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ABSTRACT

We consider the problem of transfer learning in Neyman—Pearson classification,
where the objective is to minimize the error w.r.t. a distribution p;, subject to
the constraint that the error w.r.t. a distribution o remains below a prescribed
threshold. While transfer learning has been extensively studied in traditional clas-
sification, transfer learning in imbalanced classification such as Neyman—Pearson
classification has received much less attention. This setting poses unique chal-
lenges, as both types of errors must be simultaneously controlled. Existing works
address only the case of distribution shift in p1, whereas in many practical scenar-
ios shifts may occur in both o and 1. We derive an adaptive procedure that not
only guarantees improved Type-I and Type-II errors when the source is informa-
tive, but also automatically adapt to situations where the source is uninformative,
thereby avoiding negative transfer. In addition to such statistical guarantees, the
procedures is efficient, as shown via complementary computational guarantees.

1 INTRODUCTION

In many applications, the objective is to learn a decision rule from data that separates two classes
with distributions po and pq, whose sample sizes are often imbalanced. These applications include
disease diagnosis (Myszczynska et al.| 2020; Bourzacl 2014)), malware detection in cybersecurity
(Alamro et al., 2023 |Kumar & Lim}|[2019), and climate science, such as heavy rain detection (Folino
et al., 2023; Frame et al., 2022). In such settings, the learner must control the error w.r.t. both
classes. In traditional classification, the goal is to minimize the total loss, and under class imbalance
this often leads to a classifier with a large error on the rare class. A natural framework to control
errors with respect to both classes is Neyman—Pearson (NP) classification (Cannon et al.| 2002;
Scott & Nowak| |2005)), where the objective is to minimize the error with respect to 11, subject to
the constraint that the error with respect to py does not exceed a pre-specified threshold «, usually
a small value (for example, 5% |Tong et al. (2018))). In NP classification, even when one class is
rare relative to the other, the number of available samples from both classes may still be limited.
To mitigate data scarcity in the primary classification task (referred to as the target), where samples
from either class may be limited, one can make use of additional datasets (referred to as the source).
However, while transfer learning has been extensively studied in traditional classification, how to
effectively leverage source data in the NP classification has received far less attention.

In this work, we propose a provable procedure that effectively leverages the source under potential
distribution shifts in both 1 and ;1 to improve both Type-I error, i.e., the error w.r.t. 1o, and Type-II
error, i.e., the error w.r.t. uq. Prior theoretical works (Kalan et al., [2025} |Kalan & Kpotufe, 2024b)
address only the special case where the source shares the same pg with the target and the shift
occurs solely in 1;. However, in many applications, shifts may occur in both distributions, raising
the challenge of how to exploit the source to improve both types of errors simultaneously.
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A key difficulty in the presence of a shift in y is that a classifier satisfying the source constraint,
i.e., achieving source Type-I error below «, does not necessarily satisfy the target constraint. Es-
pecially when only a few target samples are available from g, the set of classifiers that meet the
empirical « constraint on these samples may still substantially exceed the true population risk w.r.t.
Lo. Moreover, one cannot straightforwardly use the source to rule out classifiers that result in large
population error w.r.t. pg in target, since the correspondence between the source constraint and the
target constraint is unknown. Thus, the central challenge is how to leverage source samples to con-
trol the target Type-I error while simultaneously improving the target Type-II error—an issue that
does not arise in the setting considered by prior works (Kalan et al.,[2025; | Kalan & Kpotufe, 2024b).

The procedure proposed in this work adaptively leverages the source without requiring any prior
knowledge about its relatedness to the target. When the source is informative, it improves both types
of errors on the target; when the source is uninformative, it matches the performance of using only
target data, thereby avoiding negative transfer. Moreover, the generalization error bound derived
in this work recovers the bounds established in prior works (Kalan et al., [2025; |Kalan & Kpotufe}
2024b) in the special case where the source and target share the same distribution po. The proposed
procedure consists of two stages. In the first stage, it utilizes source class-0 samples to determine an
effective threshold &g that aligns the source Type-I constraint with the target constraint. This step
rules out classifiers that would exceed the target Type-I constraint o, while retaining those capable
of achieving low Type-II error on the target. In the second stage, it leverages source class-1 samples
to further reduce the Type-II error on the target while ensuring that the Type-I error remains below
the prescribed threshold.

In addition to a statistical guarantee for the proposed procedure, we establish a computational guar-
antee by reformulating the learning procedure as a constrained optimization problem. Specifically,
we design a computationally feasible procedure that reduces the learning procedure to a sequence
of convex programs and leverages a stochastic convex optimization solver as an algorithmic com-
ponent. We show that this optimization procedure results in a model that achieves the statistical
guarantee in polynomial time.

2 RELATED WORK

Transfer learning has been extensively studied in traditional classification and regression (Li et al.,
20225 |Ca1 & Well, 2021 [Kpotufe & Martinet, [202 1} [Tripuraneni et al., | 2020; Mousavi Kalan et al.,
2020; Kalan et al.||2022; Ben-David et al., [2010; 2006; Mansour et al.l 2009). A popular approach
in vanilla classification is a-ERM (Bu et al., 2022} |Aminian et al |2024), which assigns weights «
and 1 — « to the target and source empirical losses. Another widely used approach is fine-tuning
(Vrbandi¢ & Podgorelec||2020), where a model trained on the source domain is further refined using
target data. However, NP classification requires controlling the Type-I error, leading to a constrained
problem that minimizes the Type-II error under a Type-I constraint. These unconstrained methods
do not address this requirement.

A closely related work is [Hanneke & Kpotufe (2019), which studies transferability across domains
under distribution shift and develops an adaptive transfer learning approach. They introduce a notion
of transfer distance that quantifies how performance on the source domain transfers to the target,
establish minimax rates under this measure, and show that their procedure adapts to the unknown
transfer distance in balanced classification. However, their setting does not address imbalanced
problems, where controlling both Type-I and Type-II errors simultaneously is the main challenge.

The problem of NP classification when the underlying distributions are unknown except through
samples was first formulated by |Cannon et al.| (2002)); |Scott & Nowakl (2005)), who considered em-
pirical risk minimization with respect to one class while constraining the empirical error on the other
below a pre-specified threshold. |Rigollet & Tong (201 1)) studied the same problem under a surrogate
convex loss. [Tong|(2013) studied a nonparametric NP classification framework and established rates
of convergence for a plug-in approach based on estimating the class distributions. More recently,
Kalan & Kpotufe|(2024a) derived distribution-free minimax rates for NP classification and showed
that, unlike traditional classification, the problem exhibits a dichotomy between fast and slow rates.

Related to this work, in the context of transfer learning in NP classification, [Kalan & Kpotufe
(2024b)) derived minimax rates for 0-1 loss. Building on this, |[Kalan et al.| (2025) introduced an
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implementable transfer learning procedure for NP classification using a surrogate loss and derived
upper bound guarantees. Both |Kalan & Kpotufe| (2024b)); [Kalan et al.| (2025)) focused on the re-
stricted setting where the source and target share the class-0 distribution j and the shift occurs
only in p;. Moreover, they established only statistical guarantees without addressing computational
aspects. However, in this work, we consider the general setting where distribution shifts may occur
in both po and 1. We propose an adaptive procedure with statistical guarantees that also recov-
ers the special case in |Kalan & Kpotufe| (2024b)); Kalan et al.| (2025). On the computational side,
we reformulate the learning problem within a two-stage convex programming framework and de-
velop a concrete stochastic optimization procedure that outputs a model with the desired excess-risk
guarantee with a bound on the gradient complexity of the procedure.

