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TRANSFER LEARNING FOR NONPARAMETRIC
CLASSIFICATION: MINIMAX RATE AND ADAPTIVE
CLASSIFIER/

By T. Tony CAl AND HONGJI WEI
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Human learners have the natural ability to use knowledge gained
in one setting for learning in a different but related setting. This
ability to transfer knowledge from one task to another is essential
for effective learning. In this paper, we study transfer learning in the
context of nonparametric classification based on observations from
different distributions under the posterior drift model, which is a
general framework and arises in many practical problems.

We first establish the minimax rate of convergence and construct a
rate-optimal two-sample weighted K-NN classifier. The results char-
acterize precisely the contribution of the observations from the source
distribution to the classification task under the target distribution.
A data-driven adaptive classifier is then proposed and is shown to
simultaneously attain within a logarithmic factor of the optimal rate
over a large collection of parameter spaces. Simulation studies and
real data applications are carried out where the numerical results
further illustrate the theoretical analysis. Extensions to the case of
multiple source distributions are also considered.

1. Introduction. A key feature of intelligence is the ability to learn
from experience. Human learners appear to have the talent to transfer their
knowledge gained from one task to another similar but different task. How-
ever, in statistical learning, most procedures are designed to solve one single
task, or to learn one single distribution based on observations from the same
setting. In a wide range of real-world applications, it is important to gain
improvement of learning in a new task through the transfer of knowledge
from a related task that has already been learned. Transfer learning aims
to tackle such a problem. It has attracted increasing attention in machine
learning and has been used in many applications. Recent examples include
computer vision (Tzeng et al., 2017; Gong et al., 2012), speech recognition
(Huang et al., 2013), genre classification (Choi et al., 2017) and also many
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newly designed algorithms such as Yao and Doretto (2010); Lee et al. (2007).
More details about transfer learning can be found in the survey papers (Pan
and Yang, 2010; Weiss et al., 2016).

Besides significant successes in applications, much recent focus has also
been on the theoretical properties of transfer learning. In many practical
situations, there are labeled data available from a distribution P, called the
source distribution, while a relatively small quantity of labeled or unlabeled
data is drawn from a distribution @, called the target distribution. They
are different but to some extent related distributions. The goal is to make
statistical inference under (). A natural questions is: How much information
can be transferred from the source distribution P to the target distribution
@, provided a certain level of similarity between the two distributions?

This is quite a general and challenging question. The problem is also
known as domain adaptation in the binary classification setting. In domain
adaptation, data pairs (X, Y) are drawn from P and @ defined on R?x {0, 1}.
Data from the source distribution P can be informative about the target dis-
tribution @ if the two distributions are similar. Several type of assumptions
have been proposed and studied previously in the literature, such as diver-
gence bounds, covariate shift, and posterior drift. The first line of work in
the literature measures the similarity by the divergence between P and Q).
Generalization bounds are derived on unlabeled testing data from the tar-
get distribution @ after training by the data from the source distribution P
(Ben-David et al., 2007; Blitzer et al., 2008; Mansour et al., 2009). These
bounds are general and can be applied to any two distributions, but for
more structured source and target distributions those bounds are not suit-
able. Another line of work imposes some structural assumptions on P and
@ such as covariate shift and posterior drift. Covariate shift assumes that
the conditional distributions of Y given X are the same under P and @), i.e.
Py x = Qy|x, but the marginal distributions Py and x can be different.
Such a setting typically arises when the same study/survey is carried out in
different populations. For example, when constructing a classifier for a cer-
tain disease, source data may be generated from clinical studies, but the goal
is to classify people drawn from the general public. The task becomes chal-
lenging due to the difference between the two populations. Transfer learning
under covariate shift has been studied in previous work such as Shimodaira
(2000); Sugiyama et al. (2008); Kpotufe and Martinet (2018).

In the present paper, we study transfer learning under the posterior drift
model, where it is assumed that Px ~ Qx but Py|x and Qy|x can highly
differ. To be more specific, suppose there are two data generating distribu-
tions P and @ on Q x {0,1}, where Q C [0, 1]%. We observe np independent
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and identically distributed (i.i.d.) samples (X{,Y{"),..., (X ,Y,l') drawn

np’-np
from a source distribution P, and ng i.i.d. samples (XIQ, YIQ), . (X% , Yn%)
drawn from a target distribution (). The data points from the distributions
P and @ are also mutually independent. For each data point (X,Y), the
d-dimensional vector X is regarded as covariates (features) of a certain ob-
ject, while Y is a (noisy) binary label indicating to which of the two classes
this object belongs. The goal is to make classification under the target dis-
tribution @: Given the observed data, construct a classifier f Q0 — {0,1}

which minimizes the classification risk under the target distribution Q:

N

R(f) 2 Pixy)o(Y # f(X)).

Here P(x,y)~q(:) means the probability under the distribution Q.
In binary classification, the regression functions are defined as

np(r) = P(Y =1|X =z) and ng(x) 2QY =1X =1),

which can be used to represent the conditional distributions Py|x and Qy|x-
In classification, Y can be regarded as an unknown parameter predicted by
X, so from this perspective we refer to Px and (Qx as the class “prior”
probabilities and np(z) and ng(x) as the class “posterior” probabilities as-
sociated with P and @ respectively (Scott, 2018). We say a “posterior drift”
happens when Px and )x have the same support with bounded densities,
but np(z) and ng(x) are highly different.

Posterior drift is a general framework and arises in many applications,
where one collects data from different populations. Here are three examples.

e Crowdsourcing. Crowdsourcing is a distributed model for large-scale
problem-solving and experimentation such as image classification, video
annotation, and translation (Yuen et al., 2011; Karger et al., 2011;
Zhang et al., 2014). The tasks are broadcasted to multiple indepen-
dent workers online in order to collect and aggregate their solutions.
In crowdsourcing, many noisy answers/labels are available from a
large amount of public workers, while sometimes, more accurate an-
swers/labels may be collected from experienced workers or experts.
These expert answers/labels are of higher quality but are relatively
few due to the time or budget constraints. One can view this difference
in labeling accuracy as a posterior drift. It is desirable to construct a
statistical procedure that incorporates both data sets.

e Concept drift. Concept drift is a common phenomenon when the
underlying distribution of the data changes over time in a streaming
environment (Tsymbal, 2004; Gama et al., 2014). One kind of concept
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drift is called real concept drift where the posterior class probabilities
P(Y|X) changes over time. In this situation, posterior drift exists if
data are collected at different time. For example, the incidence rate of
a certain disease in certain groups may change over time due to the
development of treatments and preventive measures.

e Data corruption. Data corruption is ubiquitous in applications, where
unexpected error on data occurs during storage, transmission or pro-
cessing (Menon et al., 2015; van Rooyen and Williamson, 2018). In
many settings, one receives data of variable quality — perhaps some
small amount of clean data, another amount of slightly corrupted data,
yet more that is significantly corrupted, and so on (Crammer et al.,
2006). Data of variable qualities can be viewed as posterior drift be-
tween those data generating distributions, thus better strategies are
needed to tackle the problem within the posterior drift framework.

Under the posterior drift model, the main difference between P and @
lies in the regression functions np(z) and ng(z). So the relationship between
np(zx) and ng(x), which can be captured by the link function ¢ defined below,
is important in characterizing the difficulty of the transfer learning problem.
In this work, we propose a new concept called the relative signal exponent
7 to describe the relationship between np(x) and ng(z). Our results show
that the relative signal exponent ~ plays an important role in the minimax
rate of convergence for the excess risk under the posterior drift model.

For conceptual simplicity, we assume np(x) = ¢(ng(z)) for some strictly
increasing link function ¢(-) with ¢(3) = 3. Note that this is only a simplified
version of our formal model which will be given in Section 2. It is natural
to assume ¢ is strictly increasing in the settings where those X that are
more likely to be labeled Y = 1 under () are also more likely to be labeled
Y = 1 under P. The assumption ¢(3) = 3 means that those X that are non-
informative under @ are the same under P. Formally, for a given relative
signal exponent v > 0 and a constant C, > 0, we denote by I'(vy,Cy) the
collection of all distribution pairs (P, Q) satisfying

1) @)~ De-35)20 and [6a)— 5| > Cylr oI

The relative signal exponent is a key parameter in capturing the usefulness
of the data from the source distribution P for the task of classification under
the target distribution (). The smaller the relative signal exponent, the more
information transferable from P to Q.

In this work we consider transfer learning under the posterior drift model
in a nonparametric classification setting. When () satisfies the margin as-
sumption with the parameter «, defined in Section 2, and ng(z) belongs
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to the (3, Cg)-Hélder function class, it is shown that, under the regularity
conditions, the minimax optimal rate of convergence is given by

A 268+d _B(+a)
(2) inf max EzE(f) = (np"* +ng)~ 2+,

f (PR

where np and ng are number of data drawn from P and () respectively,
d is the number of features, and II is the posterior drift regime where the
distribution pair (P, Q) belongs to the class I'(y, Cy) with the relative signal

exponent v and satisfies some additional regularity conditions. Here Eg(f)
is the excess risk on () which is defined based on the misclassification error:

(3) Eq(f) = Ra(f) — Ra(f5)

0if no(x) < 1

1 otherwise

(4) fole) = {

is the Bayes classifier under Q). The expectation Ez in (2) is taken over the
random realizations of all the observed data, namely the set Z, defined as

(6)  ZE{XTYD), . (X V) (XP V), (X2, Y2}

np) - np nQ’ nQ

Note that if one only had observations from the target distribution @,
_B(+a) 26+d

the minimax rate would be n -, 274 . Therefore, the additional term n?ﬁ +d

in the minimax rate (2) quantifies an “effective sample size” for transfer
learning from the source distribution P relative to @Q, and ;%J;dd can be
viewed as the optimal transfer rate. This result answers one of the main

28+d

questions in transfer learning: anB *¢ is the total amount of information

that can be transferred from P to (), and this quantity depends on the
relative signal exponent v which characterizes the discrepancy between P
and @ in posterior drift.

We construct a two-sample weighted K-nearest neighbors (K-NN) clas-
sifier and show that it attains the optimal rate given in (2). However, this
classifier depends on the parameters «, 3, and -y, which are typically un-
known in practice. In this paper, we also propose a data-driven classifier fa
that automatically adapts to the unknown model parameters «, 8 and -,
with an additional log term on the excess risk bound:

B(+a)

pttd 2otd
A np R ng
o st () )
(PQell alfe) log(np + nq) log(np + ng)
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This adaptive procedure is essentially different from either the non-adaptive
procedure given in this paper, or any nonparametric classification procedures
in the literature. The adaptive classifier is constructed based on the ideas
inspired by Lepski’s method for nonparametric regression. The construction
begins with a small number of the nearest neighbors, and gradually increases
the number of the neighbors used to make the decision. The algorithm ter-
minates once an empirical signal-to-noise ratio reaches a delicately designed
threshold. It is shown that the resulting data-driven classifier automatically
adapts to a wide collection of parameter spaces.

In some applications, there are data available from multiple source dis-
tributions. Intuitively, the samples from all source distributions are helpful
to the classification task under the target distribution. We also consider
transfer learning in this setting under the posterior drift model. Suppose
there are multiple source distributions Py, ..., P, and one target distribu-
tion @, each pair of distributions (P;, Q)) has a relative signal exponent -;,
i€ {1,...,m}. The minimax optimal rate of convergence is established and
the result quantifies precisely the contributions from the data generated by
the individual source distributions. An adaptive procedure is constructed
and shown to simultaneously attain the optimal rate up to a logarithmic
factor over a large class of parameter spaces.

The rest of the paper is organized as follows. In Section 2, after some ba-
sic notations and definitions are introduced, the model for transfer learning
under the posterior drift model is proposed in a nonparametric classification
setting. In Section 3, we establish the minimax optimal rate by constructing
a minimax optimal procedure with guaranteed upper bound and a match-
ing lower bound. In section 4, a data-driven adaptive classifier is proposed
and is shown to adaptively attain the optimal rate of convergence, up to a
logarithmic factor. Section 6 investigates the numerical performance of the
data driven procedure. In section 7, a real data application is carried out
to further illustrate the benefit of our method. Section 5 considers transfer
learning with multiple source distributions and a brief discussion is given in
Section 8. For reasons of space, we prove one main result in Section 9 and
provide the proofs of the other results and some technical lemmas in the
Supplementary Material (Cai and Wei, 2019).

2. Problem Formulation. We introduce in this section the posterior
drift model. We begin with notation and basic definitions.

2.1. Notation and definitions. For a distribution G, denote by G(-) and
Eq(+) respectively the probability and expectation under G. Denote by Px
and Qx the marginal distribution of X under the joint distributions P and
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Q for (X,Y) respectively. Let supp(-) denote the support of a probability
distribution. Throughout the paper we write || - || to denote the Euclidean
norm. We use Iy} to denote the indicator function taking values in {0,1}.
We define a V b = max(a,b), a A b = min(a,b), and |a] be the maximum
integer that is not larger than a. We denote by B(z,r) a Euclidean ball
centered at x with radius r. We write A(:) to denote Lebesgue measure of a
set in a Euclidean space. We denote by C' or ¢ some generic constants not
depending on np or ng that may vary from place to place.

2.2. Posterior drift in nonparametric classification. For two distribu-
tions P and @ for a random pair (X,Y) taking values in [0, 1]¢ x {0, 1}, we
observe two independent random samples, (X Y{¥),...,(XF | Y,P) dp

np’-np

and (XlQ, YlQ), . (Xﬁ?@, Yn%) i Q. We shall use P-data and Q-data to re-
fer to the data sets drawn from the distributions P and @ respectively. We
consider the transfer learning problem when there is a posterior drift be-
tween P and Q. In the posterior drift model, the covariates/features X are
drawn from distributions having the same support with bounded densities,
but the response/label Y has different conditional distributions given X be-
tween P and @Q. The readers should notice that the model we introduced in
Section 1 is a special case within the model we will introduce in this section.

