21<25)]
0.

Finally, we get

sup E [e@( f)} <20, (5l+a + 3 205l ey ((2j15/rn)2)>

< Crlre
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Now we provide a rate of convergence for the density estimator g§”1). Later we only provide

the statement for the rate of convergence for the density estimator gé’”). The proof will be
similar.

Lemma 28 (Rate of convergence for conditional density estimates) Let (P,Q) €
P. Fori=0,1let mj(n) = m;(n, ) = E[n;]. Then for h; = n{l/(2ﬁ+d) the density estimator

g§"i) converges pointwise to g; at a m;(n)~P/ B+ _rate,

Proof We only prove the result for g;. The proof for gg will be similar. Let n; be the
number of sample points with label 1 (which is sum of independent Bernoulli variables). Let
v1(n) = Var(ny). Clearly, v1(n) < mi(n).

Using Bernsteins’s inequality, for any ¢t > 0 we get

2
P(|ny — my(n)| > t) <2exp <t/2>

vi(n) +1t/3
2
<2exp <—21;1/(i)> for t < 3vi(n),
2
<2exp (— 4m1(n)> for t < 3v1(n).

Letting t = dmy (n)2A+d/2)/(28+d) e get

28+d/2

2
P <!n1 —ma(n)| > 5m1(n)w+d> < 2exp (-iml(n)aﬁid> :

for 6 < %.
mi(n) 2P+d
Using (Rigollet and Vert, 2009, Lemma 4.1) we get positive constants ¢y, ¢, ¢, A such

that for Qx almost sure all z € X

sup I[D(
(P,Q)eP

"™ (@) - gi(z)| > 5’?”61) < crexp( — camhfs?), b <5 <A

1

Letting hy = n, *** we get

23 B

sup ]P’( L@g 1)(I‘) —g1(z)| > 5‘711) < crexp( — con "t 6?), dn; P <5 <A,

(P,Q)eP

d/2
Let n(®) = (ngg),ng)) such that A < (%) A (;ml(n(o))25+d) . We say

mi(n(0)) 2FFd)

28+d/2
n>n if np > ng)) and ng > n((g). For any n > n(9) we have dm(n) 25+ < m(n)/2.
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Now, for n > n(9, and Qx almost surely all € X

P(|3{"™ (@) - g1()] > )

<p(

~(n1) 28+d/2
3" (@) = 91(@)] > 6, Iny = ma ()] < dma (n) )

264d/2
+P (]nl —mq(n)| > dmy(n) 28+d >

<P (16" (2) = g1(@)| > 8, lnx — ma ()] < 1 (n)/2)

52 28
+ 2exp <— 4 (n) 2B+d>

<E [P(

i (z) — g (z)] > 5’“1) lml(n)/2§n1§3m1(n)/2]
2
+ 2exp (—iml(n)ﬂiid)

28
268+d
<crexp <—cz <m12(n)> 52)

]
52 o5 ~35+d
+ 2exp (—4m1(n) 2§id> Jfor ¢ <m12(n)> " <o <A

Hence, there exists ¢}, ¢}, ¢/, A such that for Qx almost surely all x € X
A(nl) / / 28 2
P (13{"(2) ~ 1 (2)| > ) < chexp (—cymi(n) 755367 |

8
for d'my(n) 2Fd < 0 < A. [ |

B.3 Upper Bounds

B.3.1 PrRoOOF OF THEOREM 6

Proof Since, 7%8 )= L an EQ(Q) using Bernstein’s inequality

P

Letting t < 3mg(1 — mg) we have

~(n n t2

nQ =

M _ 7TQ‘ > t) < 2exp <— /2 > .
? - mQ(1 —7q)/ng +t/(3nq)

(n)

Hence, 7, converges to mg at a ((rg(1 — 7g))/ng)"/?, no(1 — mg))-rate uniformly over P.

Since ny = Y 15 Yi(P) + ZZL:Ql Yi(Q) from lemma 28 we see that f]%”l) converges pointwise

to g1 at a m(n)_ﬁ/ (26+d)_rate uniformly on P. Similarly, gg’“) converges pointwise to gg at
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a (np +nQ _ TTL(’I’L))_B/(QB—H”

a rate

-rate. We refer to lemma 26 to conclude 7 converges to 7¢ at

(1 — 7TQ)7TQ _Tﬁ-«-d
o+ yma(mene + mang)
r(n,m) = Q =(A)+(B)+(C) (B.6)

+ /(= m0) (1= 7p)np + (1 - m@)ng) ™

uniformly on P.