3 SETUP

Let (X,X) be a measurable space, and let H denote a hypothesis class of measurable functions
h : X — R. In the binary classification setting, each h € H induces a decision rule of the form
1{h(x) > 0}, which assigns a sample x to either class 0 or class 1. In this paper, we adopt the
NP classification framework. Classes 0 and 1 are generated according to distributions pg and g1,
respectively, and the goal is to learn a function h € H from samples drawn from these distributions.
The classifier / is required to keep the error w.r.t. class O (i.e., the Type-I error) below a pre-specified
threshold o, while minimizing the error w.r.t. class 1 (i.e., the Type-II error). We first introduce a
loss function w.r.t. which the Type-I and Type-II errors are defined.

Definition 1 (Surrogate Loss). We call a function ¢ : R — Ry an L-Lipschitz surrogate loss
whenever the following hold:  is monotone nondecreasing and normalized by ¢(0) = 1; it satisfies
the Lipschitz bound |p(x) —p(y)| < Llx—y| for all z,y € R; and there exists some constant C' > 0
such that, for every h € H and x© € X, we have max{p(h(z)), p(—h(z))} < C.

The boundedness requirement in Definition |1|is a standard assumption in learning theory, ensur-
ing that the empirical loss uniformly concentrates around the population counterpart (Bartlett &
Mendelson, |2002). This assumption is not restrictive in practice. Many commonly used surrogate
losses (such as logistic or hinge losses) are clipped in implementations for numerical stability, which
directly enforces boundedness. Moreover, boundedness naturally holds when the hypothesis class is
norm-bounded, as is typical for linear models or neural networks with bounded parameters.

Next, we define Type-I and Type-II errors w.r.t. a surrogate loss.

Definition 2. For a surrogate loss ¢, the p-Type-1 and p-Type-II errors of h are defined as
R o (h) = By [p(h(X))] and Ry 1, (B) = B, [p(=h(X))], respectively.

In particular, for the indicator loss ¢(z) = 1{z > 0}, the errors R,, ,,, and R, ,, reduce to the
standard Type-I and Type-II errors.

The NP classification problem w.r.t. a surrogate loss ¢ and a pre-specified threshold « is defined as
iréig Ry, (h) st Ry, (h) <« (1)

and we denote by A}, a (not necessarily unique) solution to (I). Furthermore, note that when #
contains all measurable functions from X to R and ¢ is the indicator loss, the NP Lemma (Lehmann

& Lehmannl |1986) characterizes the solution to li as h}, = 2]1{ 5;—% > )\} — 1, for a suitable A,

under mild regularity conditions, where pg and p; denote the class-conditional densities of classes.

In a practical setting, the learner does not have access to the distributions py and p; except through
observing i.i.d. samples from each class: {Xi(o)}?:o1 ~ o and {X}l)}?:ll ~ 1. Then, the corre-
sponding empirical (-Type-I and ¢-Type-II errors are

no ni

Ropo) == S ah(X™),  Rppu(h)i= - > o~ n(xV)).

n n
021 L

(Cannon et al., 2002; |Scott & Nowakl|2005) showed that by the following constrained empirical risk
minimization R ) R

h =argmin R, ,, (h) st Re,(h) <a+e 2)
het
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where ¢g = \/070 w,m(ﬁ) — Ry, m(h*) < L

and R, No(h) —as

3

1
v/ Nno :
3.1 TRANSFER LEARNING SETUP

We consider a transfer learning setting with source and target domains, where for each D € {S, T}
the class 0 and class 1 distributions are denoted by 19, p and y1, p. The NP classification problem
w.r.t. a surrogate loss o and a pre-specified threshold « in each domain D € {S, T} is defined as

hmeiiil R%Ml,D (h) s.t. R%MO,D (h) S « (3)

and we denote by hJ, , a (not necessarily unique) solution to ( ' Moreover, the learner has access

to i.i.d. samples from each class in both domains: {X ~ p,p and {X(1 D)}n1 C~ 1D

for D € {S,T}. Then, the corresponding empirical @-Type-I and o-Type-II errors for D € {S, T}
are

)}nOD

n0,D n1,D

E‘P#‘O‘D(h) = sD(h(‘Xz‘(QD)))’ E%MLD = E Z QO( h X(l D) )
i i=1

The goal of the learner in a transfer learning setting is to learn a function h e H using
ng,s,M1,5, Mo, 7, "1, samples from the source and target domains, such that it performs well on
the target domain. Specifically, the learner’s goal is to minimize the target -Type-II excess error

gLT(iL) = [R%Ml,T(iL) - R%Ml,T(h%a)} 4 [u]+ = maX{07 U},

subject to the -Type-I error constraint R, ,,, (h) < a+ €o,7, where €, is of order n 7 1z,

In this paper, we aim to develop an adaptive procedure that, without requiring any prior knowledge
about the relatedness between source and target, effectively leverages both types of samples with
two guarantees. First, regardless of whether the source is related to the target, it is as good as using
only target samples and ignoring the source. Hence, it avoids negative transfer. Second, whenever
the source is related to the target, it improves upon the performance of using only target samples.

Kalan et al.|(2025)); Kalan & Kpotufe|(2024b)) develop adaptive procedures for the special case where
po,r = po,s- They stablish the bounds R, ,,, .(h) — a < F where ng denotes the number of
samples from pg = pg,5 = fio,7, and

1 1
£ < R ha) = Reunr (B —=)"
1 T( ) mm{m QD,/M,T( S,a) (! 1,T( T,a) + ( nl,S) }

where p is the transfer exponent (Hanneke & Kpotufe, |2019), which quantifies the relatedness be-
tween source and target.

Challenges of transfer learning in a general setting: When 19 g # 1o, the feasible set in (3)
under the target constraint need not coincide with its source counterpart. Therefore, a classifier that
satlsﬁes the source p-Type-I at level o need not satisfy the target constraint. More precisely, let
Hp(a) ={he€H: Ry, ,(h) <a}forDe{S,T} If uo,s # po,r. then h € Hg () does not
imply h € Hr (o).

Furthermore, since the learner only observes samples rather than having direct access to the dis-
tributions, the empirical set Hp () := {h ceH: R%M,T(h) <a+ 60,T} may yield a ¢-Type-I

error substantially larger than «, especially when ng 7 is small and consequently €q 7 is large. In
addition, one does not know in advance an appropriate value o’ € [0, 1] in the source domain such
that exploiting 7:ls(a') = {h eH: R%#O,S(h) <a + 60,8}, where €y g = \/% would lead
to improved (-Type-I performance in target. Choosing too small an o’ in source may reduce the
-Type-I error in target, but at the cost of a substantially larger (-Type-II error in target.

These challenges motivate the need for an adaptive transfer learning procedure, which we develop
in the next section.
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4 ADAPTIVE TRANSFER LEARNING PROCEDURE

We start with defining the smallest o’ € [0, 1] such that the constrained set in the source, i.e. Hg(a)
contains the optimal function in the target as:

ag = inf{a’ : Hs(a/)NT*(a) # 0} 4)
where T* (o) C ‘H denote the set of solutions of Target problem (3). Next, we define the set of
functions whose empirical (-Type-I error in the target satisfies the o constraint, and whose empir-

ical ¢-Type-II error in the target domain does not exceed that of the corresponding empirical risk
minimizer. Specifically,

AQ,T = {h € ﬁT(“) : R%m,T(h) < R@;MI,T(}AL%,afeo,T) + 6617T}7 4)
where €; 7 = \/% and il;",oc—soj = argmin ]A%%#lyT(h) . The population ¢-Type-I error

heHr(a—eo 1)

of functions in ’}—ALZ’T can substantially exceed o when the number of target samples from pg 7, i.e.,
ng,r, is small. To address this, we exploit the source domain by restricting it to a suitable subset,
thereby retaining only functions with lower ¢-Type-I error. Specifically, we first define

g :=inf {a’ € [o, 1] : Hs(a') NHL o # 0} (6)
and then introduce the restricted set ' = Hs(ég) N ’;Q;';T We will show formally later that the

functions in 7/ satisfy the required bound on the -Type-I error. At this stage, we need to further

restrict H' to achieve a small o-Type-II error. For this purpose, we introduce the following sets for
D e {S,T}:

Hyp={heH : Ryy ,(h) <R, (H)+2e,p} )
where €1 p = \/% and R:;’M’D(qu) = ;m?? R%MI,D(h). Now, equipped with these definitions,
) e ’

we propose the following transfer learning procedure, which outputs a function heH.