The regression functions have been defined informally in the introduction,

now we give a precise definition. Let

() PY=1X=2) if x € supp(Px)
x fry
" otherwise

N[

nolz) = {Q<Y=1|X=x> if = € supp(Qx)

% otherwise

denote the corresponding regression functions of P and ). Besides the pre-
vious definition (4) of Bayes classifier under the target distribution @, we
can similarly define the Bayes classifier for the source distribution P as:

Fo(z) = {0 if np(z) < 3

1 otherwise

Now assume (X, V") is a data pair drawn from the distribution P. From
the definition, given X = z, Y’ is more likely to be equal to 1 if f5(z) = 1
whereas Y? is more likely to be equal to 0 if f5(x) = 0. It is similar for the
distribution @. Thus informally one can regard f5(z) (f5(z)) as the true
label at the covariate value = under the distribution P (Q).
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In transfer learning, although the observed data are drawn from two or
more different distributions, these distributions are usually related to each
other so that all of them are useful for learning the intrinsic true labels.
For instance, in a crowdsourcing survey, although accuracy varies among
different workers, their answers should be no worse than random guessing.
It is reasonable to assume that the answer is correct with probability at least
%. This means we may reasonably assume that, given the same covariate x,
the “true labels” under the distributions P and () are the same. That is

fr(@) & fpla) = f5(z) Va € supp(Px),
which is equivalent to

1 1

(np(2) = 5)(ne() - 5) 2 0.

The definitions and assumptions introduced so far treat the P-data and
@-data symmetrically and interchangeably. But in real applications, usually
the two data sets are treated differently. We call P the source distribution
and @ the target distribution. The goal is to transfer the knowledge gained
from the P-data together with the information contained in the Q-data for
constructing an optimal classifier under the target distribution Q.

Intuitively it is clear that the amount of information that can be trans-
ferred from the P-data for the inference under ) depends on the similarity
between the distributions P and Q. In this paper, we quantify the similarity
by the relative signal exponent of P with respect to Q.

DEFINITION 1 (Relative Signal Exponent). The class I'(y, Cy) with rel-
ative signal exponent v € (0,00) and a constant Cy € (0,00) is defined as
the set of distribution pairs (P,Q), both supported on R? x {0,1}, satisfying
Va € supp(Px) Usupp(Qx),

1 1

(6) (np(z) = 5)(ne(z) — 5) =0

@ np(x) — 51 > Cylngle) — 5"

REMARK 1. The relative signal exponent ~ indicates the signal strength
of the P-data relative to the @-data. Note that [ng(x) — 5| is always bounded
by 1/2. So generally speaking, the smaller « is, the larger the difference

between np(x) and %, which means the P-data is more informative about
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Fig 1: Tllustration of the relative signal exponent . Left panel: feasible region when
v = 0.5 and C, = 0.5. A pair of distributions (P, Q) has relative signal exponent
v = 0.5 with C;, = 0.5 when (np(x),n¢g(x)) falls into the shaded (blue) region for
all z in the support. Right panel: feasible region with different choices of . Smaller
7 implies more information contains in Py |x.

f*(x) and consequently more information can be transferred from the P-
data to the @-data.

One can see that the above definition of relative signal exponent implies
when |no(z) — 1| is large, then |np(z) — 3| should be relatively large. This
is intuitively true in a wide range of real applications. Taking again the
crowdsourcing surveys as an example. If one crowd of workers can answer
a question correctly with a larger probability, then for another crowd of
workers the accuracy of their answers is also usually larger because this
question is likely to be easier.

In addition to the relative signal exponent 7y, we also need to define a
smoothness parameter of ng and characterize its behavior near 1/2:

DEFINITION 2 (Smoothness).  The (58, Cg)—Hdlder class of functions (0 <
B < 1), denoted by H(B,Cp), is defined as the set of functions g : R? —» R
satisfying, for any x1, s € R,

lg(z1) — g(22)| < Cgllz1 — z2°.

DEFINITION 3 (Margin Assumption). The margin class M(a, Cy) with
a > 0,Cy >0 is defined as the set of distributions Q satisfying

Qx(lng(X) - 31 < 1) < Cat®,

20

[S119%)
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In this paper we consider the nonparametric classification problem when
no(z) belongs to a (8, Cg)—Holder class and @ belongs to a margin class
M(a,Cy). When @Q € M(a,C,), we also say that @ satisfies the margin
assumption with the parameter a.

REMARK 2. In the main part of our discussion, we focus on the case with
0 < B <1, ie n belongs to a Holder function class with smoothness less
than or equal to 1. Generally it is possible to consider more general classes
where the smoothness parameter can be larger than 1. The discussion on
the model and methods associated with the general smoothness parameter
B > 1 will be deferred to the discussion section.

The margin assumption was first introduced in Tsybakov (2004); Audibert
and Tsybakov (2007) to characterize the convergence rate in nonparametric
classification. The margin assumption put a constraint on the mass around
no(z) ~ % so that with large probability ng(z) is either % or far from %
Generally, if an underlying distribution satisfies the margin assumption, then
a more accurate classification can be guaranteed.

Another definition is about density constraints on the marginal distribu-
tions Px and Qx.

DEFINITION 4 (Common Support and Strong Density Assumption). (Px,Qx)
1s said to have common support and satisfy strong density assumption with
parameter 1 = (p—, piy),cu > 0,7, > 0 if both Px and Qx are absolutely
continuous with respect to the Lebesque measure on R?, and

£ supp(Px) = supp(Qx)
AQNB(x,7)] > e AB(x,r)] VO <r <1y, Ve el

dP
u_<d—;((x)<u+ Va € Q
dqQ
po < —d)\X () < py Vx e

Define S, cu, ) to be the set of the marginal densities pairs (Px,Qx)
that have common support and satisfy the strong density assumption with
parameter pu, C,, ry,.

REMARK 3. The strong density assumption was first introduced in Au-
dibert and Tsybakov (2007). In this paper we focus on the scenario that
the marginal densities of Px and ) x have regular support and are bounded
from below and above on the support.
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Moreover, note that when (@) x satisfies the strong density assumption,
in the regime af > d, there is no distribution @} such that the regression
function ng crosses % in the interior of the support Qx (Audibert and Tsy-
bakov, 2007). So this regime only contains the trivial cases for classification.
Therefore, we further assume af < d in the following discussion.

Given a classifier f : R? — {0,1}, the excess risk on @ of the classifier 1,
defined in equation (3), has a dual representation (Gyorfi, 1978)

. 1
(8) EQ(f) = 2E(xy)~q(ne(X) — §|H{f(x)¢f6(x)})‘

A major goal in transfer learning is to construct an empirical decision
rule f incorporating both the P-data and @)-data, so that the excess risk on
() is minimized. It is interesting to understand when the minimax rate in
the transfer learning setting is faster than the optimal rate where only the
(Q-data is used to construct the decision rule.

Putting the above definitions together, in this paper we consider the pos-
terior drift nonparametric parameter space:

H(a,Ca,ﬂ,C@,’y, C’Ynu’a CM,TM) = {(PvQ) : (P7 Q) € F(77 07)762 S /\/l(a,Ca),
nQ € H(57 Cﬁ)? (PXa QX) € S(:U” CIMTM)}'

In the rest of this paper, we will use the shorthand II(a, 3,7, u) or II if
there is no confusion. The space II(«, 3, v, i) is also called the posterior drift
regime with («, 3,7, 1).

3. Minimax Rate of Convergence. In this section, we establish the
minimax rate of convergence for the excess risk on @) for transfer learning
under the posterior drift model and propose an optimal procedure using the
two-sample weighted K-NN classifier.

The K-NN method has attracted much attention (Cover and Hart, 1967;
Gyorfi, 1978; Gadat et al., 2016) due to its massive practical success and
appealing theoretical properties. In the conventional setting where one only
has access to the ()-data and there is no P-data, with a suitable choice of
the neighborhood size k, the K-NN classifier can achieve the minimax rate
of convergence for the excess risk on @) (Gadat et al., 2016). The K-NN
classifier is generated in two steps:

Step 1: For any given x to be classified, one can estimate ng(x) by taking
the empirical mean of the response variables (Y') according to its k
nearest covariates (X). Formally, define X(% (z) be the i-th nearest
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covariates to x among X{“g, XnQ

response (label). The estimate 7g(x) is given by

and Y(%( ) is its corresponding

Step 2: The class label for x is estimated by the plug-in rule:
1@) = Tig> 1y

In transfer learning, one also has access to the P-data in addition to the Q-
data, the P-data can be used to help the classification task under the target
distribution () and should be taken into consideration. To accommodate the
existing K-NN methods, we should take the empirical mean of not only the
k-nearest response variables from the ()-data, but also some nearest response
variables from the P-data. In addition, when taking the average, data from
the different distributions should have different weights because the signal
strength varies between the two distributions. To make the classification at

€ [0,1]%, a new strategy called the two-sample weighted K-NN classifier
is summarized as follows:

Step 1: Define X(Iz) () to be the i-th nearest covariates to  among le, e X,];P

and Y(Ij) (x) is its corresponding response. X(% (z) and Y(?) (z) can be
defined likewise. Construct the two-sample weighted K-NN estimator

wp Y, Y (2) + wg 3078 s Y3 ()
’LUpk‘p—{—lUQkQ

NN (z) =

where the number of neighbors kp and kg and the weights wp and wg
will be specified later.
Step 2: The class label for z is estimated by the plug-in rule:

In(@) =Ty @)= 1y

The final decision rule fyn(z), which is generated by both the P-data
and )-data, is called the two-sample weighted K-NN classifier.

The performance of the two-sample weighted K-NN classifier fN N(z)
clearly depends on the choice of (kp, kg, wp, wg). The next theorem gives a
set of choices of (kp, kg, wp, wqg) and a provable upper bound on the excess
risk, which gives a guarantee for the performance of the two-sample weighted
K-NN classifier with these specific choices of (kp, kg, wp, wq).
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Fig 2: An illustration of the two-sample weighted K-NN classifier. (X, Y ) are
shown by the blue points and (X?,Y?) are shown by the red points. For each point
in the graph, the coordinates represent its two-dimensional covariates X while the
number marked inside the point represents its label Y. To classify the black point
(x) located in middle of the graph, by calculation we get (say) kp = 2 and kg = 4.
Then we find kp nearest neighbors from P-data and kg nearest neighbors from
(Q-data. Finally, we calculate their weighted mean to make the final classification.

THEOREM 1 (Upper Bound). Let fyn be the two-sample weighted K-
28+d 8 28+d ~8
NN classifier with wg = (np"™ +ng) 2974, wp = (np"* + ng)™ 26+,
28+4d d 28+4d d
kg = |ng(np"* +ng) %+ |, and kp = |np(ny"* +ng)” %+ |. Then

R 225ﬁJ:de _ B(l+a)
sup EzE(fnn) S C(np™™ +ng) 25+

(P,Q)ell

for some constant C' > 0 not depending on np or ng.

The following lower bound result shows that the two-sample weighted
K-NN classifier fyn given in Theorem 1 is in fact rate optimal.

THEOREM 2 (Lower Bound). There exists a constant ¢ > 0 not depend-
ing on np or ng such that

A 2ot _B(+a)
inf sup Ez&(f) > c(nP“’BJr +ng)” 2

I (P,Q)el

The proof of Theorem 1 will be given in Section 9, which is based on
the general techniques for proving K-NN methods, for instance, see Gadat
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et al. (2016); Samworth (2012). In the literature of classical nonparamet-
ric classification problem, the focus was mainly on bias-variance trade-off.
Under posterior drift model, we further extend the general techniques to
the two-sample setting, where the weights and the number of neighbors are
carefully selected to make the best combination of information. The proof
of Theorem 2 is given in the supplementary material (Cai and Wei, 2019),
using the same general scheme as in (Audibert and Tsybakov, 2007; Kpotufe
and Martinet, 2018). Theorems 1 and 2 together establish the minimax rate
of convergence for transfer learning under the posterior drift model,

. 26+d _B80+e
9 inf sup Ez& = (ny"™ +n 28+d
1 Q P Q

f(PR)en

We make a few remarks on the minimax rate of convergence.

e Based on the minimax rate given in (9), it is easy to see that, in
terms of the classification accuracy, the contribution from the P-data is

28+d

substantial when n?ﬁ o> nq, and the contribution is not significant

otherwise.
e Comparing the convergence rates (9) with (10), the minimax rate for
transfer learning under the posterior drift model is the same as if

28+d

one had a sample of size n?ﬁ te 4 ng from the distribution @ in the

28+d
. . . e . d
conventional setting. Therefore, one can intuitively view nIQJB "¢ as the

“effective sample size” of the P-data for the classification task under

Q. The exponent %%erdd here can be regarded as the transfer rate. The
28+d

smaller the relative signal exponent 7 is, the larger Atd is, and more

information is transferred from the P-data. This transfer rate provides

a quantitative answer to the question posed in the introduction: How

much information can be transferred from the source distribution P

to the target distribution @7 It is also interesting to note that, when

v <1, Q%yﬁ[;—ri-dd > 1, which implies that in this case an observation from
P is more valuable than an observation from () for the classification
problem.

e In the transfer learning literature, much attention has been on an inter-
esting special case where there is no data from the target distribution
Q at all, i.e., ng = 0 (Mansour et al., 2009; Blitzer et al., 2008). This
case arises when a classifier has been trained based on the data drawn
from the source distribution P, and one wishes to generalize the clas-
sifier to unlabeled testing data drawn from the target distribution Q.
Our results show that generalization is possible in the posterior drift
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framework and the optimal rate of convergence is

_B(+a)
2vyB+d

inf sup EZEQ(f)an
[ (PR)ell

e It is worth noting that in the conventional setting with access to the Q-
data only, the minimax rate, which is given in Audibert and Tsybakov
(2007), would be

_B(+a)

(10) inf sup Ez&(f) = ng s

f (PR

which is a special case of (9) with np = 0. This rate can be achieved
25
28+d

by the K-NN classifier given above with the choice of k = ng

4. Data-driven Adaptive Classifier. In the previous section, we have
established the minimax optimal rate over the parameter space II(c, 3,7, 1)
for transfer learning under the posterior drift model. This rate can be achieved
by the two-sample weighted K-NN classifier given in Theorem 1. A major
drawback of this classifier is that it requires the prior knowledge of 5 and ~,
which is typically unavailable in practice. An interesting and practically im-
portant question is whether it is possible to construct a data-driven adaptive
decision rules that can achieve the same rate of convergence, while automat-
ically adapt to a wide collection of the parameter spaces II(«, 8,7, p).