To complete the proof, we derive the worst possible rate over the function class. First,
we seek the worst rate with respect to mg. Considering them term by term we see that
(A) < %, (B) is an increasing function of mg and hence

__B
(B) < (mpnp +ng) 2.
By similar logic we see that

()< ((1 —mp)np + nQ)fﬁ.

Hence,
__B __8
+ (ﬂpnp + nQ) 2B+d 4 ((1 —7mp)np + nQ) 28+d

1
r(n,m) <
2,/nq
< )"+ (1= mp)np + ng) T
< ——+ (mpnp +ng — Tp)Np +NQ
nQ

But a concern regarding the above calculation is whether this dominating rate is achievable?
The following argument shows that it is achieved by mg = 1/2.

1 i(ﬁpnp—i-nQ/Q)i%

r(n,mmg =1/2) = 5

3
5

__B_
+—((1 = 7p)np + ng/2) 2+

S ‘
[\]
[u—y

+ = (mpnp + nQ)_Qﬁ‘ﬁ

v

.

3

Q
N

1 __B
+Z((1—7Tp)np+nQ) Qﬂid
21 71 +(7T np+n )_25ﬁ+d

1 pnp +nQ

Jia
+((1 —7p)np + nQ)_wﬁid]

This explains why mg = 1/2 exhibits the worst behavior.

Next, denoting f(7p) = (mpnp + nQ)fwﬁﬁ we note that
max { f(np). f(L = 7p) } < flmp) + F(L = 7p) < 2max{ f(mp), (1~ 7p) |,
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which implies max {f(7rp), f(1— TFP)} and f(mp)+ f(1 —mp) have same rate of convergence.
Furthermore, using the fact that f is a decreasing function we get

mexc{ f(rp), f(1 = 7p) } = f(min{mp, 1 7p}) < flep)

where the last inequality is an equality in the worst possible case (mp = ep or 1 —ep). Hence,
we finally get the worst possible rate when mg =1/2 and mp = ep or 1 — ep:

~1/2 __B_
ng / + (EPTLP —{—nQ) 26+d,

Finally, under a-margin condition lemma 27 we have

A _ B8 \1ta
sup E&q(f) <C (an/Q + (epnp +ng) 26+d>
(PQ)EP

B.3.2 PrROOF OF THEOREM 13

Proof Let n; =) " Yi(P) and ng = np —nq.

We use the method by Iyer et al. (2014) to estimate 7o with a Gaussian kernel K.(x,y) =
Aexp(—c||z — y||3), where A > 0 is suitably chosen to satisfy [, K.(z,y)dzdy = 1. This
ensures K, to be a joint density on X2. Furthermore, at the limit ¢ — oo the joint probability
distribution corresponding to K. converges to an uniform distribution on the line x = y.
Since (go(z) — g1(2)) (go(y) — 91(y)) is a continuous function on a compact support X2, this
is bounded. We apply bounded convergence theorem to conclude

lim [ (go(z) — g1(x)) (90(y) — 91(y)) Ke(, y)dady = /X (90(z) — g1 () da.

c— 00 X2

From the Assumption 7?7 we have

/ (go(x) — 91(90))2d96 > C?,
X

which implies 2
/X2 (90(z) — g1(x)) (90(y) — 1 (y)) Kc(, y)dudy > %,

for a large enough ¢ > 0. Denoting the corresponding feature vector (of the kernel K.) as @,
we see that A in Iyer et al. (2014), Equation (2) is merely [ ®.(z)(g1(z) — go(z))dz. Hence
we have

ATA— < [ 201 - oz, [ @)@ - go<y>>dy>
- /X (@), Bo(y)) (90(2) — 1(2)) (90(y) — g1 (9)) derdy

2
_ /X Kel(.) (90(x) = 91(2)) (90(y) = 91 (9))dady > %
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Using the statement right after Lemma 2 in Iyer et al. (2014) we get
2
2
B2 (€222 4 2 4 2 (14 \flog(49) )

ATA-sR2 (L + L) \/<nf) + L) 10g(2/9)

with probability at least 1 — . Here ¢ = 1, R = maxgex || D], no is the number of
observations with Y = 0 in source and similarly n;. We note that the numbers R and

27t —mQ)* <

_ — 2
ATA> % are fixed and ng, n1,ng are growing. Hence, for sufficiently large ng,n1 and ng
we get

g — mol < C ( le + 1 1;) (1 + \/log(4/5)>

no

with probability at least 1 — . In other words, there is a ¢ > 0 such that for any n; with
probability (conditioned over ni) > 1 — e~ the following holds