If H) s NH) 7 # 0, then choose h € H g NH] 1.

Otherwise, choose h = argmin R, ,,, . (h). ®)
heH!

5 MAIN RESULTS

5.1 GENERALIZATION ERROR BOUNDS

We begin with the definition of Rademacher complexity, a capacity measure used to ensure uniform
convergence guarantees between the empirical and population risks.

Definition 3 (Rademacher Complexity (Bartlett & Mendelson| 2002)). Let X;,..., X, be i.id.

random variables drawn from a distribution |1 on X. Let 01,...,0, be independent Rademacher
variables, i.e. random signs with Pr(c; = +1) = Pr(o; = —1) = 3. The empirical Rademacher

complexity of H is defined as R, (H) = E, [Zug % St 0ih(X;)| . The Rademacher complexity
€

of . is then Ry, (M) = Ex; {ﬁn(H)} :

Assumption 1 (Class Complexity). We assume that the complexity of the hypothesis class satisfies
R,(H) < %for some constant By, capturing the complexity of H.

Note that when the input features are bounded, many hypothesis classes used in practice—such as
linear models or neural networks with bounded parameters—satisfy Assumption[I](Golowich et al.|
2018)). Furthermore, we make the following convexity assumption on the hypothesis class, which,
together with the convexity of the loss, ensures that small deviations in the -Type-I error do not lead
to large deviations in the -Type-II error. The bounds can also be derived without this assumption,
though it yields tighter bounds.
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Assumption 2 (Class Convexity). The class H is convex: given any two hypotheses hy, hy € H and
any 0 € (0,1), we have Ohy + (1 — 0)hy € H.

Note that polynomial regression functions and majority votes over a set of basis functions are ex-
amples that satisfy Assumption 2} In contrast, a neural network class with a fixed architecture is
generally not closed under convex combinations. Nevertheless, because the Rademacher complex-
ity of a class matches that of its convex hull, the convex hull of a neural network class can be
considered instead, which is convex (Kalan et al., 2025} Rigollet & Tong, [2011]))

Next, we need a notion of distance between the source and target that translates the performance
of a function h € H on the source to its performance on the target. We first introduce a general
notion of distance and then derive bounds on the generalization error in terms of this notion. This
formulation is broad enough to also yield bounds expressed through the commonly used notion of
transfer exponent (Hanneke & Kpotufel 2019; Kalan & Kpotufe, |2024b).

Let us define H ,, ;=  argmin R, ,, ;(h), which denotes the set of solutions minimizing
o heH s()NHr (ar)

the source ¢-Type-II risk within the intersection of « feasible sets in the source and target. Among

these solutions, let hg 1 , := arg MaXpeqes R, i, (h) denote the pivoting function serving as

the reference for comparing errors across domains in the definition of transfer distance. We then
define the excess error of any hypothesis h € H w.r.t. this pivoting function, for D € {S, T}, as

gl,D(h | hg,T,a) = R%ul,D (h) - R‘PvHI,D(hg,T,a)' (9)

Using this, we define the transfer modulus, which translates the performance of a function h € H
from source to target:

Definition 4 (Transfer Modulus). For € > 0, the transfer moduli for o-Type-I and p-Type-II errors
are defined as follows

527(e) = sup {E1,0(h | Wsga) + b€ H,y Evslh | Hara) e},
577() = sup { R () 5 B € Hy Ry o () <}

Now, equipped with these definitions, we state the following theorem, which provides upper bounds
on the generalization error of the proposed transfer learning procedure in Section 4}

H0,S, Mo, T 10,55 1T = H1,8

Figure 1: In this figure, we consider one target and two sources that all share the distribution g1, while po
differs across them. All distributions are Gaussian with the same variance but different means. The optimal NP
classifiers are denoted by h7 ,, hs, o, and b, .. Moreover, we assume that there are sufficiently many target

samples such that 7—131 does not intersect with hs, , or b, .. which implies that as, > as, = «

Theorem 1. Suppose that the hypothesis class H satisfies Assumptions [I] and 2| Moreover, let
0 >0ande;p = \/%fori € {0,1} and D € {S,T}, where C = 8By L + 2C/21og(2).
Assume further that no v > na r, that Hr(a/8) is nonempty, and that ng 7 is large enough so that

€0,7 < %. Furthermore, let p be a convex surrogate loss function, and let h denote the hypothesis

returned by the procedure in Section ] Then, with probability at least 1 — 46, we have:
gl-,T(}AL) < c¢-min {elyTv R@,#l,T( Z,T,a) - R<P7H1,T (h;’,a) + ¢A19HT(461,S)}
. {min{a—l—%oy, S=T(a+2¢05)},  ifa>as,

R () <
oo min{a + 2¢o,1, 5_)T(OA£S + 260,5)}, ifa<ag.

where c is a universal constant and &g is the empirical threshold defined in (6). In particular, if
a < ag, then g < ag.
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Note that the assumption no 7 > n; 7 typically holds in practice, since in the NP setting class 1
usually corresponds to the rare class, in contrast to class 0. Furthermore, without this assumption,
only the bound for the ¢-Type-II error would change, where the term ¢ - €1 7 would be replaced by
c- (€0, +€1,7).

Remark 1. In the special case where 1o s = .1, Theorem[Z] recovers the bounds in|Kalan et al.
(2025)); [Kalan & Kpotufe|(2024b)). In this setting, we have ag < « by (E]) and d)SHT reduces to
the identity function. Consequently, the bound for the p-Type-I error simplifies to o« + €y, where
€0 = €0,5 = €o,7- Regarding the o-Type-II excess error bound, in this case we have hg r , = h5 .
Furthermore, in the case where source and target distributions are identical, i.e., p; s = ;1 for
i €{0,1}, asng g,n1,5 — 00, the p-Type-II excess error converges to 0, while the upper bound on
the p-Type-I error converges to o.

Remark 2. Theorem([l| guarantees the adaptivity of the proposed transfer learning procedure with-
out requiring any prior knowledge of the relatedness between source and target. It recovers the
performance of using only target data, thereby avoiding negative transfer when the source is un-
informative. Moreover, whenever the source is related and informative, the procedure leverages it
to achieve better performance compared to using only the target, in terms of both o-Type-I1 and
p-Type-II errors.

Remark 3. In Theorem |l} the source effect is captured by the functions ¢35~ and (bg =T In
contrast,|Kalan et al.|(2025)); Kalan & Kpotufe|(2024b|) use the notion of transfer exponent (Hanneke
& Kpotufe, 2019) to characterize the source effect. In Appendix[A] we show that Theorem|I|can also
be expressed in terms of the transfer exponent.

Remark 4. Figure(l|illustrates the effect of ag on reducing the target Type-I error. In this example,
H = {1{x >t} : t € R} and we consider one target and two sources that all share the distribution
w1, while pg differs across them. All distributions are Gaussian with the same variance but different
means. For source-1, as, = «, which implies that it does not shrink 7—22 T since Hs, (Gs) D 7-2: e
and thus source-1 cannot reduce the target Type-I error. In contrast, for source-2, ag, > o, and
H = 7%3(0?52) N 7—2:;71« yields an improvement in the target Type-I error.