In nonparametric regression, Lepski’s method (Lepski, 1991, 1992, 1993)
is a well known approach for the construction of a data driven estimator
that adapts to the unknown smoothness parameter 5 by screening from
a small bandwidth to larger bandwidths with delicately designed stopping
rules. This procedure can be used for nonparametric classification in the
conventional setting where only @)-data is available and only adaptation to
one smoothness parameter 3 is needed. For readers’ convenience we include
this construction in Section 9. The transfer learning setting is more chal-
lenging: we need to adapt to bothparameters 8 and . In this section, we
modify Lepski’s method in our context and introduce a new stopping rule
and show that the resulting classifier adapts to all unknown parameters.

Now we develop a data-driven procedure to make classification at a spe-
cific point z € [0, 1]d. The construction combines all data points from the
P-data and the @-data together and finds nearest neighbors among all the
data. Denote by X(;) () the i-th nearest data point to x in the combined set
{xF, ...,Xfp} U {XIQ, ...,X%}. Similar to Lepski’s method, we begin with
a small number of nearest neighbors, and gradually increase the number of
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neighbors used to make the decision. One more nearest neighbor is added in
each step. At the k-th step, there are k nearest neighbors X(l)(m), ooy X(k) (x)
among all the points in the combined set {X{ ...,qup} U {XlQ, ...,XgQ}.
Suppose among these k nearest neighbors there are k:gf) points from the P-
data and k:gC ) points from the @)-data. Heuristically, given these k nearest
neighbors, one can obtain a weighted K-NN estimate as

() k)
wp Y ;0 Y(S (z) +wo ;% Y(?) ()

wpky) +woky)

ﬁ(k)

(1:7 wp, U)Q) =
If B and « are known, one can calculate the optimal choice of the weights

wp and wg for a two-sample weighted K-NN classifier. To construct an

adaptive procedure, we need to find a data driven method for choosing the

weights wp and wg. Define the “variance” of H*)(x, wp, wg) as

Wik + wiky

k k ’
(wpk‘ﬁg) + ka?é? ))2

v (wp, wq) =

For a given k, we call the maximum value of the ratio between (7*) (2, wp, wg)—

$)? and the “variance” v®) (wp,wg) as the signal-to-noise ratio index #(*):
(k) _ 1y2
A0 ax (7" (z, wp, wq) — 3) ‘
wp,wqQ U(k)(wP,QUQ)

The algorithm is terminated when #(*) > (d + 3)log(np + ng), and the
(7™ (zwp wg)—3)?
v(®) (wp,wg)

If the algorithm doesn’t terminate at any step, the optimal k can be alter-

natively chosen by the maximizer of #(%). That is, we choose k = k* with

corresponding wp and wg are chosen as the maximizers of

(11)
1 min{k : #¥) > (d + 3)log(np +ng)}  if max;, #*) > (d+ 3)log(np + ng)
B argmax;, 7(¥) otherwise

and choose (wp,wq) = (wp, wy)) with

(1% (@, wp, wq) — 5)°
v (wp,wg)

(Wp, wg) = argmax(y,, u)

The data driven adaptive classifier is then defined as

Ja(@) = L) (@ 0> 1)
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Algorithm 1 The Data Driven Procedure

Input: z € supp(Qx)
fork=1,...,(np+ng —1),(np+ng) do

Find %k nearest covariates to a« among all covariates in data
{le,XQP,...,X,I:P} U {X?,Xf,,..,X,?Q}. Suppose among those k nearest neigh-
bors X(1)(z), X(2)(x), ..., X(k)(x) there are kgf) covariates from P-data and kg)
covariates from ()-data.

Compute kgc) nearest neighbor estimate in P-data (If kgf) =0, set ﬁg,k) “—3)

k(R
1 =P
(k) E
kp’ i

and kg) nearest neighbor estimate in P-data (If kg) =0, set ﬁg) +~ 1)

kS
(k) 1 P
U~ 0 ZY@)(m)
Q' i=1
Let 7% be the signal-to-noise ratio index calculated by
k) (A(k 2 k) ( A(k 2k . (K
B (0 - 1) + kD) (nég) - %) if sign(fp’ — §) = sign(ig’ — 3)
k) Ak 2 ) (Alk 2\ ok sk
max (k%) (i = 3) kS (38 = 1)) if sign(@) — 1) # sign(7 - 4)
Define the intermediate classifier by

£ (k) I
P L -4 P (i -1)0

if ") (z) > (d+3) log(np +ng) then
Stop and output f,(z) < f¥ (x)
Output fo(z) « f*)(z) where k,, = argmax,, #*)

REMARK 4. The choice of (d + 3)log(np + ng) as the threshold in the
stopping rule (11) is important and requires some explanation. Roughly
speaking, this is due to the fact that the maximum fluctuation of 7(%) (x,wp,wqQ)

is bounded by \/(d+3) log(np + ng)v® (wp,wg) with high probability,
which will be shown in Lemma 5 with a suitable change of parameter (stated
in the supplementary material (Cai and Wei, 2019)). Thus, when #*) >
(d + 3)log(np + ng), ﬁ(k)(x,wp,wQ) > % indicates Eﬁ(k)(x,wp,wQ) > %,
which suggests f*(z) = 1, and vice versa.

The procedure is summarized in Algorithm 1 where the above procedure
is simplified by using the actual closed form expression for #*) and f,(z).
We investigate the theoretical properties of this data-driven classifier f,
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k=5 k=6 k=T
o o o
o o
e o o4 e o o4 ©® o o
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zgf_. () :JQ( e zgf. ()
° Y Y
‘ . Y ‘ . N Y ‘ ‘ N ®
([ o ‘ o . o
#) > T? No B > 17 No B > 17
,,,,,,,, | P
Yes Yes Yes
Output f(k) Output f(k) Output f<k>

Fig 3: An illustration of the adaptive procedure given in Algorithm 1. See
figure 2 for interpretation of the graph. Here we shorthand the threshold
T = (d + 3)log(np + ng). In each step, we evaluate 7*) and compare it to
the threshold R. If #*) > T, then output f(k) generated in current step; if
r(k) < T, go to next step and add one more nearest neighbor.

in terms of both global and local adaptivity. The theoretical analysis shows
that the proposed classifier is, both globally and locally, adaptive to the
unknown smoothness and relative signal exponent.

4.1. Global adaptivity. Note that fa is a data-driven classifier. The fol-
lowing theorem gives an upper bound for the excess risk under Q:

THEOREM 3. Let n = np + ng. There exists a constant C > 0 not
depending on np or ng such that

_B(+a)

A~ n P 22’Y53-,—+dd n Q 26+d
(12) sup Ez&(fa) <C ( ) + .

(P,Q)ell logn logn

The proof of Theorem 3 is given in the supplementary material (Cai and
Wei, 2019).

Comparing the rate of convergence in (12) for the adaptive classifier
fa with the minimax rate (9), the data driven classifier fa simultaneously
achieves within a logarithmic factor of the minimax optimal rate over a large
collection of parameter spaces.
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REMARK 5. If only the @)-data is available and Lepski’s method is ap-
plied, then the following upper bound on the excess risk under ) holds:

_B(+a)

X Frd
(13) sup EzE(fr) < C- ( o ) A
(PQ)ell log ng

One can verify that by setting np = 0, our new adaptive procedure is exactly
equivalent to Lepski’s method (Algorithm 3), while the rates of convergence
for the two methods also coincide.

4.2. Local adaptivity. In practice, one might be focused on classifying
a given observation xy and thus especially interested in the accuracy of a
classifier at a specific point xy. Interestingly, the weights wp and wg, the
number k of neighbors of the proposed classifier fa(x) are all locally selected
and calculated based on samples in a neighborhood of x. It is of practical
interest to investigate the local adaptivity of the proposed classifier.

In order to study the local behavior of the classifier f, at a given point
g, we need to extent the definitions for the posterior drift model to their
local versions. First, we define the local excess risk on ) at a point xq:

DEFINITION 5. For any zo € (! and a classifier f:Q— {0,1}, define
the classification risk at xo on distribution Q for f as:

R(f,20) = P(xy)ug(Y # f(z0)|X = z0).
Further, define the local excess risk at xo on distribution Q forf as
€q(f,x0) = R(f,x0) — R(f§, x0).

Next, we give a formal definition for local smoothness 5y = 5(zp) and
local relative signal exponent vy = y(z):

DEFINITION 6. A function g : R — R has local Holder smoothness By
(0 < By < 1) at point o € R? if there exists 1 > 0 and Cp > 0 such that for
any ©' € B(xg,T),

l9(2") = g(wo)| < Cglla’ — xol”.

DEFINITION 7. A pair of distributions (P,Q), both supported on € X
{0,1}, are defined to have local relative signal exponent o at a point xg € €2,
if there exists v > 0 and C., > 0 such that for any x € B(xo,r),

1 1

(np(z) = 5)ne(z) = 5) 20
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1 1
(@) = 51 = Cylgle) — 57

The definitions of local smoothness and local relative signal exponent are
similar to their global versions, except we only consider in a small neighbor-
hood of xg. Based on the above definitions, the local adaptivity of fa at xg
is characterized as follows:

THEOREM 4. Suppose the distributions (P,Q) are both supported on € x
{0,1} and a point x¢ € Q. Suppose the following holds.

1. (P,Q) have local relative signal exponent vy at xo;

2. ng has local Holder smoothness By at xo;

3. (Px,Qx) € S(u,cy,mu), i.e. Px and Qx have common support and
satisfy the strong density assumption.

Let n = np +nqg. There exists a constant C' > 0 such that

__fo
2Bp+d 2Bg+d
np > 2y0B0+d nQ

logn logn

(14)  Ez€q(fume) <C (

The proof of Theorem 4 is provided in the supplementary material.

REMARK 6. Under the same setting as in Theorem 4, when £y and g
are known, the local minimax rate of convergence is

R 2Bg+d B
inf sup EzEQ(fa,0) < (7112:7060“ +ng) Po+d

[ (PQ)

where the supremum is taken over all distribution pairs (P, Q) satisfying
conditions 1,2,3 stated in Theorem 4. This minimax rate can be achieved
by the same construction as the minimax classifier in Section 3 (using local
parameters [y, Yo instead of global parameters 3,7). As a result, Theorem 4
shows that fa also achieves within a logarithmic factor of the local minimax
optimal rate. In other words, fa adapts to local smoothness and local signal
relative exponent.

REMARK 7. For simplicity, the present paper focuses on the posterior
drift model, which is somewhat restrictive since the relation between P and
@ is described by a signal parameter v. However, because fa is adaptive to
the local signal relative exponent, it can make nearly optimal classification
under heterogeneity where ~ varies. In other words, f, works optimally even
when P is stronger than () in some places and weaker than () elsewhere.
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REMARK 8. Note that there is also a dual representation of EzEq ( far0):

E28q(fur o) = 2na(wo) — 1B (fuleo) # fleo))

Theorem 4 can be interpreted as follows. For any point xq, the classifier
fa performs well (i.e. the accuracy of f, is bounded away from 1/2) when

Bo

2Bg+d 2Bg+d

1 np \ 2wfotd ng
——|>C
ha(e) 312 € [ ()™ 4 2

for some constant C' > 0. Other than the sample sizes np and nq, the rate
only depends on the local smoothness 5y and local relative signal exponent
~0- Also, it is optimal up to a logarithmic factor. The result thus shows that
fa is adaptive to the local smoothness and local relative signal exponent.

5. Multiple Source Distributions. We have so far focused on trans-
fer learning with one source distribution P and one target distribution Q.
In practice, data may be generated from more than one source distribution.
In this section, we generalize our methods to treat transfer learning in the
setting where multiple source distributions are available.

We consider a model where there are several source distributions with
different relative signal exponents with respect to the target distribution Q.
Suppose there are np,,...,np,,, and ng i.i.d data points generated from the
source distributions P4, ..., P,,, and the target distribution ) respectively,

(xP oy, L (xh Y@l)%‘a

np17

(X7 Y, (X vy <P,

npy,,’

y
(X2 Y9, . (X2, 72)%Q

and all the samples are independent. The goal is to make classification under
the target distribution (). Similar as before, it is intuitively clear that how
useful the data from the source distributions P;, i € [m], to the classifica-
tion task under () depends on the relationship between each P; and (). The
definition of the relative signal exponent needs to be extended to accommo-
date the multiple source distributions. It is natural to consider the situation
where each source distribution P; and the target distribution Q) have a rela-
tive signal exponent. This motivates the following definition of the vectorized
relative signal exponent when there are multiple source distributions.
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DEFINITION 8.  Suppose the distributions Py, ..., Py, and Q are supported
on R? x {0,1}. Define the class T'(y,Cy) with the relative signal exponent
Y = (Y15, Ym) € R and constants C, = (C1,...,Cp,) € R, is the set
of distribution tuples (Pi, ..., Ppn, Q) that satisfy, for each i € [m], (P;, Q)
belongs to the class T'(vy;, C;) with the relative signal exponent ;.

Similar as in Section 2, adding the regularity conditions on ) including the
smoothness, margin assumption and strong density assumption, we define
the parameter space in the multiple source distributions setting as follows:

H(aaC(XaB)Cﬂvqﬂ C’)’nu’a CN,T‘N) - {(P17 7Pm)Q) : (P17 7Pm)Q) € F(’chv)a
Qe M(a,Cq),ng € H(B,Cp), (P x,Qx) € S(u, cu, ) for all i € [m]}.

We will simply denote II(cv, Co, 5, Cg, Y, Cvyy b, €y 7)) by I or (e, B, 7, 1)
if there is no confusion.

In this section we establish the minimax optimal rate of convergence and
propose an adaptive classifier which simultaneously achieves the optimal
rate of convergence within a logarithmic factor over a wide collection of the
parameter spaces. The proofs are similar to those for Theorems 1, 2 and 3 in
the one source distribution setting. For reasons of space, we omit the proofs.