14 <ot 1+1+1
TQ — T cty| —+ — + —.
@ Q= nQ no ni

Recall from the Bernstein inequality in 28 we have

wpnp — ct\/nprp(l —mp) < ny < wpnp + dt\/nprp(l — 7p)

with probability > l—e P fort < 2y/nprp(1l — wp) for some ¢’. Hence, for ¢ < 1\/2c/np7rp(1 —7p)
with probability > 1 — 2" we have

[Tq — mql

1 1 1
<ct,|—+ +
nQ (1—7Tp)np—c/t\/np7rp(1—7rp) anp—c/t\/npﬁp(l—ﬂp)

1 1

<city | —

= nQ + epnp — ct\/epnp
1 1

< coly | — +
ng  €pnp

1 1
<c +
’ <\/”Q \/"P6P>
1

. .. . ~ 1
for suitably chosen constants. This implies 7o converges to mg at a — + NGO rate.

VQ
From lemma 28 we see that anl) converges pointwise to g; at a (npﬂp)_ﬁ/(w”)—rate
and gé”f’) converges pointwise to gg at a (np(l - ﬂp))_ﬁ/(2’8+d)—rate. Rest of the proof is
same as in the proof of B.3.1. [ ]
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Appendix C. Additional detail for proof of lower bounds
C.1 Proof of Theorem 5

The proof has two parts. The first part shows that the minimax rate is at least (epnp +
nQ)_ﬁ(HQ)/ (26+d)  This arises from the difficulties of estimating the non-parametric parts
go and g1. The second part shows that the minimax rate is at least né(Ha)/ % This part is

relatively easy to work with and mainly stems from the estimation of parametric part mg.

C.1.1 DIFFICULTY OF THE NON-PARAMETRIC PART

The crux of this part lies in construction of a family of distribution {II;}},.

Let r = c.(epnp +ng) Y+ m = | ¢,,r*P~2], where a > 0 is the noise condition
exponent and 8 > 0 is the Holder smoothness exponent.

Also, define ¢, = (1/17), ¢ = 8 x 17%~? and ¢,, € (0,1) is a constant to be picked
later. The preceding constants satisfy

1]1]¢
< — | = .
8_m<2{J

,
To see the first inequality, we observe that r» < 1/17 and recall a5 <1 < d. Thus
m=8x (17r)*~1 > 8,

To see the second inequality, we observe that »—! > 16, which implies r—! < 17[r~!]|/16.
Thus

d
1 1
m = 8(17r) <m> <8167 [r " < 5l
We also have 2mw = 2me,r® < 2¢mcp < 1 for a suitable .
Construction of {IL}M,. Let 11 = 1/|1/(cyr)| if [1/(cyr)] is even, otherwise let
r1=1/(|1/(cwr)] +1). Let us consider the grid of points

Z={(1/24i)r :i=0,1,...,1/r —1}% (C.1)

We see that Z is a grid of equally spaced points of size r|° 4 For a z € Z we consider the
hyper-cube

C(z) ={z €0, 1]d e = zllee < 71/2}

Note that, volume of each of these hyper-cubes is r‘li. Let Z1, Z5 C Z be subsets of size m.
Moreover, we let Z; and Z, are disjoint. We define a bijection u : Z; — Z5 which shall
be used to construct the conditional densities. We define Zy = Z\(Z; U Z3). Note that,
Z has even number of points and |Z;| = | 23|. Hence, Zy has even number of points. We
further divide Zj in two sets Z3, Z4 of equal sizes. We shall define a set of distributions
parametrized by o € {—1,1}21.

Conditional densities. For a > 0 we define a function v, supported on on R which will be
used heavily for the construction of conditional densities.
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Define
0 for x <0
I

ug(z) = w for0<z<1
fOl 6_ at(1—t) dt
1 forx >1

and y

1—ug Cf 1,

va(x) = (1 — uq(z)) or f < (C.2)
(1 — uq()) for g > 1.

According to lemma 34 we choose a such that v, = v is (5, C3) Holder smooth. Therefore,
the following functions are (3, Cg)-Holder smooth:

B /9l —
z€Z, n(z)= MA?,T v ( I 1"1Z||OO>

z € Z, fz(m)zv<2||mbrlz||oo—fl<ll)—l>>

Here pua < 1 is chosen later. For a parameter o the construction of conditional densities are
given below.