5.2 COMPUTATIONAL GUARANTEE FOR THE TRANSFER LEARNING PROCEDURE

In this subsection, we provide a computational guarantee for the transfer learning procedure intro-
duced in Section [4] by reformulating it as an optimization procedure The optimization procedure
consists of two stages: an auxiliary algorithm for computing ¢ in (), and a main algorithm for

solving the final model h in For this optimization procedure, we consider a parameterized
hypothesis class H = {hgy : § € Rd 16]| < B}.

Notations. |-|| denotes the Euclidean (£3) norm. In this subsection, R, ,(6) is a short hand for
R, ,.(hg). The notation f(6; z) denotes the evaluation of the function f at z, parameterized by 6.

We make the following assumption on the loss function ¢ and the hypothesis class.

Assumption 3 (Convexity, Bounded and Lipschitz Gradient). We assume that p((2y — 1)he(z)) is
convex in 0 for any x € X and y € {0,1}. In addition, the gradient is bounded, i.e.,|Vop((2y —
Dhg(x))|| < G, forall x € X and 0 with ||0|| < B, and the gradient is Lipschitz continuous, i.e.,

IVop((2y — Dho(x)) = Vop((2y — Dhe ()| < HI|O - 0],
forallz € X,y € {0,1}, and 0,0" with ||0], ||0'|| < B.

The above assumption is standard and holds for common loss functions and hypothesis classes, such
as the logistic loss, linear classifiers, and majority votes over a set of basis functions.

First Stage: Computing &g. Define goyT(G) = R, MOT((‘)) — a — €71, 9o, 5(9,0/) =
Ry o s(0) =’ —€o,5,and g1,7(0) = Ry, 1 (0) = Ry iy T(G} a—eo, ) —6€1 7 where 0T a—eor =
arg mlng Rg, i (0) st gop(6) = RWLO’T(Q) —a+ ¢, < 0. By definition, &g is the small-

est & > « such that the intersection of the sets {6 : go,r(0) < 0}, {0 : go,s(0,&’) <0} and
{6 : g1,7(#) < 0} is non-empty. This can be formulated as the following optimization problem:

min o/ st o >a, ¢(0,a) <0. (10)

a’,0
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where ¢'(0, o) = max {go,r(9), go,s(6,'),g1,7(0)}. Problem (10) is equivalent to the follow-
ing minimax problem, in the sense that the primal solution of (IT)) coincides with the solution of

(I0) (Boyd & Vandenberghe, 2004, Section 5.2.3):

¥r>11n9 maxa +Ag'(0, ). (11)

Algorithm 1: CP-Solver(f,g £,¢,0)

Input: objective f() = sz‘ Ycez, f(0;C), constraint g(0) = ‘Z—lgl > cez, 9(0; Q). slackness
&, error tolerance e, failure probability J.

Initialize: (6o, \o) = (0, 0) = \/ﬁ G =supy ¢, ¢, max{[[Vf(6; ¢p)ll 1Vg(6; G}
v =G, p? = B%+ 2(9)7 Cy = supy ¢ |g(0; ()| and

2
1 GC, log%—i-% e+ %C’g log 1
N(e, 6) 2 (G + Cyy/log 5) Z2(g) + g -

fort =0,...,N(¢,0) — 1 do
Sample (¢, (4,¢ uniformly from Z¢ and Z,, respectively
Or1 = 0r = n(V f(0r;Crt)) + M V(0 Cot))
Or+1 = Op1/ max {1, [|0p1] /B
Atp1 = [(1 = ym)Ae +n9(0s; Co0)] +

Output: 6 = projection of % th\il 0; onto the set {0 : g(0) < —¢}

To solve li we need an approximation of 0z This can be obtained by solving:

T,a—e€o, 1"
ming R%M,T (0) s.t. gy 1(¢) < 0, which is equivalent to ming maxy>o Ry 2 (0)+ A9y (0). Fol-
lowing (Mahdavi et al., 2012), we solve this problem using a Stochastic Gradient Descent—Ascent
(SGDA) method with a projection step, as described in Algorithm [T CP-Solver. This algorithm
solves convex programs which takes objective and constraint (possibly inexact) and returns an € ac-
curate solution. Since we only have access to inexact constraint g, the final projection step is onto
{6 : g(0) < —£} to allow some slackness.

Once an approx1mat10n 0T a—co.r 1S Obtained, we return to ( i replacing g1 7(0) with g1 7(0) =

R,, e () — R, o (07— co.r) — b€1,7, and again call Algorlthmto compute an approximation
of &g. The followmg key quantity will appear in the analysis of Algorithm 1]

Definition 5. We define r(g(0)) = inf {||v|| : v € dg(8),g(0) = 0,0 € dom(g)}.

The above notion, introduced by Mahdavi et al.| (2012), measures the magnitude of the constraint
gradient along the boundary of the constraint set. It is used in the convergence analysis to control
the distance between the returned solution and the solution prior to the final projection step.

Second Stage: Solving the Final Model h. We reduce the final step of the procedure in Sec-
tion (4 Wthh checks whether 7/ s and H), . intersect, as defined in —to a constrained op-
timization problem. We define gs () = max{go (), 90,5(6,és),g1,7(8)}. The set {6 :
ga(0) < 0} coincides with the hypothesis class ' defined in Section We also define

gb (0) = R‘Pa#l,D (9) - R%#l,D(éE,&s) - 26LD (12)

where éD a5 = argming R, wp(0) st gag(0) < 0for D € {S,T}. The set {6 : gas(0) <

0,9p(0) < 0} coincides with the hypothesis class 7—[1 p asin ( . Then, the second stage of the
algorithm is to solve the following problem:

min Ry o(0) st gsr(0) <0 (13)
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Algorithm 2: NP-Transfer-Learning

Initialize: Gy <+ 2C + maX{Eo,s, €0,T,€1,S, 61,T}
7 1(90,7(0)) rag (g’ (0,a)), 75 = 1(g5(0)).r7 < 7(97(0)). 5.7 = (95.7(0))

-1
Define the slackness function: £(¢,r) = mln{ (G + Gxy/log %) . ﬁ} T

Tolerance setup:
es,r ¢ €15, € < min{é(es,r,Ts,7), €17}, €5 €1
€ag « min{é(es,r,7s,1),&(€s,75), E (e, 77) }
. / / ! /
6Tyf’L*EO,T — mln{£(€S,T7 TS,T), 5(657 7nS)? g(eTa rT)v f(ﬁds ) T&S )}

Warm-start on 7"

QAT,Q_EOYT — CP—Solver(R%m’T, o> 0 €T,a—co 1 g)

91,7(0) < Ry 1(0) = Ry iy 1(07,0—co 1) — 61,7, §' (0, @) <+ max{go,r (), go,s(0,a), g1.7(0)}
Compute a: (&, L) « CP-solver(d/, §'(0,¢), &(eag,Tas), €as, 2)

Define the joint constraint: §4(0) < max{go,7(9), go,s(0, &), g1,7(0)}

Solve 7" and S subproblems:

0% < CP-Solver(Rtp,m‘T, da, E(€r,77), €, %)

Define the final constraint:
97(0) = Rooy 1 (0) = Ry 1 (07) — 261,73 s,7(0) < max{ga(0), §7(0)}

Final solve h:

0y CP—Solver(Rgp,mTS7 da, E(€5,7%), €5,

ut|on

0+ CP-Solver(RLp,M’S, gs,t, §(es,T,7s8,T), €5,T, g)