5.1. Minimaz rate of convergence. We begin with the construction of a
minimax rate optimal classifier fNN in the case of multiple source distri-
butions. The classifier is an extension of the two-sample weighted K-NN
classifier given in Section 3. It incorporates the information contained in the
data drawn from the source distributions P;, i € [m], as well as the data
drawn from the target distribution ). The detailed steps are as follows.

Step 1: Compute the weights wp,, ..., wp,,, and wg by

m 725+dd viB
5 _ .

wp, = (ng + g nPZ”” ) 28+d,  for all i € [m],
i=1
m o 2p+4d 5

_ 2y;B+d \ — g

wg = (nQ + anil ) 2B+d

i=1

Compute the numbers of neighbors kp,, ..., kp,,, kg by

m 28+d d
ke, = np(ng + D _np ™)), foralli € [m]
i=1

28+d

m
d
kg = [nq(ng + ) np ") 4.
=1
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Step 2: Define X(];i) () to be the j-th nearest data point to z among Xf", vy Xf:;
and Y(f)l (x) is its corresponding response (label). Likewise, let X 8) ()
be the j-th data point to z among XQ, ...,XTC;QQ and Y(% (x) is its cor-

responding response (label). Define the weighted K-NN estimator

k m kp, 3 P;
wg Y2 Y(?) () + 223 (wPi Ejil Yo (x))
wqkg + 3% wpkp, .

NN (z) =

This estimator takes weighted average of kp, nearest neighbors from

the data points drawn from P;, each with weight wp,, and kg nearest

neighbors from the data points drawn from @, each with weight wg.
Step 3: The final classifier is then defined as

fun(z) = H{ﬁNN(fE)>%}'

We now analyze the theoretical properties of the classifier f nN. Theorem 5
gives an upper bound for the excess risk EQ(f NN ), while Theorem 6 provides
a matching lower bound on the excess risk. These two theorems together
establish the minimax rate of convergence and show that fNN attains the
optimal rate. In the following theorems, the expectation E is taken over
random realization of all data drawn from source and target distributions.

THEOREM 5 (Upper Bound). There exists a constant C > 0 not depend-
ing on np or ng, such that

R m 22[.3+dd Bt
sup E&q(fnn) < Clng + Zanl[” ) 2B
(P17"'7PW7Q)EH(0576777M) =1

THEOREM 6 (Lower Bound). There exists a constant ¢ > 0 not depend-
ing on np or ng, such that

Mmoo 264d gita)

inf sup E€o(f) > clng + Z n;ji“d)_ 28+d |
I (Pryes P, Q) EIL(0v,8,7,18) i=1

Theorems 5 and 6 together yield the minimax optimal rate for transfer
learning with multiple source distributions:

. M 264d p(14a)
(15) inf sup EEo(f) = (ng + Zn;jiﬂ+d)_ 25+d
f (P17"'7PW7Q)EH(O‘7/8777N) i=1
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28+d
As discussed in Section 3, here ngiﬁ *4 can be viewed as the effective sam-
ple size for data drawn from the source distribution P; when the information
in this sample is transferred to help the classification task under the target

distribution ). Even when there are multiple source distributions, the trans-
fer rate associated with P; remains to be 227'?%, which is not affected by

the presence of the data drawn from the other source distributions.

5.2. Adaptive classifier. Again, the minimax classifier is not practical
as it depends on the parameters v and p which are typically unknown. It
is desirable to construct a data driven classifier that does not rely on the
knowledge of the model parameters. A similar adaptive data-driven classifier
can be developed. The detailed steps are summarized in Algorithm 2.

It is clear from the construction that the classifier fa is a data-driven de-
cision rule. Theorem 7 below provides a theoretical guarantee for the excess
risk of fa under the target distribution . In view of the optimal rate given
n (15), Theorem 7 shows that fa is adaptively nearly optimal over a wide
range of parameter spaces.

THEOREM 7. Letn = ng + > ..-ynp,. There exists a constant C' > 0
such that for 11 = («, 8,7, 1),

_B(+a)

n Ui n 255;-:—2 pd

; Q Py i

EE <C- .
"oy Qlfa) <logn - ; <logn> )

(Prye P, Q)€TT
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Algorithm 2 The Data Driven Classifier

Input: z € supp(Qx)
for k = 1,..., (nQ + Z;ﬁ;l np, — 1)7 (NQ + Z:V;l npi) do

Find k nearest neighbors X(1)(x), ..., X(x)(2) to  among all the covariates {XJQ :
Jj € [ng]} U U;ZI{X]P" 1 j € [np,]}. Suppose k;’j) of them are from the distribution
P,i=1,...,m, and kg> of them are from . That is, the k nearest neighbors are
partitioned into m + 1 parts according to which distribution they are drawn from.

For each ¢ € [m], Compute the K-NN estimate for np, (If Icg? =0, set ﬁP]: —3)

k)
. (k 1 S P
g (@) = —5 > Y ()
kp, 5=

and nearest neighbor estimate for n¢g (If k,(;> =0, set ﬁg) — 1)

RO

Q
< (k) 1 P
Ng™ W ZY(Z)(QU)
Q  i=1
Compute the positive signal-to-noise index
(k) w (o 1\ < w (o 1)
e lws ke (”Q - 5) +;H{n§§’z%}kﬂ <’7Pi - 5)
and negative signal-to-noise index
(k) W (o 1\, % CYRCEEAN
et (8 5) 4 Dt (- 3)
Let #*) be the signal-to-noise ratio index calculated by
#*)  max {ff),f“(f)} .

Define the classifier A
f(k)(x) — H{f*f)zf(_k)}'

if #*) > (d+ 3)log(ng + X7, np,) then
Stop and output fo(z) < f*(z).
Output fo(z) + f*m)(z) where k,, = argmax, #*).
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6. Numerical Studies. In this section, we carry out simulation studies
to further illustrate the performance of the adaptive transfer learning pro-
cedure. Numerical comparisons with the existing methods are given. The
simulation results are consistent with the theoretical predictions.

For all simulation experiments in this section, the data is generated un-
der the posterior drift model with d = 2. The distributions (P, Q) used to
generate data is specified as following:

1. Marginal distributions: Px = @Qx are both uniform distribution on
the square Q = [—1,1]2.
2. Regression functions: 7g and np are defined as
no(x) = 0.5+ psign(z1) (Jo1| max{0,1 — |z2|})”
and
np(z) = 0.5+ psign(a1) (|z1] max{0,1 — |a2|})"”

where z = (21, 22) € [~1,1]?, p, 3 and 7 are parameters that may vary
in different simulation studies.

According to the above construction, both np and ng take the maximum
values at (1,0) and the minimum values at (—1,0), and equal to 0.5 when
xz1 = 0. it can be easily verified that ng € H(3,Cs) with some Cg > 0,
(P,Q) € I'(vy,1), Q satisfies the margin assumption with o = 0.99/3, and
Px and ) x have the common support and bounded densities.

In the following experiments, we focus on evaluating the average excess
risk at a random test sample x drawn uniformly from the square 0 =
[~1,1]?, given np data generated from P and ng data generated from Q.

6.1. Minimazx non-adaptive classifier. For this particular distribution pair
(P, @), theoretically, the minimax rate of convergence for the excess risk can
be achieved via the two-sample weighted K-NN classifier when we are able
to make use of model parameters 5,7. In the following simulation, we fix
p = 0.03, ng = 1000 and 8 = 1. By comparing the proposed non-adaptive
classifier with a naive K-NN classifier on just the (Q-data, we evaluate the
improvement on the excess risk under different values of v and np.

During the experiment, we generated datasets with choices of the relative
signal exponent vy € {0.7,0.5,0.35} and number of P-data np varying from
50 to 3200. The excess risk of the two-sample weighted K-NN classifier
and the naive K-NN method are illustrated in Figure 4a. Meanwhile, a
planer plot is given in Figure 4b to illustrate the expected ratio of the excess
risk between the two methods based on our developed theory (Theorem 1).
One can clearly see how the transfer rates play a role in the experiments
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Fig 4: Left: Experiments on non-adaptive methods. We operate the naive K-NN
method on only @-data (dashed line) and our two-sample weighted K-NN classifier
on different datasets. The datasets are generated with relative signal exponent
~v = 0.7,0.5, 0.35 respectively. Right: based on our theory (Theorem 1), the expected
ratio of excess risk between the two methods we operate in the experiment.

with different relative signal exponent . The empirical performance and our
theoretical prediction are matched to some extent.

6.2. Adaptive classifier. We also compare the proposed adaptive clas-
sifier with the existing methods to see whether its numerical performance
matches its theoretical guarantees. Lepski’s method is a good competitor
as it is also adaptive to the smoothness parameter 5. Following a similar
routine as in the previous experiments, we compare the excess risk between
our proposed classifier and Lepski’s method applying only the @-data to
evaluate the improvement we may gain empirically.

Fix p = 0.03 and 8 = 1, we generated ng = 1000 data from the target
distribution @, and np € {50,100, 200, 400,800, 1600, 3200} data from the
source distribution P with different choices of relative signal exponent v €
{0.7,0.5,0.35}. Results of the numerical experiments are shown in Figure 5a.
A figure of the expected improvement on excess risk, calculated according to
Theorem 3, is also available in Figure 5b. In both figures, the curve looks like
areversed ”S” shape when -y is large, whereas a curve of exponential decrease
appears when -~y is small. Therefore, it is justified that the simulation results
are consistent with the theoretical predictions.

6.3. Multiple source distributions. Other than involving only a single
source distribution during the previous numerical studies, it is also worth-
while to see whether we can gain desired improvement as our theory predicts
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Fig 5: Left: Experiments on adaptive methods. We operate the naive Lepski method
on only Q)-data (dashed line) and our adaptive classifier on different datasets. The
datasets are generated with relative signal exponent v = 0.7, 0.5, 0.35 respectively.
Right: based on our theory (Theorem 3), the expected ratio of excess risk between
the two methods used in the experiment.

when there are multiple source distributions. We only illustrate in this sub-
section the performance of our adaptive classifier applying to multiple source
distributions (Algorithm 2).

Different from the previous simulation studies, in this subsection we gen-
erate data from three different source distributions P;, P, P3 and one target
distribution Q. In a similar vein, the distributions (P, P, P3, Q) are speci-
fied as following:

1. Marginal distributions: we set P; x = Po x = P3 x = (Qx to be all
uniformly distributed on the square area Q = [—1,1]2.
2. Regression functions: we set g and np,,np,,np, as

ng(x) = 0.5+ psign(x1) (Ja1 | max{0, 1 — |z2[})"

and

np,(z) = 0.5 + psign(z1) (|z1| max{0,1 — |zo|})"® i=1,2,3

where z = (x1,22) € [~1,1)%, p, 8 and 71, 72,v3 are parameters that
will be specified later.

In the simulation, we fix p = 0.03,8 = 1 and ~; = 0.35,72 = 0.5,v3 =
0.7, and we always set np, = np, = np,. We compare the average excess
risk of the two classifiers: our proposed adaptive classifier and the Lepski’s
procedure with only ()J—data involved. By varying number of data drawing
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Fig 6: Left: Experiments on transfer learning from multiple source distributions.
We apply the naive Lepski method on only @-data (dashed line) and our adaptive
classifier for multiple source distributions. Right: based on our theory (Theorem
5), the expected ratio of excess risk between the two methods we operate in the
experiment.

from source distributions, we can clearly see an improvement when applying
transfer learning methods.

The excess risk of the two methods during the experiments are illustrated
in Figure 6a. Also, we calculate the expected ratio between the two methods
according to the theory we developed in Theorem 5. Again, the empirical
performance and our theoretical prediction are similar to some extent.

For reasons of space, additional simulation results on different choices of
B are given in the supplementary material (Cai and Wei, 2019).

7. Application to Crowdsourced Mapping Data. To illustrate the
proposed adaptive classifier, we consider in this section an application based
on the crowdsourced mapping data (Johnson and lizuka, 2016). Land use/land
cover maps derived from remotely-sensed imagery are important for geo-
graphic studies. This dataset contains Landsat time-series satellite imagery
information on given pixels and their corresponding land cover class la-
bels (farm, forest, water, etc.) obtained from multiple sources. The goal
is to make classification of land cover classes based on NDVI (normalized
difference vegetation index) values of those remotely-sensed imagery from
the years 2014-2015. In this paper we focus on classification of two specific
classes: farm and forest.

Within this dataset, there are two kinds of label sources, given the NVDI
values of the images: 1) crowdsourced georeferenced polygons with land cover
labels obtained from OpenStreetMap; 2) accurately labeled data by experts.
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Fig 7: (a) Illustration of the dataset. Each row represents one of a land cover class
(farm or forest) and corresponding NDVT values of a pixel from remotely-sensed
imagery in 2014-2015. (b) Accuracy of the three methods on the crowdsourced
mapping data with different numbers of crowdsourced data involved. Blue: The
proposed adaptive classifier. Red: Lepski’s method using combined data. Brown:
Lepski’s method using only crowdsourced data.

Although crowdsourced data are massive, free and public, the labels contain
various types of errors due to user mislabels or outdated images. Whereas
the expert labels are almost accurate, but they are usually too expensive to
obtain a large volume. The challenge is to accurately combine the informa-
tion contained in the two datasets to minimize the classification error.

As in Section 6.2, we apply three methods to make the classification:
(1) our proposed adaptive procedure; (2) Lepski’s method with all data
involved where we do not distinguish data from different sources; (3) Lepski’s
method with only the crowdsourced data. We use np = 50 accurately labeled
data, and change the number of involved crowdsourced data from ng = 25
to ng = 800. We use other 166 accurately labeled data to evaluate the
classification accuracy of the three methods mentioned above.

Figure 7b shows the accuracy of the three methods with different numbers
of crowdsourced data involved. As more and more crowdsourced data are
used, the amount of information contained in the crowdsourced data grad-
ually increases, and the relative contribution from the accurately labeled
data gradually decreases. The proposed adaptive classifier consistently out-
performs the naive Lepski’s method, especially when the number of the
crowdsourced data is between 100 and 400, because in these cases the adap-
tive classifier can significantly increase the accuracy by better leveraging the
information gained from both distributions.
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8. Discussion. We studied in this paper transfer learning under the
posterior drift model and established the minimax rate of convergence. The
optimal rate quantifies precisely the amount of information in the P-data
that can be transferred to help classification under the target distribution
Q. A delicately designed data-driven adaptive classifier was also constructed
and shown to be, both globally and locally, adaptive to the unknown smooth-
ness and relative signal exponent. It is simultaneously within a log factor of
the optimal rate over a large collection of parameter spaces.