and

1+ o(z)\/epn:(x) reC(z), z€ 2,
o7 () = 1 —o(2)\/epnsy () 2 €C(f(2)), z € 21,
! 1+ &.(x) xz € C(2), z € Zs,
1—-&(x x e C(z), 2 € 24,
(1 - 6(0) (=) s
1 —o(2)n.(x) x € C(z), z € Z,
ga(w) — 1+ O—(Z)nf(z)(x) (S C(f(z))v z € Zh
0 1—¢&,(x) x € C(z), z € Zs,
1+ &.(x) x € C(z), z € Z4.
We also define 7g) =1 /2 and 7% = 1 — ep. We then define the probabilities
Po(X €AY =y) = /A[ﬂ?og‘f(x)ﬂ(y = 1)+ (1 —mp)gg (x)L(y = 0)]dx
and
Qo(X €AY =y) = /A[nggi'(x)l(y = 1)+ (1 —=73)g5(x)1(y = 0)]da. (C.4)
Given the source and target distributions we define the joint distribution of Dy as
I, = PE™ @ Qo h? (C.5)
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Here, ep < 7% <1 —ep. Also, for any x € Q. Hence, u_ < ¢%(x) < p4 for a suitable
pa. Furthermore, Q = [0,1]¢ is a regular set. Hence, g% satisfies strong density assumption.

For such a construction we refer to lemma 6.4, where it is shown @, satisfies a-margin
condition with constant C,.

Let F be the set of all classifier relevant to this classification problem. For o € {—1,1}%1
let f, be the Bayes classifier corresponding to the probability distribution (), defined as
fo(x) = 1{ng, (x) > 1/2}. For 0,0’ € {—1,1}?" define p(o,0’) == E,(f,) and p(o,0’) =
card{z € Z; : 0(z) # 0’(2)} as the Hamming distance. Then

p0.0") = 2Bq. | [16(X) = | 1(42(X) # £ (X))

> rilrﬁp(a, o)

> clcir’[”d

p(o,0).

We recall Varshamov-Gilbert bound, which shall be used to construct the probability
class.

Let {o0,...,00n} C {—1,1}" be the choice obtained from the lemma 18. Note that for
such a choice p(o;,0;) > m/8 whenever i # j.

Then

> cff}rf”dro‘ﬁ*d
clTﬁ(l+a)

_ B(+a)
CI(GPTLP) 25+Z

2s

V

(1>

Now we bound the Kulback-Leibler divergence between the joint distributions Il,. Using
lemma 33 we get

KL(Iy,|1,;) < L K(d, o, B)p(oi, 0;)
c,LdUK(d, a, B)m

IN

IN

1
9 IOgQ(M )

for suitable ¢,, < 1.
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Finally we appeal to proposition 6.1 (and Markov’s inequality) to obtain the minimax
rate

sup Eé’Q(f) > sup sPp <8Q(f) > s)
(P,Q)ell (P,Q)ell

>s sup I, <5Qa(f) > s>
oe{-1,1}%1
L 322

- 8
_B(+a)
> C(Epnp) 2p+d |

Proof of the parametric part will be exactly same as in the proof of theorem 4.1, where
we get the lower bound

N _1lta
sup E[€o(f)] > g .
(PQ)ell
Finally, we combine the two bounds to get
L B(1+a)

Vc(epnp +ng) 28+

g
1+a
+ng) 7 + !
Epnp nQ — .
VIQ

sup E [EQ (f)]
(P,Q)ell

C.2 Additional Lemmas
Lemma 29 For any 0 <z < 1/3 we have

1
log< +x) < 3x.
1—=x

Proof Note that for 0 <z < 1/3 we have z — 322 > 0. Hence,

1+$§1+23§‘—3£L‘2
< (1—2z)(1+ 3xz)
< (1—xz)e’®.

Taking logarithm in both sides we have the result. |

Lemma 30 Let |e| < 1. For o € {—1,1}? let p, be a probability density function

1+ o(2)ens(x) x € C(z), z € 2,
pol(z) = L—o(2)enp(x) € C(f(2)), z € 2,’1,7

1+¢&.(x) x € C(z), z € 23,

1—&.(x) x € C(z), z € 2y,
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as defined in C.3 and Section 6, in main document, equation 6.3. For 0,0’ € {—1,1}%1 let us
define the Hamming distance as p(o, U’) = ez, Yo(z)20/(z)y- Then for o,0" € {1, 1}2

KL(po|lpor) < €K (d, a, B)r*9p(a, o"), (C.6)

for some constant K(d, o, B) only being dependent on d,« and beta.

Proof

KL(ps ) = [ 10g (p"(x) ) po(w)d

o (%)
l+o z)e"?z(l')
_zgzz /C (1 + o’ (Z)enz(:g)) (1+o(2)en.(z))dzx
o U(Z)enf(z)(:z) Co(e i i
+Z§1/ 1 g( ‘7'<2)€77f(z)(33)> (1 —o(2)ens(z(x))d
_ 1+ o(2)en.(x) e (1
Z /cm <1+a<z>enz<m>> (1+o()ens (2))d

b> 0.