Output: If Ry, 41, o(0) — Ry puy 5 (05) > 261,50 0« O elser 6« 0

where gs () = max {gas(0), g (0)}. To approximate OAB,&S in for D € {S,T}, we again
call Algorlthmto solve miny. 194 (0)<0 Ry, 1o (0) to a certain accuracy prescribed in Algorithm
At last, if the approximate solutlon of (I3) also has small source empirical Type-II error, we return

it; otherwise, we simply return target model é’T The whole algorithm (first stage + second stage) is
presented in Algorithm

Theorem 2. Let Assumption 3| hold. With properly chosen c,, in Algorithm|[l| then the Algorithm 2]

outputs 0 such that, with probability at least 1 — 56, the hypothesis hj satisfies the statistical guar-
antee in Theorem[l} and the number of stochastic gradient evaluations is bounded by

3 1, G 2 G?
1 GGy /log = + o B+ o G 1 1
c- (G-FG)\“log(;) 2 9 n min 4 Gay/log = e
T min Cn T'min 0 €.

min

for some c> 0, where €min = min{e; 5,61 T,f(egT,TST es,rs E(er, ), E(€agyTas)} s
and 1y = min {re, rag, 7, T, rs,1 } where & is defined in Algorlthm

Remark 5 (Computational Complexity). The proposed algorithm outputs a model that satisfies the
learning guarantee as in Theorem([l} and the total number of (stochastic) gradient evaluations scales
as min{ -1 LY. Roughly speaking, we call CP-Solver procedures multiple times to solve

€1,s’ €1,1
different convex programs to different accuracies, and the final gradient complexity is dominated by
the worst one of them.

6 EXPERIMENTS

In this section, we implement the proposed algorithm on two climate datasets: [Yu et al.| (2023)), with
124 features, and NASA POWER|(2024), with 6 features, for heavy rain detection, where source and
target correspond to different locations. We use a multilayer perceptron with two hidden layers and
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ReLU activation. In these experiments, the number of target samples is fixed at ng 7 = nq r = 40,
while the number of source samples 1y s = n1 g varies from 50 to 950, with o = 0.1. Each case is
run for 10 trials, and the trained model is evaluated on a target test set of size ngr = ny 7 = 1700.

In Figure [2] the proposed Transfer Learning Algorithm (TLA) keeps the Type-I error close to the
threshold, whereas the Only Target method exceeds it more and also performs poorly on the Type-
II error. In this figure, the source is informative, and TLA leverages it to outperform Only Target
method without requiring prior knowledge of the relatedness between source and target.

In Figure 3] the source is not informative, and the Only Source method suffers from a high Type-II
error. TLA, however, adaptively avoids negative transfer and achieves performance comparable to
the Only Target method, corroborating the result in Theorem [I] Hence, when the source is informa-
tive, our algorithm adaptively exploits it, and when it is not, it avoids negative transfer, even in the
presence of potential shifts in both class-0 and class-1 distributions.

Moreover, we conduct additional experiments on synthetic Gaussian data, provided in Appendix [D]

—@— TLA —— Only Target —a— Only Source

’ —@— TLA —— Only Target —a— Only Source

= =
<] S
e

5 5
= by
o Q
2, =9
= =
3 o)
z g
= =

50 250 450 650 850 50 250 450 650 850
Nno,s = Ni,s np,s = N1,s

Figure 2: The performance of our algorithm (TLA), along with two baselines—using only source data and only
target data—on Climate data (Yu et al.,[2023), is evaluated under a Type-I error threshold of & = 0.1. In this
experiment, we fix no,7 = n1,7 = 40 and vary the number of source samples ng,s = ni,s.

’ —@— TLA —s«— Only Target —A— Only Source ‘ ’ —@— TLA —s«— Only Target —A— Only Source ‘

. 09[ T T T T T T T — T T T T T [ [ I
g 5 0.2 | =
E 0.7 W 5 W
:é_ g 0.15 - -
= 0.5 |~ - = 0.1 - -
3 3 2
s 0.3 |- - 5 5-10 [ |
£ 0.2 7.M E 2.10"2 | _|

| | | | | | | | | | | | | | | |

50 250 450 650 850 50 250 450 650 850
no,s = N1,5 no,s = N1,s

Figure 3: The performance of our algorithm (TLA), along with two baselines—using only source data and only
target data—on Climate data (NASA POWER| [2024), is evaluated under a Type-I error threshold of o« = 0.1.
In this experiment, we fix no,r = n1,7 = 40 and vary the number of source samples ng,s = n1,s.

7 CONCLUSION AND FUTURE DIRECTIONS

This work introduces an adaptive transfer learning procedure for NP classification under distribu-
tion shifts in both class-0 and class-1 distributions. The method provides statistical guarantees that
recover existing results when only the class-1 distribution shifts, and it additionally offers compu-
tational guarantees through a reduction to convex programs. The procedure adapts to the unknown
relatedness between source and target, improving performance when the source is informative while
matching the target-only method when it is not. A natural future direction is to establish match-
ing lower bounds for the general setting in which both class-0 and class-1 distributions may shift.
Such lower bounds complement the upper bounds in this work and clarify the fundamental limits of
transfer in NP classification.

10
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A EXPRESSING THEOREM [l IN TERMS OF TRANSFER EXPONENT

Theorem |1| uses the functions ¢77 and ¢5~7 to capture the source effect in the generaliztion
bound. This formulation is broad enough to yield bounds expressed through the notion of transfer
exponent (Hanneke & Kpotufe,2019; |Kalan & Kpotufe} 2024b).

Regarding the -Type-1I excess error, assume that there exist constants C; > 0 and p; > 0 such
that for all h € H,

(st hsra)] | = € fEan hyra)]

Then, by Deﬁnition for any £ > 0 we have ¢7 7T (g) < C’l1 /P1gl/p1 and consequently the term

#7777 (c-e1 5) in Theorem!can be replaced with c- e}/ 5’3 ! for some numerical constant c. Regarding
the -Type-I error, first we define the minimal source level that guarantees « level on target as

abp = inf{a’ €[0,1]: ¢§77 () < a}.
Assume that there exist constants Cy > 0 and py > 0 such that for all h € H
[R%#o,s(h) - QZ‘HT(@)] L 2 Co [Rso,uo,T (h) — a] j_o-
Then the p-Type-I error bound takes the form

1/po
oz—i—min{eo,T, c- ([a+eo,5—a§_>T(a)}+) }, a > ag,
R<P~,It0,T(h) S 1/p0
oz—l—min{eoj7 c- ([d5+6075—a§HT(0¢)}+) }, a < ag.

In particular, if puo s = o, 7 then a$_, . = «, and the bound matches that of [Kalan et al.| (2025);
Kalan & Kpotufe|(2024b).

B PROOF OF THEOREM

We begin with two lemmas. The first establishes a uniform concentration bound for the difference
between empirical and population errors. The second shows that the (-Type-II error can be con-
trolled by the deviation in the -Type-I error, provided that both the hypothesis class 7{ and the loss
(p are convex.

Lemma 1. Let § > 0 and let H be a hypothesis class satisfying Assumption|l| Denote by IA{% u the
empirical error computed from n i.i.d. samples drawn from a distribution p, where p may be either
Lo or uy. Then, with probability at least 1 — 9,

- 4By L + C/2log(2/0)
SUP|R¢7u(h) - R%u(h)’ < )
heH \/ﬁ

where the constant C' is as defined in Definition|[I}

Proof. See the proof of Proposition 1 in [Kalan et al.| (2025), which relies on symmetrization and
McDiarmid’s inequality (Shalev-Shwartz & Ben-David, 2014, Chapter 26). O

Lemma 2. Suppose that the hypothesis class H satisfies Assumption|2| and that the surrogate loss
¢ in Definition|l|is convex. Further assume that Hr(c/8) is nonempty and that e 7 < *. Then,

* *
R%Ml,T (hT,a—e(m-) - R807H1,T (hT,a) < c-e€o,T, (14)
for some numerical constant c.