The results and techniques developed in this paper serve as a starting
point for the theoretical analysis of other transfer learning problems. For
example, in addition to classification, it is also of significant interest to
characterize the relationship between the source distribution and the tar-
get distribution, so that the data from the source distribution P can help in
other statistical problems under the target distribution ). Examples include
regression, hypothesis testing, and construction of confidence sets. We will
investigate these transfer learning problems in the future.

Within the posterior drift framework of this paper, some of the tech-
nical assumptions can be relaxed to a certain extent. For the smoothness
parameter 3, we focused on the case 0 < 8 < 1. It is possible to consider
more general classes where 8 can be larger than 1, with strenthened rela-
tive signal exponent assumptions on the higher order derivatives of np(z)
and ng(x). When g > 2, the problem mighted be solved with a carefully
designed weighted K-NN classifier, as was introduced in Samworth (2012).
Construction of such a weighted K-NN method is involved and we leave
it as future work. For the marginal distributions Px and @) x, other than
the strong density assumption, there are also weaker regularity conditions
introduced in the literature. See, for example, Gadat et al. (2016); Kpotufe
and Martinet (2018). Similar results on the minimax rate of convergence can
be established under these different regularity conditions. The minimax and
adaptive procedures should also be suitably modified.

Also, in complementary work, Kpotufe and Martinet (2018) studied K-
NN classifiers for transfer learning in the covariate shift framework where
the marginal distributions Px and Qx are allowed to differ significantly.
It is interesting to consider nonparametric classification under both covari-
ate shift and posterior drift. In such a setting, besides the relative signal
exponent 7, one also assumes (P, Q)) have transfer-exponent 7 > 0 such that

Vz,r € (0, Ax], Px(B(z,7)) > Qx(B(z,r)) - Cr (X){) ,

and Qx is (Cy,d)-doubling, as is defined in Definitions 3 and 6 in Kpotufe
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and Martinet (2018). The detailed analysis appears to be quite involved,
we only make some conjectures here based on our preliminary calculations
and leave the rigorous proofs and further investigations for future work. Our
calculations indicate that the optimal rate of convergence for the excess risk
on @ under both covariate shift (transfer-exponent 7) and posterior drift
(relative signal exponent «y) should be
B(1+a)

inf sup EZSQ(f) = (np HoTer + nQ) o

f(PQ)

An additional transfer-exponent 7 appears in the denominator of the
transfer rate 2725i7+¢d+d' The above optimal rate can be achieved by two-
sample weighted K-NN classifier (proposed in our work) with proper choices
of wp,wq, kp and kq. In addition, our proposed classifier fa should be nearly
optimal adaptive classifier (up to a logrithmic term) in a sense that

_B(+a)

ot e
A n YoTT n

sup EzEq(f) < (1 P) i

(P,Q) ogn ogn

where n = np + ng.

9. Proofs. We prove Theorem 1 in this section and leave the proofs
of other theorems and additional technical lemmas in the supplementary
material (Cai and Wei, 2019). For readers’ convenience, we begin by stating
Lepski’s method for nonparametric classification in the conventional setting
where there are only the Q-data.

9.1. Lepski’s method. Algorithm 3 is a version of Lepski’s method in
nonparametric classification. We state the algorithm here for reference.

Algorithm 3 Lepski’s method (Lepski and Spokoiny, 1997)

Input: = labeled samples (X;,Y;) € R? x {0,1}, i € [n], and a point z € R? to be
classified.
Set 15 < —oo and 1t + +oo.
for k=1,....,(np+ng —1),(np +ng) do

Find k nearest neighbor estimates 7j,(z) = %ZLI Y(s), where Y(;) denote the label
to i-th nearest covariates to x.

Set ng <+ Mp_y V (Gk(z) — ,/% logn).

Set n,j — 77:_1 A (He(z) + % logn).
ifnk_>%0r77:<%then
Stop and output fr(z) + Lin@>11
Output fr(z) « H{fzn(z)zé}'
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9.2. Proof of Theorem 1. First we define some new notations for conve-

nience. In the proof, we use (g (z) = |ng(z)—3| and (p(z) = |np(z)—1| to de-
. > k >

note the signal strength. Let Y(Clg:kQ)(x) =LY% y@(2) and Ylfkp)(x) =

T kg £ei=17 (i) (1:
é ffl Y(f) (x) denote the average of kg nearest neighbors in ()—data and

kp nearest neighbors in P—data respectively. We will sometime omit x in
the notations such as X (% (x), X (Ij) (z) if there is no confusion in the context.
We also use the shorthand ch?nQ to denote the whole set of the ()—data
covariates {ng, ...,XgQ}. And similarly Xf?np denotes {X{D, ...,XTJ:P}. We
define Eyx(:) = E(‘\ch?nQ,anp) to denote the expectation conditional
on the covariates of all data, and E is the expectation taken over random
realization of all data (the same as Ez we defined before). Also, in follow-
ing proofs we always assume (P, Q) € I(«, 3,7, 1) so we will not state this
assumption again in the lemmas.

Before proving the theorem, we first state three useful lemmas. The first
lemma 1 provides a high probability uniform bound on the distance between
any point and its k—th nearest neighbor.

LEMMA 1 (K-NN Distance Bound). There exists a constant Cp > 0
such that, with probability at least 1 — CDZ—Z exp(—%"?), for all x € Q,

ko1
(16) HXﬁmhﬂ—xHSCbg%dw

And with probability at least 1 — CDZT’; exp(—%P), for all x € Q,
kp
np

)a.

Let Eg denote the event that Inequality (16) holds for all x € Q and let
Ep denotes (17) holds for all z € Q. It follows from Lemma 1 that

(17) IXE (@) — ]l < O

k k
P(EQ) > 1 - Cp-Lexp(—-2) and P(Ep) > 1— Cp-L exp(—-L).
kq 6 kp 6

~ Lemma 2 points out that when the signal is sufficiently strong, bias of
Y@Q(x) and Y (z) will not be too large to overwhelm the signal.

LEMMA 2 (Bias Bound). There exist constants cp, C, > 0 such that:
If a point x € Q satisfies (g(x) > 2C'5||X(C]2€Q)($) — 2||?, then we have

(18) Eyix (Y ) (@)

(19) Eyx (Y3, @)

> ad(x) if f*(x) =1,

1
3
~5 S —akW i @) =0
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If a point x € Q satisfies (g(x) > 2CB||X(]ZP)(x) — z||8, then we have

(20) By (V@) -5 > all@) i f@)=1,
) By (@) -5 < —alele) i f@)=0.
Hence, if a point x € Q satisfies (g(x) > Cb(max{%, %})5, then

e Under the event Eg, we have

(22)  Eyx(V, @) -

(23)  Eyx (Vi) @) -

> eol@) if f1(@) = 1,
< —e(a) if f1(x) = 0.

N — DN~

e Under the event Ep, we have

> alee)” if fH(x) =1,

< (@) if (&) = 0.

(24) Eyix (Ykp) (@) =

(25) Eyix (Ykp) (@) —

N — N =

Lemma 3 gives a bound on the probability of misclassification at certain
covariates .

LEMMA 3 (Misclassification Bound). Let Cy, and ¢, be the constants de-
fined in Lemma 2. If (g(x) > C’b(max{k—Q k—P})%, then

nQ’np

e Under the event Eg, we have

[(cywqkqla(x) — wpkp) v 0]2> .

Py|x (fun(x) # f5(2)) < exp <_2 kpw}, + kqud

o Under the event Ep, we have

(evwphplo(e)? —wokq) v 012> |

IP)Y\X(J?NN(QS) # fé(m)) < exp <_2 kpw?: + k‘Qwé

e Under the event Ep NEqg, we have

(wrheGo(e) + kaQ<Q<x>>2) .

Pyix(fun(z) # f5(x)) < exp (‘ZC‘% kpw}, + kqup,
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Given the three lemmas above, the remain proof generally follows that of
28+d

__B
Lemma 3.1 in Audibert and Tsybakov (2007). Let 6 = (n3""* + ng) ™ 26+d.
When wp,wq, kp, kg are given as in Theorem 1, we have

(26) wg = 6,wp = 87, ko = |ngd? |, kp = [npd? .

We will approximate kg = nQ6% and kp = np6% in the following proof
because one can easily show such an approximation only result sin changing
the constant factor in the upper bound.

The following lemma gives a bound for the local misclassification risk
when the parameters in the weighted K-NN estimator are properly chosen.

LEMMA 4. Using wp,wq, kp,kg defined in theorem 1 to construct a

weighted K-NN estimator fNN. Then there exist constants c¢1,C7 > 0 such
26+4d (1+a)

B+
that, with probability at least 1 —2(ny" " +ng)~ 25+d | for all x we have

£ * C x
@) Pyix(i(e) £ fi) < Crewp (—a (<),
Let Ey be the event that inequality (27) holds for all x. Lemma 4 implies

2f+d _ B(+a)
P(Ep) > 1—2(np"" +ng)” 25+ .

Consider the disjoint sets A; C 2,5 =0,1,2, ... defined as

Ao = {z€Q:0<(o(z) <6},
A = {zeQ:2715 < (o(x) <295} for j > 1.

Note that by the margin assumption, for all j,
1 . .
Qx(45) = Qx(|ng — 51 < 270) < Co2%6%.

Based on the partition Ag, Aq,... and the dual representation of Eg( f)
shown in (8), we have a decomposition of Eg(fnn):

. 1
EQ(fnN) = 2Ex~qx (Ing(X) — §|H{fNN(X)7éf(3(X)})

=2 ZEXNQX (CQ(X)]I{fNN(X);ﬁfé(X)}]I{XGA]})
j=0
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FOI'j = 0, ]EXNQX (CQ(X)]I{fNN(X)ffé(X)}H{XEAO}) g 5QX(AO) S Ca5a+1.
Under the event Ey, 2716 < ((x) < 27§ for x € A; and j > 1. Inequality
(27) now yields
Ey\xEx~qx (CQ(X)]I{fNN(X);éfé(X)}H{XGAJ‘})
= Ex~qy (Co(X)Py x (fvn(X) # f5(X))xea,y)
<275 Cexp(—cy - 207D UMY Qx(4))
< Cacl [2(1+a)j exp(—q . 2(j—1)~(1/\'y))]60¢+1'

Combining these summands together yields

Eyix€q(fvn) =2)  EyixEx~ox (G (x)£5 0y T X EAs})

=0
<20, |1+ 2[2(1+a)j exp(—cl . 2(k—1)~(1/\'y))] §lta
=0

< Ot

where the last step follows from the fact that Z;’io[Q(Ho‘)j exp(—c;-2(k=1)-(A)]
converges when v > 0. Finally, it follows from Lemma 4 that

2ot _ B(+a)
P(E§) <2(np™** 4+ ng)”~ 2+ .

Applying the trivial bound Eg( fnn) <1 when E§ occurs, we have

EEq(fan) = EEy xE(fvn))
< E(EyxEo(fnn)|Eo)P(Eo) + E(Ey xE(fnn)|E§)P(ES)

e _B0+a) ot _B(+a)
< C(nP” + nQ) 26+d .14+ 1- Q(np”/ + TLQ) 2B+d

2/3+dd _ B(l+a)
= (C + 2)(n;7ﬁ+ + nQ) 2B+d

SUPPLEMENTARY MATERIAL

Supplement A: Supplement to “Transfer Learning for Nonpara-
metric Classification: Minimax Rate and Adaptive Classifier”
(doi: url to be specified). In this supplementary material, we provide addi-
tional simulation results, proofs for Theorems 2, 3, and 4, and proofs for
technical lemmas 1, 2, 3, and 4. The proofs of Theorems 5, 6, and 7 are
similar and thus omitted.


http://dx.doi.org/url to be specified
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SUPPLEMENT TO “TRANSFER LEARNING FOR
NONPARAMETRIC CLASSIFICATION: MINIMAX RATE
AND ADAPTIVE CLASSIFIER”!

By T. ToNy CAl, AND HoNGJI WEI
University of Pennsylvania

We present in this supplement additional simulation results, and
the detailed proofs of Theorems 2, 3 and Theorem 4 in the paper
“Transfer Learning for Nonparametric Classification: Minimax Rate
and Adaptive Classifier”. We also prove the technical lemmas 1, 2, 3,
and 4.

1. Additional Simulation Results. In this section we are going to
provide additional simulation results under the same settings as in Section
6, except that in this section the we also change the value of 8 during each
numerical experiment. The focus is to study the behavior of the proposed
procedure under different smoothness parameters of the regression function

ne(z).

1.1. Minimaz non-adaptive classifier. We first make comparison between
two-sample weighted K-nearest neighbor classifier and the naive K —nearest
neighbor classifier on just the Q-data. Under fixed parameters p = 0.03 and
ng = 1000, we generate datasets under different choices of smoothness pa-
rameter 4 € {0.35,0.5,0.7}, relative signal exponent v € {0.35,0.5,0.7}, and
varying sample size of P—data np from 50 to 3200. The average excess risk
is given in Table 1.

1.2. Adaptive classifier. Then we compare the performance of our pro-
posed adaptive classifier fa with Lepski’s method on just the ()-data. Under
fixed parameters p = 0.03 and ng = 1000, we generate datasets under dif-
ferent choices of smoothness parameter 8 € {0.35,0.5,0.7}, relative signal
exponent v € {0.35,0.5,0.7}, and varying sample size of P—data np from
50 to 3200. The average excess risk is given in Table 2.

1.3. Multiple source distributions. Finally we carry out simulations to
illustrate the performance of our adaptive classifier when there are multiple

TThe research was supported in part by NSF Grant DMS-1712735 and NIH grants
R01-GM129781 and R01-GM123056.
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source distributions. Similar as what we do in Section 6.3, in the numerical
experiments we fix p = 0.03 and ; = 0.35,72 = 0.5,v3 = 0.7, and we always
set np, = np, = np, = n. By changing the smoothness parameter 8 and
number of data drawing from the source distributions n, we compare the
average excess risk of our proposed adaptive classifier with Lepski’s method
on only (Q—data. Simulation results are provided in Table 3.