KL(PJHPU’)ZU(Z#ZU i / log (M) Lt oo (o
+G<Z; / IOgGEZSZZﬁ) (1= o(z)en. (2))dz
g L e (ot ) 2oen-toa
=lo.) /C(Z) log (%) 2en. ()

2
<=p(o, U’)/ e*n?(x)dx, using 29,
3 C(2)

=K(d, o, B)e*r**r{p(o, ')
=K(d,a, B)ecd r?P+p(, 0").
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Lemma 31 Let P,Q be two probability distributions defined on 2 x {0,1} defined as

P(X €AY =3) = [ [rem(@) iy = 1)+ (1= moim(o)1(y = 0))do
and

QX CcAY =y) = /A o (@)1(y = 1) + (1 — mg)ao(x) 1(y = 0)]dz

for any y € {0,1} and Borel subset A of 2, where 0 < wp,m7g < 1 and po,p1,q0, 1 are
probability densities defined on Q. Let U ~ Ber(np) and V ~ Ber(mg). Then

KL(P||Q) = KL(U||V) + npK L(p1|lq1) + (1 — 7p) K L(pol|q0)-

Proof Let (X,Y) be a generic pair following the distributions P and @. Then the lemma
directly follows from the decomposition

KL(P||Q) = KL(Py||Qy) + Ep, [KL(Px)y||Qx)y)]-

Lemma 32 For o € {—1,1}%! let Q, be the distribution defined in C.4. Then for any o,
Q. satisfies a-margin condition with constant Cy.

Proof
We recall the conditional densities C.3

14 0(2)/epn:(z) x € C(z), z € Z,
o7 () = 1 —o(2)\/epng(z) () x e C(f(2), z € 2,

! 1+ &.(2) x € C(2), z € Zs,

1—¢&.(x) x € C(z), z € 24,

and

1 —o(2)\/epn:(z) xz € C(z), z € Z,
gU(CC) _ 1+ U(Z)\/Enf(z)(x) T e C(f(Z)), z € Zy,

0 1—-¢&.(x) x e C(z), z € 23,

k14—53(%) x € C(z), z € Z4,

From

né(x)—} Wng(w)—(l—Wé)gggx) _ 97(z) — g§(x)

2 2mqg7(x) + 21— 70)g5 ()  2(97(z) + g5 ()
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we get

S v €C06) s€ A,
a1 | L oy, e
26 () xz € C(z), z € Z3,
—1&.(2) x € C(z), z € Z4.
Note that )
-l { 1) F O e 0
Rest of the proof is similar as in the proof of lemma 6.4. |

Lemma 33 Let I1, be the probability distribution as defined in equation C.5. For o,0’ €
{~1,1}*" we have
KL(T,|[Tyr) < 2L K (d, o, B)c2+p(a, o).

Proof From lemmas 31 and 30 we get

1 /
KL(Qs]|Qs) = KL(nggl 0+ S B L(ggllg5)
(EP+1)C K(d,a, B)r*?*p(c, o)
K(d, o, B)r*"*p(a,0")

l\DM—ll\D

and
KL(P,||Py) = (1 — ep) KL(¢7 |lg7 ) + epK L(g§ ||95 )
< (ep(1 —ep) + ep) K (d, o, B)r** T p(o, o)
< 2epcd K(d, o, B)r?P+p(a, 0").
Hence

KL(l,|[g) = npKL(P5||Por) + nq K L(Qs|Qo)
< 2(epnp +ng)ct K(d, a, B)r**Tip(a,0")
d —264d /
< 2¢,K(d, o, B)(epnp + ng)(epnp + ng) 2+p(o,0’)

. _264d .
Yepnp +ng)(epnp +ng)” 2 p(o, ")

)
)
<2 K(d, o, B)c
)2+ p(a, o).

< QCg}K(d, a, B)c

SN I

Lemma 34 For any pair (8,Cg) of positive numbers there exists an M > 0 such that the
function v, (defined in equation (C.2)) is B smooth with constant Cg.
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Proof If 5 < 1 then
(1= ) () = (1= ua) /") (9)]

d
< Iilza(})( d7y ((1 - Ua)l/a) (y)|x — 0|
L
< —lx— xo\ﬁ.
a

If 8 > 1 using Taylor’s approximation theorem we get

(1= ua)(@) = (1 = ua)§)

(1— ua)(LBJH)
< max

Twx0 ([Bl+1)!

L
< o — o/,
a

Yy g (L81D)

for some L > 0, if |x — z9| < 1. Hence, for a suitable a, v, is (3, Cg, 1) smooth.
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