Proof. See the proof of Theorem 2 in Kalan et al.|(2025), which shows that

= inf R h
’Y(O‘) heglr(a) %M,T( )

is a non-increasing convex function on [0, 1]. O

13
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Consider the event that Lemma 1 holds simultaneously for the distributions u; p with ¢ € {0,1} and
D € {S, T}, this event occurs with probability at least 1 — 4. We divide the proof into two cases:
(1) a > ag, and (i) o < ag.

Casel: o > ag.

First, we show that &g = «. From (|§|), we know that &g > «. Hence, it suffices to establish that
Hs(a) N HY, 7 # 0. Under the considered event, we have

Hs (o) D Hs(a) D Hs(as),

50 by (4) there exists h% ., € T*(«) such that h% € Hg(c). On the other hand, k%, € H* ,,
since ' ’ 7 ’

RLP,MO,T (h;,a) < R%MO,TUL;“@) + €0,T <a+ €0, T (15)

and

R%#l,T (h;,a) < R%#l,T (h;,a) +er < R%#l,T (h’*lt",oz—eo,T) +er
< R%Ml.T (h},a—eo,T) + 261,T7 (16)
which implies that

Wy, €Hs(a)NHip and Hg(a) NVHp # A7)

0.
Regarding the ¢-Type-I error bound in Theorem we have h € 7:[’1T CH =Hs(a)n 7:[2,%
which implies that

Ry s(h) <a+42es and Ry, (h) < o+ 2e7.
Together with Definition[d] this yields the bound stated in Theorem T}

Regarding the ¢-Type-II excess error bound in Theorem , first consider the case hg ¢ H
Since h§ 7, € Hs(a) C Hs(a) and h§ 1o € Hr(a) € Hr(a), it follows from H that

R r(Wsm0) > R o (Wi oy 1) + Gerr. (18)
Thus,
11+ Rop o (Ws1.0) = R r (W) > me,T(il;,a—eo,T) + 6er,r
2 Rso,m,T(il*T,afeo,T) + 5€e1,17
> Ry 7 (h7,o) +5e1,r (19)

where the last inequality uses the fact that

R%MO,T (h;’a,EO’T) < R‘P’HU,T(h;ﬂ,afeo’T) + €o0,T <a

*

which implies lAzTafeo . € Hr(a), together with the definition h}., = argmin Ry, ,.(h).
’ ’ ’ heHr(a) '

Therefore,
R%Ml,T (hg,T,a) - R%Ml,T (h%a) > 461,T (20)
On the other hand, for every h € 7:1’1T we have

. R N 1) .
R‘P:NI,T(h‘) < R%MLT (h) +er < R*7 . (H/) + 3617T < R907M1,T(h§“7a) + 361,T

< RLP,NI,T(h'},O) +4erT,

(H') = ;ré;{n/ Ry, +(h). Hence,

@Y1, T

where inequality (1) holds because h7. , € H by , and R*

Vh € 7:[/177«, 517T(h) < 4617T. 21

14
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Combining this with (20), we conclude the ¢-Type-II excess error bound in Theorem ] for the case
where h§ 1, & H'.
Next, consider the case hg 1, € H' . We first analyze the case where 7—2’1 g N 7—2’1T # (), in which
the learner selects h € Hig N 7:1’1T By , we know that € 7(h) < 4e; 7. Moreover, since
he 7:1’175, we have

1 .
< RLP»M,S(hE’,T,a) + 361,5

< R‘Palh,s (hz’,T,a) + 46175 (22)
where inequality (1) holds because h% ., € H’, and R; s (H') = min R, ;(h). Hence,
” heH! '
51,S(h|h§,T,a) = R%Ml,s (h) - R%Ml,s (hg,T,a) < 461,57 (23)
which, together with Definition ] implies
& T( ) < RW M1, T(hSTOt> RLP M1, T(hTa)+¢S_>T(4€1 S) (24)

This establishes the ¢-Type-II excess error bound in Theoreml In the case 7} sn ’Hl T = (), the

learner selects h = arg min Rg, oz (). Let h’ denote a function belonging to the set 7—[ - Since
heH’

7—[’1,5 N ’H’LT = (), we obtain
Ry r(Ws) > Ry iy (R) + 261 1. (25)
We claim that R%M,T(ﬁ’s) > an,T( ). Otherwise, we would have
R%Hl,T (il‘fg) S R‘P7H1,T(il’{9) + 6175 S R%Ml,T(ﬁ) + 61’3 S R%Hl,T (il‘) + 261,5
which contradicts (23). Therefore,
gl,T( )= Ry, K1, r(h) — R, K1, T(h;} )

<RWH1T(h/) tPHlT(hTa)

S R%#l,T( S,T,a) Rtp H1,T (hT a) + ¢SHT(461,S)' (26)
where the last inequality follows from (24]), which holds for every i € 7—21 _s- Hence, together with
& T( ) < 4ey 7, we conclude the - Type -IT excess error bound in Theoreml
CaselIl: a < ag.

First, we show that &g < «ag. Since ag > «, by (EI) it suffices to show that 7:15(045) N 7-7,; 7 7 0.
By , there exists 7, , € T*(a) such that ., € Hs(as) C Hs(cg). Moreover, using 1i and
, we have h. , € 7%2 o> wWhich completes the argument.
Regarding the ¢-Type-I error bound in Theoreml we have h € H CH = Hs(as) N ’Ha T
which implies that

Ryyps(h) < Gs+2e0s and Ry, . (h) < a+2e7.
Together with Definition[d] this yields the bound stated in Theorem T}
Regarding the o-Type-II excess error bound in Theorem 1} first consider the case hg 7, ¢ H.
Since h§ 7, € Hs(a) C Hs(ds) C Hs(as) and hro € Hr(a) C Hr(a), it follows, by the
same reasoning as in and , that 1} holds. On the other hand, for all h € 7:LZT we have

R‘/’vl‘lyT(h) < R%Nl,T (h) +er < R@ w1,r (il;,aféo,T) + Terr

.1, T(h;,a—%oj) + Terr
(

*
o (W a—2e0 1) + 81,1

<R
R,
R

ININ A

ounr(Pr o)+ er
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for some numerical constant ¢, where in the last inequality we used Lemma [2] together with the
assumptions €g < Iz and ng,r > n1,7. Therefore, for all h € 7{ C H' C H¥ - we obtain

Eir(h)<c-er 27)
which, together with , yields the bound stated in Theorem!for the case where hg 1, ¢ H'.

Next, consider the case hg ., € H' . We first analyze the case where 7/ sn H, 7 # 0, in which
the learner selects h € 7—[1 sn 7—[ - By , we have & 7(h) < ¢ € p. Furthermore, since

h e 7—[' 1, and hgp, € H', we can apply the same reasoning as in 1.} and 1) to obtain ,
which in turn establishes the - Type-II excess error bound in Theorem I]

In the case 7-[’1 s NH) 7 = 0, the learner selects h = argmin Ry, ,,, . (h). The same reasoning as in
=

the case & > «vg yields (26), and together with (27), this implies the -Type-II excess error bound

in Theorem[T]

C PROOF OF THEOREM 2]

In this section we will present the proof of Theorem [2} the convergence rate of our optimization
procedure. We first introduce the following Theorem that establishes the convergence of our convex
program solver (Algorithm [I)), which is an important component of our main algorithm.

Theorem 3. Let 0* = argming f(0) s.t. g(0) < 0 and p*> = B? + %2 Assume f and g are convex,
. . . Cg4/3log 2 .