I5] Method ¥ np =50 | 100 200 400 | 800 | 1600 | 3200

0.35 36.1 33.8 30.6 25.4 | 17.0 | 10.8 8.8

035 2SWKNN 0.5 35.0 33.8 31.8 30.1 | 289 | 24.0 | 21.9

0.7 38.1 37.2 36.7 35.4 | 339 | 33.3 | 31.9
Naive KNN - 37.7

0.35 29.4 26.4 22.0 15.3 | 10.5 6.7 4.1

05 2SWKNN 0.5 32.1 32.2 28.2 24.7 | 23.0 | 17.0 | 144

’ 0.7 35.5 33.2 32.4 31.2 | 294 | 28.0 | 274
Naive KNN - 33.2

0.35 24.7 21.2 | 15.89.7 | 6.4 2.8 1.4

0.7 2SWKNN 0.5 27.9 24.5 23.4 19.0 | 16.1 | 11.7 8.3

’ 0.7 29.1 28.0 26.8 26.0 | 25.1 | 23.1 | 199
Naive KNN - 28.7

TABLE 1

Ezxperiments on non-adaptive classifiers. Empirical excess risk (unit: 107*) is given
under different choices of B, v and np.

B8 Method vy np =250 | 100 | 200 | 400 | 800 | 1600 | 3200

0.35 19.5 14.0 | 8.0 3.5 2.1 1.3 0.7

0.35 fa 0.5 23.0 179 | 16.3 | 12.2 | 6.5 3.3 1.5

’ 0.7 31.1 29.1 | 26.8 | 249 | 183 | 144 8.1
Lepski’s - 33.0

0.35 17.7 13.2 | 6.2 4.4 1.9 0.9 0.4

05 fa 0.5 24.4 21.6 | 16.8 | 10.5 6.3 2.4 1.2

’ 0.7 28.6 22.8 | 20.5 | 17.7 | 17.3 | 15.0 8.5
Lepski’s - 30.3

0.35 12.9 10.8 | 6.2 2.0 0.9 0.7 0.3

07 fa 0.5 22.3 17.2 | 16.0 | 9.8 6.2 2.9 1.3

’ 0.7 25.5 24.0 | 20.5 | 18.2 | 14.8 | 13.0 7.8
Lepski’s - 25.0

TABLE 2
Ezxperiments on adaptive classifiers. Empirical excess risk (unit: 1074) is given under
different choices of B, v and np.

2. Proof of Auxiliary lemmas of Theorem 1.

2.1. Proof of Lemma 1. We only prove Equation (16) since Equation
(17) can be proved in a similar way.
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B[ Method [ n=10 ] 20 | 40 | 80 [ 160 | 320 | 640
0.35 fa 337 [ 284206134 ] 7.8 [ 40 [ 27
’ Lepski’s 41.4

05 fa 317 [224 [ 18812757 [ 26 [ 15
' Lepski’s 37.7

o7 fa 255 [21.6][164]105] 52 [ 25 [ 12
' Lepski’s 34.4

TABLE 3

Ezxperiments when there are multiple source distributions. Empirical excess risk (unit:
10™*) is given under different choices of 3, and n.

Let B(z,r) = {2’ : ||’ —z|| < r} denote a ball centered at 2 with radius 7.
Recall by our assumptions on (P, @), the marginal density < QX (z) is lower
bounded by p— when x € Q). Therefore for any x € Q, r < 7“#,

(28)
Ax B = [ TGy 2 p A B 10) 2 e’
(z,r)NQ2 dA

where g = A(B(0, 1)) is the volume of the d-dimensional unit ball.

When % > min {%, M}, the inequality (16) can be derived from
the trivial bound HX(k )( z) — x| < Vd if we set Cp to a large enough
constant. Therefore in the following proof we focus on the case when 1% <

mln{1 Splt Tl Trdr L1

Set 19 = (cuu_kieran) by < % we have 79 < r,, thus from (28)
we have for any z € ),

2kg

ng

are i.i.d Bernoulli variables with mean Q(X €

Q(X € B(x,rg)) >
Note that H{XiQeB(x,ro)}
B(z,ro)) > 2%?. Let Sp(z) = Y19 H{ngeB( o)y count the number of
(Q—data whose covariates fall into B(x,r). Set W ~ Binomial(ng, @)
by Bernstein inequality,

P(Sp(z) < kQ) <P(W < kQ) =P(W —-EW < —kQ)

29 k2 k
29) o C—"— 2)

Inequality (29) implies that probability of the event S,(x) < kg is small
for any given x € €. To get a union bound, we need to apply this bound on
a set of balls covering the whole support.
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Let B C Q be a finite set such that

QCU (z,70).

z€eB

Note that Q C [0, 1]¢, it is easy to construct a feasible set B with |B| <
Cry 4. This leads to a union bound

k
(30) P(3z € B, Sp(x) < kq) < > P(Sn(z) < k) < Cry@exp (—6@> .
zeB

For any z € Q, there exist 2/ € B such that z € B(z/,r9). Under the
event Ey := {Vx € B, Sp(x) > kq}, there are at least kg (Q—data covariates
among X?, ceey X in the ball B(a',rp). The distance from all these points
to x is not larger than 2rg. Thus we have HX(%Q)(Q;) — z|| < 2r¢. Therefore,

k
P (e, X3, (@) — ol < 2r0) > P(Ex) > 1~ Criexp <_6Q> ,

2kq
Cup—TgnQ

1 1
k i (kg\d
1—@3?@% exp (—%’2), we have HX(CI,Qg (r)—z| <2 <CW m) (%) . Set
1

Cp = max < 2€__ 9 < 2 )d> we can obtain the desired bound (16).

cup—mg’ =\ cup—T4

1
Plug in g = ( ) * we can conclude that with probability at least

Similar proof applies to bound (17) on P—data, so the lemma can be
proved. O

2.2. Proof of Lemma 2. 1. Proof of (18), (19)
Note that Ey|x (Y3 (2)) = nq(X()(@)). When (o(x) = 2C5]|IX§ ) (x) —

z||? we have

IN

k
,jz [Eyvix (Y (@) = (@)
= Z ‘n@ —ne(x )‘

kQ
<= o ZCﬁHXQ( ) — ||’

<05HX(k (@) — |

Eyix (YEig) @) —m0@)]

1
< 5(@(1')-
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When f* =1 we have ng(x) — % = (g(x), thus
_ 1 1
Eyix (V@) 5 2 (lo@)—5)~[Evix (V@) — (@) > 5Gale).
When f* =0 we have ng(x) — % = —(o(x), thus
— 1
Eyix (V@) 5 < (@) —5)+ [Byix (V@) — m0(@)] < ~5Ga(e).
Therefore (18), (19) holds as long as ¢, < 3.
2. Proof of (20), (21)

Note that IE(YP( INXT,,) = np(X(I;)(m)). When f*(z) =1 and (g(x) >
2CB||X(kP)( x) — xHB we have

kg
i 11 1
Ey|x (Wikp)@)) 57 % > Eyix (Y(P>( )~ 2)

=1

1 1
-5 3 (o)

1 & 1\”
> 20 (retxfyan - 3)
1 il 1 ¥
i 22O (maxtnoe) 5~ CHIOKT @)~ 1.0))

> O (max{Go(@) = Csl| (X7, (2) — «]”,0})

> ¢, (300

Similarly when f*(z) = 0 and (g(x) > QCBHX(]ZP)(x) — z|| we can obtain

1 v
¢; (36) -
Therefore (20), (21) holds as long as ¢, < %

3. Proof of (22), (23), (24), (25)
Here we set Cp, = 20?)05.

Y

| /\

IEY|X (Yp(l‘)) %

-

Under the event Eq, from (16) we know HX(%Q)( x)—z|| <Cp (ﬂ@) . So

Colz) =2 Gy <max { SZ, 5’; })Z implies
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8
d

kq
Galw) 2 205Cp(L2)T 2 2051 X g —

The above inequality is exactly the condition such that (18) and (19)
holds. Therefore we have (22) and (23).

Under the event Ep, from (17) we know ||X(1]';P)(a:) —z| < CD(%)%' So
Colx) > Cb(max{k—Q @})% implies

ngQ’np

awm

kp
Gota) 2 2005 (2)" 2 2051x,, - ol

The above inequality is exactly the condition such that (20) and (21)
holds. Therefore we have (24) and (25).
O

2.3. Proof of Lemma 3. We will treat z as a fixed point during the fol-
lowing proof. Without loss of generality, we assume f*(x) = 1. The case
f*(x) = 0 can be proved by a similar way.

The following proofs are derived under the condition (g (z) > Cp(max{ kg kp 13 1.

nQ’np
From lemma 2 we know under Eg (22) and (23) hold, under Ep (24) and
(25) hold.
Note that
. 1 . wpkpY{L ) + Wk ) 1
A —~lvo= —= —— Vo0
Yix <77NN($) 2> YixX wpkp + wgkg 2

B wpkp (Ey|X(Y(I;kP)) - %) + wokq (EY\X(Y(%CQ)) — %) o
B wpkp + ka‘Q )

So under Eq, from (22) and EY\X(Y(];kP)) — 2> —1 we have

. 1 awgkglo(x) —wpkp
31 E —~)vo> VO,
) By (i) - 5 ) vo> el =

Under Ep, from (24) and Ey|X(§7(CﬁkQ)) — 2> —1 we have

awpkp(Q(z)? — wokq
wpkp + ka‘Q

(32) Ey|x (ﬁNN(x) - ;) Vo> V0.

Under Ep N Eg, from (22), (24) we have

. 1 wpkplo(#)” + wokglo(r)
E -5 = '
(33) Y|X (nNN(x) 2) Viza wpkp + wgkg
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Moreover, observe the formula

kp kg
x)— == —— V() + Y ———F——YVx(x) — =.
v () 2 ; wpkp + wgkq (Z)( ) ;wpkp—i—kaQ (1)( ) 2
Note that Y(f) (x) € {0,1} for all i € [np], changing any single entry Y(f) ()

will result in changing Ay (z) — 3 at most e

wpkptwokg For the same reason,

changing any single entry Y(?) (z) will result in changing Ny (z) — % at most

wQ n P Q P p Q Q
W. Condltlon on Xl:np UXlan, }/(1), ceny Y(np) and }/(1), ceny }/(nQ) are
all independent, thus by McDiarmid’s inequality,

Py ix (P (2) # F3(2) = Pyjx <ﬁNN<x> -

=Py|x ((ﬁNN(:c) - ;) —Ey|x (ﬁNN(a:) - ;) < —Ey|x (ﬁNN(x) _ ;))
2(Eyx (N (z) — )V 0)? ) |

<exp | —
> 92 wQ
( kP (Cpkptugha) + ke (Grrptughg)

Plug in (31), (32) or (33) we can obtain the desired bounds stated in the
lemma under event Eq, Ep or Ep N Eg respectively. O

N
IN
(@)

N——

2.4. Proof of Lemma 4. When (g(z) < Cpé the probability bound (27)
is trivial.

So in the following proof we assume (g(z) > Cpd. Then with specific
choices of kp, kg stated in (26) we have

s
ko k d
(34) Colx) > Cyd > Cy <max{Q, - ) .
ng np
For simplicity, denote t = Cg—i?. We are going to discuss 4 cases depending
on the values of np and ng. In each case we will show (27) holds with desired
high probability.
Case 1: Z—gexp(—k%) < o' and Z—}’jexp(—%’) < glta
Then based on (34) in lemma 3, under event Ep N Eg, given Cj, > 1 large
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enough, for all z € Q that satisfies (g(x) > Cd, we have

w w 2))2
Py x(fyn(z) # fo(x)) < exp < 2%( PkpCQ ()Y + wokqlq(r)) )

/{?pwp + kaé

2 (07 mﬁﬁ(@ww+54@ﬁ-@wﬂ>
npds - 82 + ngs’ - 52

2
npsTh +ngd +5

exp< 2c; [(Cyt)npd™ ™5 + (Cit)ngd AP >

—2 min{Cit, (Cyt) }(nps> 5 + ngs®* ))

Note that
d d n n
Y+5 2+3 _ P Q
npd B +nopd = 2574 + 2574
(T 4 nQ)Qggﬁff nZ" 4 ng
np n
2 24 2yB+d I Hata +ﬁﬂ H5ta
(n12376+d +n2v6+d> 251d {ne<np "} Q Q {ng>np" "%}
_ 2yB+d
=2 26+ ] 284d  + *H 28+d

2 d 2 d
ne<nZPT} 2 fno>nZPTy

_2y8+d ]
> min{Q 28+d ,2} .

Combine the two inequalities above, because min{Cjt, (Cyt)7} = Cp 1M,

_2yB+d
with constant ¢; = 2ch' " min{2 2574 , %}, we have under event Ep N Eg,
for all x € Q,

(35) Py x (fan () # fo(x)) < exp (—ert'"7).

From lemma 1 we know

P(Ep N Eq) > 1 - P(E}) — P(Eg)
P k‘P nQ kQ
>1—-— - - —= ——=
>1- ( 6) o exp( 6)
251t

Therefore inequality (35) holds with probability larger than 1 — 261+,

Case 2: exp( ) < o' and —exp( i) > fte
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Note that kP = 513 thus 72 exp(— Epy > g1+ implies
d
kp <6(1+ o+ B)(—logé).

And by np = kpé_% we have

3 28+d 26+d
(36) np< 25 1 S(l+a+ B)( Zprd 4 nQ)2ﬁ+d log(np”™ 4+ ng).
Then we further divide our discussion into two cases:
28+d
1. If n?ﬁﬂl ZngQ
Then (36) implies
prd o o e i
nP§26+d(1+a+E)(nP” +np )25 Jog(np " + gt
65 d 5 26 +d
<—( Lyowsran ”f’*dz 1 .
—2ﬂ+d< +04+ﬁ) 298 + G d 08P
Note that 276 4 < 1, so the above inequality implies np cannot be
larger than a certain constant depending on «, 3,7 and d. Also by
28+d
ng < nf_—f’ﬂ 1 we know ng is bounded. Given np and ng are both
bounded the inequality (27) is trivial with large enough Cj.
28+d
2. If n2" < ng
We have

d Cp

—)(—logd)d” < —.
Do) <

when ¢ is smaller than some constant depending on «, 3,7, d and ¢.
(When § is larger than this constant, the inequality (27) is trivial with
large enough C1.)