G Lipschitz, H smooth and supy - |9(0;¢)| < Cy. Suppose ¢y < DI For Algorlthm

assuming g(0) = §(0) — ¢ for some ¢ € [0, €], if we choose n = \;UN’ where

¢y, < min P p P p VG
n = ) I ) )
2V3Cs 12VB(1 + V3p+ A)Gy [3log 2 12160, flog 2 32VNeo 7= 2Heo

then with probability at least 1 — 6 we have

- 1 GCyyflog 5+ 2 £+ eo ;ci"‘%cg log 5
0) — f(0") S | G+ Cyy/log ~ + + —
f() f( ) ( g 0og 6) /N(T—2H60)2 (’I"—ZHGO) v N

71 .
That is, if we choose & = ¢g and €9 = min { TIie (G + Cy4/log %) , 4TH}, we know f(0) —

f(0*) < € and the number of total gradient evaluations is bounded by

1 GC, log%Jr% §+%Cg log%
Nz |G+, logg 3,2 + &2

To prove Theorem 3] we need the following lemma.

Lemma 3. For Algorithm|l| the following statement holds true for any X > 0 with probability at
least 1 —§:

(f(Bx) = F(67)) +A3(Br) - (g " W) z2

2 Cy\/3log 2 V2p(1 4+ v2p + X\*)G /3 log 2
P TV e Va4 ’

+1C% +nG* +

N VN VN
Cyy/3log 2
+ 60()\* + \/50) + T +eo | A

16
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Proof. Define L(6, \) = f(0)+ Xg(0) — 2% andlet \* = arg max>o min f(0) + Ag(6). We first

2 9
show that [|6; — 6%||* + || Ay — A*||> < 2p2, for any ¢ € [T]. We prove this by induction. Assume
this holding for ¢, and for £ 4+ 1 we have

6041 — 671> = 1|6, — ngs — 67|
= 16: = 07]1* = 2(ngy, 6. — 0%+ |gul”,
where g; = V f(0; (r.t) + AV (05 Cgot)-
Then for ¢t + 1, we have:
01 — 071> < 10 — 07[” — 20e(V £ (8:) + AeVg(6y), 0 — 07) + 2v/2npep + n2 (1 + Ae)*G?
<10 = 0711 — 20 (L(62, M) — L(07, \)) + 2V20pep + 0P (1 + M)*G?

where p; = ||V f(0:) + A\eVg(0:) — g.||, and at last step we use the convexity of L(-, \;). We know
that

Elg:] = V£(0:) + AVg(6:), Elexp (pi /(G + MG?))] < exp(1)

. Similarly, we have:

‘)\t+1 - )\*|2 = ‘)\t - >\*|2 + 277(9(9t; Cg,t) — YA, Ap — )\*> + 772|9(9t§ Cg,t) - ’Y)\t|2
< (L =ym) A = AP =20 (L(61, A") = L(0s, Ar))
+2\/§77qtp+2\f277htp+27726’g2,

where
qt = |9(045Cg.t) — g(01)|, he = |9(6:) — G(01)| = €0
and at last step we use the ~y-strong-concavity of L(6;, -). It is easy to see that

Elg(0+: Cg.0)] = 9(61), Elexp (¢7/C5)] < exp(1).
Putting pieces together we have
10051 = 0°11% + e = A2 < (1A = A2 4 16, = 0°11%) = 20 (L(61,3") = L(9", M)
+2V2n0pp + 2V20qip + 2V 20ep + 20°CL + 1P (1 + Ay)*G?

< (1he = NP+ 18— 0717) = 20 (L0, 3") = L(9*, M)

(A)2
>— e

+20°C2 + 0 (1+ V20 + X)*G* + 2V2np(p1 + q¢ + €0)

where the last step is due to

L(0, \*) — (0", \y) = £(0,) + XG(0,) — (f(6%) + Mg (67)) —WT*)Q + %5

>0

Performing telescoping sum yields:

10051 = "1 + e = A2 < (1180 = 01 + Ao = A*[2) + 20C2 + (1 + v2p + NG

t t
+2V20p Y " pe +2V20p > qs + 2V 2npteo + Nyn(A*)?,
s=0 s=0

Due to Lemma 4 of (Lan, [2012), we know with probability 1 — §/2,

N-—1 N—-1
2 2
;ptﬁ(l-l—)\t)G\/N 310g5,§qt§ \NC3[3log 5, (28)

17
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Putting pieces together yields:

1621 — 0711 + [Aea = A7 < Ao = N> + 160 — 0°[|* + 20°Cy + 0 (1 + V2p + A")*G?
[ 2
+2vV2npVN(1 +V2p + X*)G 3log5
2
+2v2npV/NC,y /3 log S+ 2v2npNeo + Tyn(X*)2. (29)

Since we choose 1 = \j—"ﬁ and v = G*?1), where

P P

P P
2V/3C, 12V6(1 + V2p + A*)G,/3log 2 12\/609\/@ 32v/Ne

we conclude that [|0;11 — 6% ]|” + [Aegp1 — M| < 2p2.

¢y < min

Now by similar analysis we have that for any A > 0
10041 = 1% + [Aea = A* < 16 = 011> + [Ae = A]” = 29(L (61, X) — L(6, \r))
+2°C + (1 + At)QGQ +20(g (045 Cot) — 9(00), Ao — A)
+2n(g(0:) — G(01), A — A) + 2np |6 — 67
<[00 =677 + |\ — >\|2 = 20(L(0r, A) — L(0%, Ar))
+20°C2 + 0? (14 M)°G? + 2y (A + A)
+ 2ne0 (A + A) + 2V 2npep.
Since |As — A*| < V2p we know \; < \* + v/2p. Hence we have
16541 = 0717 + [Aesr = A < [N = A* + [0, — 0°[|* = 2n(L(6:, A) — L(6", \0))
+20°CE +n*(1+ A)*G? + 2ng ()\* + \/ip)
+ 2neg </\* + \/§p> + 20q: X + 200X + 2V 2npep.

Performing telescoping sum yields:

1 N-1 1 1 1 N-1
L(6 L(6*,\) < ——(|Xo — A> + [|60 — 6]*) + —=nC? (14 A)
; b5 A t)_QN(|0 * + (6o ||)+N77g+2Nn; + Ae)?
1 N-1 1 N-1 1 N—-1
N qt ()\ + \/ip) + N €0 (/\ + \/ip) N qA
t=0 t=0 t=0
1 N—-1
+60)\+\/§PN pr
t=0
By the definition of Lagrangian, we have
1L g gl
= D (F(0) +AG(0:) — SN = £(67) = A\ g(07) +5A7)
N & 2 — 2
< (Do = AR+ 00— 07[17) + 0C2 4~ 3 (14 MG
= N ’ N TN & '
1 N-1 1 N—-1 1 N-1
N 2 q+ ()\ + \/5,0) + € (A + \/ip) + N 2 QA + €oX + ﬂpﬁ ;pp

18
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Evoking the bound from (28)) yields:

| N-1 -
- 2 * Iy2
N fzo F(0r) + Ag(6;) — >\ f(07) + 2)‘15)

2

-1

1 5 1 1
< ——(|Ag = M+ || — 0% —nC? + — 14+ M\)2G?
_277N(| 0 — A"+ 1|60 | )+Nan+2Nnt (1+M)°G

1 2
_ 2 - * *
+ ‘/TCg\/?)log )\ +2\/§p —l—eo ()\ —|—\/§p)
V2p(1+v2p+ A\*)G4/3log 2
o2, |
TC74\/3log - )\—I—eo)\-i- .