Also we have

wpkp =0"kp <6(1+a+

2B8+d n
wqkqglo(r) > Cyd # ng > 72%@2 >
+ng

BD\PA

276+d

given Cp > 1 is large enough.

Note that (g(z) < %, given ¢, < 1 is small enough, combine two

inequalities above we have

> &

5 (WekqGo(z)+wrkpo(z)).

1
cvwQkqlq(e)—wpkp 2 3 (cywokqlq(z)+wpkp) 2
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Then based on (34) Lemma 3, we have under event Eg, given Cj > 1
large enough, for all = that satisfies (g (z) > Cj9,

f 5 k — wpkp) V 0]?
Py (Frn() £ f5()) < exp <_262[(wcz ch§$+ e gj) | >

7\2
< exp b(kaQCQ( )+kaP2CQ(:E) ) _

Then follow similar proofs in case 1 we have with proper choice of ¢,
inequality (35) holds with probability at least

]LQ) > 1 — 5t

P(Eg) > 1 - e exp(— o

kq
Case 3: k < exp(— ) > 61+ and 32 exp <—’%P) < glte

The proof is symmetric to the proof of case 2. Thus we omit the proof
here.

Case 4: exp( ) > 51+ and 72 L exp(—E2) > glte
In this case we still have inequality (36)

8 26+d 26+d
np < 2ﬁ T d(l +a+ B)( 27ﬂ+d + nQ)25+d log( Zyptd + nQ).

And similarly 72 exp( ) > 51T implies

no < B 1+a+=)(n 227/Bﬁtrdd—l-n )2ﬁ+d log(n QiﬁﬂtddﬂLn )
©=25+14d B © o

Combine two inequalities above we have

65 d 2B+d_ 28+d
npVng < m(1+a+g)((np\/nQ)2W+d —I—(np\/nQ))Qﬁer log((npVng)>f+i+(npVng)).

which implies np V ng is upper bounded by some constant. Therefore the
inequality (27) is trivial with large enough Cj.
O
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3. Proof of Theorem 2. The proof of lower bound theorem 2 are
mainly based on a construction of two families of distributions P, and
Qo,0 € {0,1}™ and applying Assouad’s lemma on family PZ"P x Q"2 5 ¢
{0,1}™.

First, let’s define several quantities which will be used later in the proof.
Let

28+d

1
r=c(np" " fng) B, w=cyrt, m= e,

where ¢, ¢y, ¢y, are universal constants which will be specified later. It is
worthwhile to mention that as n = np + ng — oo, there will be r,w — 0
and m — oo because af < d.

Let

G = {(6kyr, 6kor, ..., 6kgr), ki = 1,2, ..., [ (6r) 7 ],i =1,2,....d}.

be a grid of |G| = M = [(6r)~!]? points in the unit cube €. Denote
r1,T9,..., L) as points in G.

We are interested in B(zg, 2r), k = 1,2, ..., m balls with radius 2r centered
at zy. Let B. = Q\ U, B(xk,2r) denote the points that aren’t in any of
the m balls. Note that B(xg,2r),k = 1,2,...,m are mutually disjoint, so
B(xg,2r),k =1,2,...,m and B, forms a partition of 2. A side note of above
arguments: extracting m center points out of M is feasible because

m =~ cqpr®? ™ < e < (6r) 4~ M

provided ¢, is small enough.
Define function g(-) on [0, 00):

1 0<zx1
g(z) =<2~z 1<z<2.
0 z>2

And define
hq(z) = Carlg’(z/r)

hp(z) = C,YCETBWgBW(z/T).

By r < ¢, we have max(hg(z), hp(z)) < max(Cgcf, Cycgc,@”). We choose
¢, small enough so that max(hg(2), hp(2)) < 1.
Define the hypercube H of pairs (P,, Q) by

H={(Ps,Qs),0 = (01,02,....,0m) € {—1,1}"}
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where both P,,Q, are probability distributions of (X,Y) on R% x {0,1}.
We will construct each (P,,Q,) € H by specifying conditional distributions
Py y|x;Qo,y|x and marginal distributions Py x, Qs x-

CONSTRUCTION OF F,y|x AND Q,y|x:

It is equivalent to specify regression functions np(x) and 1g »(z), defined

as follows:

77P,a(33) = {
nQ.o(x) = {

CONSTRUCTION OF P, x AND Qs x:
Let P, x,Qo x,0 € {0,1}™ all have the same marginal distribution on
X, with density p(z). Define p(x) as follows:

(1 + oxhp(||lz — x]])) if x € B(xg,2r) for some k=1,2,...,m

otherwise (equivalently x € B.).

N N

(1 + orhg(|lz — z])) if z € B(xg,2r) for some k =1,2,....m

otherwise (equivalently x € B.).

D= D=

W if z € B(xg,r) for some k=1,2,...,m
p(x) = 1,\7[17311]” if x € B,
0 otherwise.

It is easy to verify that p(x) is a density function on €.
Given the construction, next we are going to verify that distribution pairs
(Py,Qy) € H satisfies our assumptions, i.e.

(Pr, Qo) € U(a, 8,7, p) for all (Pp, Qy) € H.

VERIFY MARGIN ASSUMPTION («): For any o € {—1,1}" we have

1
Po(0 < Ir@(X) = 5 < 1)

—mP, (0 < ho(|lX — 21]]) < 2¢)

=m I de
 py DN B G )
=mwlly> o062}

:Cmcwraﬂﬂ{tZCﬁrﬁ/Q} é Cata.

provided that ¢, < Co(Cpg/2)*/cy is small enough. So @ € M(a, Cy)
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VERIFY HOLDER SMOOTHNESS ((): Note that g(z) is 1-Lipschitz. For
any x,z’' € B(zy,2r), the basic inequality |a® — b°| < |a — b|® implies

ha(lz = zkll) = ho(lla’ — zkl))| = Cor®|® (I — will/r) — ¢° (12" = wxll/7)]
< CarP|g(llw — x| /) — g(ll2’ — zkl| /)]
< CarP | — aill/r — ||z’ — zill/r|”
< Cyllz —2'|1°.

So hg(|lz — zk||) € H(B,Cg). It is easy to extend to show that ng ,(z) €
H(B,Cpg).

VERIFY RELATIVE SIGNAL EXPONENT (v): If z € B(xg,2r) for some
k=1,2,...,m, then o, = 1 suggests np,(z) — % > 0 and 1g,s(z) — % >0
o = —1 suggests nps(z) — % < 0 and g (x) — % < 0. If x € B, then
npo(r) — &+ = ngo(x) — 2 = 0. Therefore (6) is verified.

Also note that if © € B(zy, 2r) for some k = 1,2,...,m,

1 1
P (@) = 51 = CyC3r™ g™ (o — aill/r) = Cylng.o(x) = 5.

And if x € B, we have

1 1
o) = 51 = 0= Cliga (@) = 5.

Therefore (7) is verified. So (P, Q) € I'(v, Cy)
VERIFY STRONG DENSITY ASSUMPTION (u): It is easy to see that the

support of i (2): Bl (Upey B(zk,T)) is regular.
If x € B, we have

_ 1 —muw o 1- ConCo TP
1 —mAB(z1,2r)]  1-— 2d¢,mgref

() =1+o(1).

If © € B(xg,r) for some k = 1,2,...,m we have

M) = B O

Thus the marginal distribution satisfies strong density assumption with
w1 provided that mgu_ < ¢y < map4.

So now we can conclude that the hypercube H C II(«, 3, , 1) with proper
choices of ¢, ¢, and cy,.

Finally, we are going to apply Assouad’s lemma to proof the lower bound.
let H(-,-) denote the Hellinger distance between two measures. If 0,0’ €
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{0,1}™ are two indices that differ only at one element, i.e. o}, # o}, for some
k and o; = o} for all i # k. We have

H*(Qr. Q) = 5 [ ula ((\/nQJ \/nQ,(,«x)) Wl—m(, )~ /1 - 10 (@) ))dx

=3y ey 2 (Va0 00 CM) "
— w (1 ) —Cgrw)

< C’Ewr%

Similarly we have

H*(P,,Py) = / <<\/77Pa \/np,a/(fv)) <\/1_77Po \/1—771:0 > )dw

2
1 w 1 1
D) 5 2 —(1 757_\/1_ Y By
2 /Bm,r) B (g, 7)) W 5L+ CCr7T) =[5 (1= G Cyr >> da

=w <1 —4/1— cg();wﬂv)

< C,% Cngrw'y.

Therefore we have

HQ(PC(?"P X Q?nQ7P§nP % Q?TLQ) < nPH2(Pg,PU/) i nQH2(Qg,Q0/)
SC’,%C;’YCwnPTZBvﬂi T C’gcanrerd

92 2 f4d 265+dd 28v+d 9 28-+d 265+dd 1
Y Y 2vB+ Iy 276+ —
<CyC%5 cwey np(np” " +nq) 2 + Chepe” T ng(np” ™ +nq)

< maX(C$C§70w0276+d, C2cwc2'3+d)

22E+dd —28y4d 226+dd 1
'(nP( P 4 ng) T E 4 ng(nET +ng)” >
<2 max(CgC§70w6375+d, Cgcwczﬁer)
1

<=,
!

provided that ¢, is small enough (doesn’t depend on choice of o, d”).

The above bound on Hellinger distance implies that
(37)

TV (PP % Q5" Py x Q') < VRH (PP x Qo™ P x Q") < ?
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Also, for any classifier f we have
(38)
N R 1
Rq,(f) + Ro, (f) =2Ex~qx., (NQ(X) = 5l 70=f5 (x))

1
+2Ex~q, . (InQ(X) — §’H{f(x):f5 ,(X)})

—22 / Cﬂr (H{f(w)=f5}a(x)} =g, (m)})

(z; ,r)

CarB (1. .
> /B . T)u(:c) Cpr (]1{ Fa=ts, @3 T f<w>fa3(,,<w>}) dx

:Cﬁwrﬁ.

Because when = € B(xy, 1) we have f§, (x) # f§ (z) thus H{f(z):fg} @} T

Liw=rg ey =1
Finally, apply the Assouad’s lemma based on established inequalities (37)
and (38), we have for all estimators f,

s 2 2 — _ B0+
s €a(f) > 3 Cour (1-57) = 222 Optenc 0 0 ng)
which gives the minimax lower bound. O

4. Proof of Theorem 3. First we give an auxiliary lemma showing an
union bound on difference between any weighted K-NN estimator and its
mean.

LEMMA 5. Define weighted K-NN estimator fgp ko w(T) as

k
) S v @) Y& Y (@)
Tep ko w(T) = w———2 " 4 (1 —w) ———2 .
P,RQ,w kP kQ
Then with probability at least 1 — 6, for all w € [0,1],kp € [np], kg €
[ngl, = € RY, we have

dx

kp ko (@) =By g g @)] < \/ ((@+ Dtoxtrr -+ ng) ~ tox(6/2)) (- +

Take § = 2(np+ng) =2 we have with probability at least 1 —2(np+ng) 2,
for allw € [0,1],kp € [np, kg € [ngl,z € RY,

(39)

) ) w? 1—w)?
() B 2] < \/ (@+3)lox(np +10) (1 + )

k

2
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The proof of Lemma 5 is provided in Section 5. In the following proofs,
we define the event E4 be that the inequality (39) holds for all w,kp, kg
stated in the lemma 5. Thanks to the above lemma we have

]P(EA) >1- 2(np + nQ)_Q.

First of all, let’s define some important quantities. Let

26+d ~3prd
5= Cg < np >2Wﬁ+d N ng
log(np + nq) log(np + nq)

where Cs > 0 is a large constant which will be given later. Define G5 be the
set

Gs ={z: (g(z) > 0}.

Also we define kP (z), k%" (), kgpt(ac) be the "optimal” (oracle) choices
of number of neighbors defined by

kP (z) = max k
||X(k)(ﬂf)—ﬂf|\é(ﬁ)l/5

¢ kot ¢ ot
K () = kO @) = kT,
where kgcopt(x)) (k:g opt(x))) is number of covariates from P—data (QQ—data)
among all k°P!(x) nearest covariates to x, as is defined in Algorithm 1. We
will sometimes omit = and just write kP, k7 t,k;j?p " if no confusion in the
context.

Define k59P(z) be the stopping time of the algorithm 1. i.e.

EStoP () = min k.
#(5)>(d+3) log(np+ng)

And let k5°P(z) = oo if the algorithm doesn’t stop till the end. Similarly

denote (kstor(z)) (kstor(2))
sto, SLOP (g sto, Stop (g
k' (x) = kp kg p(iL‘):k'Q .

And sometimes we will omit x for simplicity.

Next we are going to state several claims leading to prove theorem 3 step
by step. After each claim we will directly provide a proof of that claim.

Cram 1. Ifz e Gs, kp < k;pt(x), kg < k:ggpt(:c), we have
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1. When f*(x) =1,

1
(40) By x (Vi (@) = 5 > 08

1

2. When f*(z) =0,

- 1
(42) Eyix (Ykp) (@) — 5 S —cpd’
(43) Eyix (Y2, (2)) = = < —¢,0
YIX\ (1:kg) 9 — %

PROOF OF CLAIM 1. Note that if = € G5, kp < k%", we have

0 )8,

P P
1X gy (@) = 2l < NIX ropr) (@) — 2] < [| X gorty () — 2| < (@

Therefore we have
Colx) 2 8 > 205 X(y,, () — ||
Apply lemma 2 we can obtain (40) and (42) given (g(z) > >0

Similarly, note that if € Gy, kg < k:g?p " we have

0
X8, () — 2l < 1X8 Ve,

(@) =l < [ Xnn () ] < (5

7
Therefore we have

Col) = 8 2 205|XG,  (x) — z|)”.

Apply lemma 2 we can obtain (41) and (43) given (g(z) > 6 > 0.

17

O]

CrAM 2. Under event Ega, if v € Gs and k*'°P(z) < k°P!(z), then the

output of algorithm is correct, i.e. fa(x) = f*(x).
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PROOF OF CLAIM 2. k%P (z) < k°P!(z) implies k5'°P < oo so the algorithm
stops at the round k*°P. By the stopping rule we know that

PR S (d + 3) log(np + nQ).

(kstop

By construction of # ) it is easy to show that

WV o) (2) = )+ (1= W) (VT o) (@) = 3)

1:k550P
r(k**°P) = max t#e ™)
w w? (1-w)?
st + st
k;op k_(@gop

Let wg be one of the value of w such that right hand side takes its maxi-
mum. Combine two formulas above we have

Y S 1 w? (1 — wp)?
P Q 0 0
wOY(l:k:';fo")(x) +(1- wo)Y(l:kgop)(a:) - 2‘ > \/(d + 3) log(np + nQ)(k;top o kgOP ).

For simplicity we may rewrite the left hand side as [i), stop stop w0| as is
P ’ Q I

defined in lemma 5. By definition of F4 we know that under EF4 we have

- X wg (L= wp)?
[stom gtor o (@) =By xaton jotor o (2)] < 4 [(d +3) log(np + ”Q)(kstop T stow
P Q

).

Combine two inequalities above we have

. 1 . 1 . 1
‘nk:‘;gt()p,k’gw,wo (QZ) — 5‘ > ’(nk§0p7k2;0p,wo (f]}') — 5) — (EY|X7]k}€3top7katop7wO (f]}') - 5)’7

which implies
D 1 . . 1
Slgn(nk;top7kgop’wo ("E) — 5) = Slgn(Eankﬁ"p,kgw,wo (ﬂj) — 5) % O

Note that k*'P(x) < k°P!(x) implies k3 (z) < k:g?pt(x) and kéwp(x) <
k‘gt(m), given x € Gy, by claim 1 we have when f*(z) =1,

R 1
EYIX”k;w”,kgop,wo (z) — B > cp(wod” + (1 — wp)d) > 0.
And when f*(z) = 0, we have

N 1
EY\Xnkjjc’P,kg"P,wo () — B < —cp(wpd” + (1 —wp)d) < 0.
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So,

. ) 1 . . 1 1if f ( ) =
Slgn(%jj“’,k?j“",wo(w)_i) :Slgn(EY\Xnk;‘f”p,kg"p,wo(x)_i) { 1if f*(z )

By simple calculation one can show that

. . 1 . sto 1 sto: 1
S gn g0 5) = SO (V8o (@) = 5 )+ 7 (om0 = 5 )) 20

Therefore,

=1,. 1oy = [T ().
/ sto: / sto 1 sto sto —=>0
{ p(YP stop>(x) 2)+ P (1 kgtop) -3 >O} {nkpt p’th p,ﬂ)o (1‘) 2= }

CLAIM 3. There exist a constant Cs > 0 such that, with probability at
least 1 — C28'%, we have f,(x) = f*(x) for all z € Gs.

PROOF OF CLAIM 3. I;%eJrrde we divide our discussion into two cases:
. np 2vyB+d nQ
Case 1: (7)) < oEmp g

log(np+ng np+nq)
28+4d
. np 27vB+d ng
Case 2: (‘log(nTmQ)) > Toglnp+ng)

The proofs for the above two cases are symmetric so here we only dis-

cuss the first case. Thus until the end of the proof of claim 3 we assume
28+d

np 2yB+d nQ
Tog(np+ng) = Toglap+nq)”

Let kg = (20 ) Apply lemma 1 with kg = kg, we know that with

probability at least 1-Cpe [ exp(——) for all  we have

ko 1
X9 (2) - z|| < Cp(=9)a.
X, (@) =z < D(nQ)
We still let Eg denote the event that above inequality holds for all x. Now
we have

k
P(Eg) > 1 - Cp- exp(——2).
kq 6
Under event Fg, we have for all z,

kg 1 )
x¢ _ a2l < 2Qyg — (2
1%, 0) ~ ol < Co 2 =

5 < |x9
QCB) < (z) — |,

k:ngt—i-l
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which implies

)
kP (x) >k ik (== ) for all .
Q Q= Cd QCB
Therefore, under event Eq, for all z € G5 N {f*(x) = 1}, apply claim 1
we have

(44)

_ 1 n 1)
opt Q Q
G0 (B Vg~ 5) 2 2 (o)

28+d -1

202+d/5 w L ng
N Cd (20,3)‘1/5 e <10g np + nQ > log np + TLQ)

202“!'(1/5 -1

>

Cd (QCﬁ)d/rB e ( log(np + nQ)

>3\/(d +3)log(np + nq)

with large enough choice of constant Cy.
In addition, under event E4, with choice of w = 0 and kg = k¢ "(x), we
have for all x,

0 0 (d+3) log(np+nQ)
(45) ‘Y(lzkg;ﬂ ~Evix (Yu:kg{f))’ = \/ K

Combine (44) and (45) together, under EgNEy, for all z € GsN{f*(z) =
1} we have

1 - 1
opt Q opt Q
kg (@) <Y(1 N 2) >\ kg () <EY|X(Y(1:kg't)) B 2>

K @IV jorn) = B (VG o)

>3,/(d+3)log(np + ng) — \/(d + 3)log(np + ng)

>\/(d + 3) log(np + ng).

Apply similar derivation, we can obtain that under Eg N Ey4, for all z €
Gs N {f*(z) = 0} we have

5 1
Ky (@) (Yffkom - 2) < —/(d+3)log(np + ng).
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Therefore, under Eg N Ey, for all x € G5 we have
t =Q 1\?
kgp (1') <Yv(1:kont) - 2) > (d + 3) log(np + nQ)-

2
Note that #+”) > kggpt(x) <}7(612:k0th) B 5) 0

HUKIEN (d+ 3)log(np + ng).

This means that the algorithm 1 must stop at the round k = k°%(z) if it
does not stop earlier.
Therefore, under Eg N Ey, for all x € G, we have

kstop(z) S kopt(x).
Now apply claim 2 we know k5%P(z) < k°P!(x) implies
fal@) = f*(x).

for all x € G5 under event Eg N E4.
So it remains to show that probability of the above event is at least
1 — C6'F®, ie. we are going to show there exist a constant Co > 0 such
that
P(EgN E4) > 1— Cyd'te.

It suffices to show that there exist some constants Cs1, Coo > 0 such that
P(EG) < C216'T*  P(EH) < Caad' .
First, by lemma 5 we have
P(ES) < 2(np +ng)~ 2

Note that a8 > d we have

aX(Qﬁ—i—d'ﬁ(l—i-a)’ﬂ(l%-a)) ,8+ﬁa§1+d§2'
2v8+d  26+d° 26+d d d
So
2B+d _ B(l+a)

P(ES) < 2(np+ng) 2 <2(np™™ +ng)~ rd < 251,
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Then we are going to bound P(Eg). By lemma 1 we have

c nQ kq
P(ES) < Cp—= —=—=).
( Q)_ DEQQXP( 6 )
28+d
n 2yB+d nQ
And by (710g(npincz)> < Tog(np Trg) Ve have

] 28+d
nQ nQ np 2vyB+d
no>-——9 > +
< log(np +ng) — 4 <log(np +ng) <log(np + nQ)>

Thus

_ Ll (a+d
)=t

™l

d )
< O%H1(9 4 s—(1+a+d/B) _"Q
checy)s (e (507)

1
P
2404 (2Cp)#

)

< OFH(205) 56 et/ exp(— 57).

The right hand side goes to zero as § — 0, so it is bounded by some large
enough constant Cos. Thus we have

P(EG) < Caa8' .

Now the proof of claim 3 is completed.
O
PROOF OF THEOREM 3. Let the event Ey be that f,(x) = f*(z) for all
z € Gg. From claim 3 we know

P(E§,) < Cos'te.
Note that under Ez, fu(x) # f*(z) implies that z ¢ Gs. So we have

ESQ(fa) = E[EXNQX (CQ (X)H{fa(x)¢f*(x)})]
< E[EXNQX ((Q(X)]I{fa()(#f*()()})|EW] +1-P(Ejy)
< E[Ex~qx (Co(X)ixga,)) [ Ew] + P(Ejy)
= Ex~qx (C@(X)ieox)<sy) + P(E)
< 0Px~@x (CQ(X) < 6) + P(Ejy)
<6 Cod® + Copotte

_B(+a)

np 2{/ﬁ51dd ng 2B+d
=C5(Ca+Co) | [ — :
(ot @) <<10g(np+ncz)> i log(np+nc2))

O]
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5. Proof of Lemma 5. Note that conditional on Xi.,, Y1 (z),i =

(1)
1,2,...,np are independent Bernoulli variables. So by Hoeffding’s inequality

(46) Py ix([Y(ikp) (@) = By (x Y (@)] > €) < 2exp (—2kpe?) .

For the same reason about (Q—data we also have

(47)  Pyix (¥, @) —Eyix Y, (@) > €) < 2exp (~2kqe”) .

Note that for any x, Xg) (x), X(I;) (), ..., X(Izp)(x) form a set of points that
falls in the ball B(z, HX(IZP)(JJ) —z||). It is well-known that total number of
sets of form A = {X[', XJ', .., X} N B(xz,r), with z € R%,r > 0, i.e. the
number of ways ()—covariates intercept with a ball, is upper-bounded by
ndQ+1. This implies there are at most ncllfl possible different random variables

of form Yikp)(x) with € R and kp € [np]. For Similar reason, there are
at most ndQ+1 possibilities of ﬁ?:kQ)(x).

WD o8 Q) 1807 i1t (46), plug € = \/ @+ log(m;]ggcg)—log@/?)

into (47), and apply the union bound, we have

Pluge = \/

(d+1)log(np + ng) —log(6/2)
2kp

]P)Y\X (Ell’, k‘P, ]{JQ s.t. |}7(113kp)($) — EY|XY/(]1:)kp) ($)| > \/

—0 —Q (d+1)log(np +ng) — log(0/2)
or Yv(lsz)(x) o ]EY|XYV(1:kQ)(x)‘ > \/ 2kQ

1) )
< pdt1 d+1 <.
>7Np (np + nQ)d—H g (np + nQ)d—i-l =

So with probability at least 1 — J we have for all x, kp, kg

(d+1)log(np +ng) — log(6/2)'

> P > P
(48)  [Y(igp) (@) = By xYiiy,)(@)] < \/ T

(d+1)log(np +ng) — 10g(5/2)'

Q _ Q
(49) \Y(lsz)(x) EY|XY(1;]€Q)(x)|§\/ 2kg
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Note that 7kp kgw(®) = wY(ikP)(:L”) + (1 — w)ﬁikQ)(w). By Cauchy-
Schwarz inequality, (48) and (49) jointly imply

[hep (%) = Elep o ()] <w[YEy (@) = By x Vg, (2)]
+ (1= w)| Yy (@) = By x Vi, (2)]

<\/(d+ 1) log(np + ng) — log(8/2)(w(2kp)* + (1 - w)(2kg) 2

§\/(d+ 1)log(np +ng) — 10g(6/2)\/2 (;}i + (12—]{:;0)2)

:\/<(d +1)log(np + ng) — 1og(5/2)) (:i " (1_“’)2>

kqQ
Therefore the above bound holds for all kp, kg, w with probability at least
1-6.

6. Proof of Theorem 4. The proof of Theorem 4 is very similar to
the proof of Theorem 3, thus we will omit the proof of claims below.
First, define

__ba
2Bp+d 2Bg+d

np 2v0Bo+d nQ
oo = C, R Y A —
o (10g(nP + ”Q)) log(np + ng)

where Cs > 0 is a large constant which will be given later.
Also we define kP, k;?t, k:gp " be the "optimal” (oracle) choices of number
of neighbors defined by

kPt = max k,
||X(k)(ﬂfo)—wo||§(ﬁ)l/60

opt kopt opt kopt
KP =k k=T,
(koPY) 1 (KOPY)y :
where kp (kg 7) is number of covariates from P—data (Q—data)

among all k°P! nearest covariates to xg, as is defined in Algorithm 1.

Define k%'°P be the stopping time of the algorithm 1. i.e.
kstor = min k.
7#(5)>(d+3) log(np+ng)

And let k%P = oo if the algorithm doesn’t stop till the end. Similarly

denote
(kstop)

kper = kT g = k)
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Note that local smoothness §y and local relative signal exponent 7 are
specified within a ball B(xg,r). We can divided the following discussion into
two parts depending on the value of  and the value of ng(zo).

1/8

Case 1: If r < (%) 0, this means dg > 2057*50 is bounded below. So

the desired inequality

__Po
2Bp+d 2Bp+d

2 np '\ 2vwfotd nQ
& <C —
Q(fa, o) < (logn) + logn

always holds with large enough C.

1/B
Case 2: If r > (ﬁ) * and Ing(z0) — 3| < 4. Then from the dual

representation we have

£Q(fur 7o) = 2Inq(w0) — 31 (falwo) # f(w0)) < 240

The above inequality implies (14).

1/p
Case 3: If r > <ﬁ) * and Ing(z0) — | > 8. We inherit the definition

of events F4 and Eg in the proof of Theorem 3. Following a similar routine,
we can prove the following claims:

Cram 1: If kp < k%, kg < /{:g’t, there exists a constant ¢y > 0 such
that

1. When f*(x¢) =1,

— 1
EY\X(Y(];ICP)(‘TO)) 52 cb0do "

1
EY\X(Y(?;;CQ)(J;O)) ~3 > cppdp.

2. When f*(zg) =0,
= 1
Ey|x (Y(ip) (@0)) — 5 = G000

— 1
wa(Y(%kQ)(iUo)) — 5 = —cwodo.

CLAIM 2: Under event E 4, if k517 < kP!, then f,(z0) = f*(20).

CLAIM 3: There exist a constant Cs9 > 0 such that, with probability at
least 1 — Cy0dp, we have fo(z9) = f*(xo).
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We omit the proof of above claims because they are intrinsically the same
as the claims in the proof of Theorem 3. Based on Claim 3 and the dual
representation, we have

E(far 7o) = 2n(w0) — 3P (falwo) # f(x0)) < Canti
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