VN

Il
=]

Plugging in Ay = 0, 6y = 0 and re-arranging the terms yields:

1 N-—1 1 N-—-1 . ~y 1 )
2 (0") + 2 AG(0y) — (2 - 21\7)
- +nC2 + 1 N_l(na +0)2G? — %) + Va3 VEp+ X)G v Slog s
=0T g D) £ t \/N
2 / 2
+ Cg\;i:)g“(/\* +2v2p) 4 eo( A" + 2v/2p) + (C‘q};gé + eo) A

By our choice, v = Gzn, so we have

¥ ) 160+ 5 32000 - (34 5o ) ¥

t=0 t=0

<L2+ o G2—|-Og BIOg%( \@)+ﬂp(1+\@p+>\*)6‘1/310g%
<7 TC0 NG — e p NI

Cy 310g§
+ e\ +V2) 4+ | ———T+€0 | M

Define 07 = ﬁ t 0 ' 9, and then by Jensen’s inequality we have
(F(Br) — £0%) + 23(0r) — (2 + 5 ) ¥
2nN

V2p(1+ v2p + A\*)G4/3log 2
+— TN +V2p) + ! p\/ﬁ i

L 2 2
T—H]C +nG* +

Cyy/3log 2
+eo\ +V2) + [ ——=—"+e |
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C.1 PROOF OF THEOREM[3]

Proof. Note that Lemma holds for any A > 0. Now let’s discuss by cases. If @7 is in the constraint
set, then # = 7 and we simply set A = 0 and get the convergence:

N * ~n ’7 1 2
Or) — f(6 Agllr) — =+ =—= | A
(1(0r) ~ 10°)) +20007) - (3 + 57 )
2 Cyy/3log 2 V2p(1 +2p + X*)G/3log 2
P 2 2 9 o * o
<=4 nC2 4GP+ — (A" +V2p) +
T HC Wi ( p) Wi
C’g,/?)log%
eV +V2) + [ —r ="+
( p) Wi
If O7 is not in the constraint set, we set A\ = Jf Tl) , which yields:
j . (9(0r))
(F02) = ) + 300
nT
g ” Py Cyy/3log 2 ()\* o3 ) . V2p(1+v2p+ A*)G4/3log 2
Soar e VN ’ VN
C’gq/Slog% (0
9(07)
+eo (M +V2)+ | —F=—+e : 30
o ) = T (30)
Since A7 is not in the constraint set and @ is the projection of it onto inexact constraint set §(f) <
—6, by KKT condition we know g(f) = —& and 7 — 0 = s - Vg(f) for some s > 0 where
g'(0) =g(0) + 4. Deﬁning A :=§ — ¢, and due to our choice of T' we know A > 0. Then we have
Or) = ( 7) )

Y

N O
where the inequality is due to convexity of g(-). Let 6 be such that §(6p) = 0, and then we have

min [VG(0)] > min [[Va(60)] - |V3(60) - Vi)

>r—2L(g(6o) — g(0)) =r —2Lg(0)
=r—2L(c—9)
>1r —2Le¢g

, 50 g(07) > (r — 2Leg) HéT — éH — A. On the other hand, since 6 is the projection of 67 onto
constraint set, and 6* is in the constraint set, we know

b0 < r —07|* < 2%
Hence we also know
9(0r) = g(6r) — ¢'(9)

=g(0r) —g(0) -0
= g(0r) — g(0) + g(0) — g(6) — 6
<G ’_T—é +c—4.

~——

<0
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Plugging the upper and lower bound of g(fr) into yields:

. ((r = 2Heo) |67 — 0] — A)?
(FBr) = JO) + VNS e I

2 C,y/3log 2 V2p(1 +/2p + X\*)G4/3log 2
§5*T+nC§+nG2+!(/\*+2\f2p)+ °

VN VN
¥ e (xﬂ+\/§p>+ CQV\/?%Og?HO W%é“%-é“. 31)

Notice the following decomposition: f(07) — f(0*) > f(0r)— f(0) > -G HéT — é” . Also notice
the fact (a — b)* > 1a? — b? holding for any a > 0,b > 0, we know
1

((r — 2He) H(JT - oH - A)2 > S (r - 2Heo)? HéT - éH2 —AZ,

Putting pieces together yields the following inequality:
_ ~112 _ A
ofor =il -sJor -] -0,
where:

. \/N(T‘ — 2H60)2
N 4(c,G% + é)

G 2
b= Pems (09,/310% +\/Neo> + G,
n c

n

£ 4 cy(C2+G?) + Cgy [3108 2 (V +2v2p) +v2p(1 + V2p + A*)G [310g 2

C =

VN
Vip) s VR
+eo (N 4+ V2p) + VNS o
0 p 2y G2+ L)
23log 2 2 .. . .
Assume €y < % f/lﬁg ¢, s0b < % + G. Solving the above quadratic inequality yields:
Cn TV?

< -
- 2 a a

2GCy4/3log 2 4G(cyG* + i) A

: VN (r — 2Heg)? * VN(r —2Hep)?2  2(r —2Heo)

4(c, G2 + i) P—’j + ¢y (C2 4+ G2) + (Cy (A +2v2p) +V2p(1 + V2p+ A*)G)4/3log 2
_|_
VN(r — 2Heo)? VN
4(cyG? + 1)
F ol =0 (A + V2
\/N(T—QHG())QGO ( p)
_ 2GCyy[3log § +6G(en G + ) LA
VN(r — 2Hep)? 2(r — 2Heo)
2
24 ¢y (C2 4 G?) + Cyy/3log 2 (A +2v2p) + V2p(1 + v2p + A*)Gy/3log 2
o ’ : { Vi ) " e (A + V)
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2 2 . . ..
where at the last step we use the fact vVab < % Finally, note the following decomposition:

F6) = £(6%) = £(8) ~ (Br) + f(Br) — £(67)
< G|fr || + £(8r) - £07)

< (6 225 ) oy -] o (3 vB0)

< ST T
cnG* + o

E 46, (C2 4+ G2) + (Cy (M +2v2p) + V20(1 + v2p + A*)G) /3 1og 2
+ = ,

vN
. Cyy/3log 2 . A A .
Recalling ¢y < o +van) VN and plugging bound of H@T — 9” yields:
F(0) - £(67)
. 2C,4/3log 2 2GCy4/3log 2 + 6G(c,G* + -) A
< +— 1
e, G? + i VN(r — 2Hep)? 2(r —2Heo)

Cy logﬁG §+CW(C§+G2)+2CQ log 2 (A* + p) + pG/log 2
G2+ -+ VN

Now we simplify the above bound. By the definition of ¢,, we know ¢, < G , S0 we have

F(0) = f(67)
) 2G+2cg,/310g§ 2ch,/3log§+6a(cna2+g")+ A
- G +1 VN (r — 2Heg)? 2(r — 2He)
. 2Cy4/31log 2 +cn(C2+G2) + (Cy (X + p) + pG)y/log 2
+12
* cyG+1 VN

Finally, by definition of ¢, we know i > ch’g, ’c’j > pCy, £ £ = p12v/6G/log 2 and

cn
GJc

T—2He)Z = Cn G? which concludes the proof:

; ) cronf T\ [GCyyflogt + & A 2 4\ Cyy/log L
* + - -n + + °n
f( ) f( ) Og(; \/N(’/‘—QHGO)Q (T—QHEO) \/N

Plugging the bound that A* < G/r (see (Mahdavi et al., 2012, Remark 1)) will conclude the proof.
O

C.2 PROOF OF THEOREM[Z]

Proof. Now we proceed to proving Theorem[2] We split the proof into two parts: proof of optimiza-
tion guarantee (the gradient complexity) and proof of statistical rate.

Convergence rate The total gradient complexity of Algorithm[2 will be the sum of the complexi-
ties of each calling of procedure CP-Solver. Theorem[3|gives the complexity of CP-Solver, and
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what we need to compute is € in each call. Recall that, € is the error between the true constraint and
the approximate we actually used in CP-Solver. Hence, we first compute those error as follows:

19(0,0) = §'(6,0") < 191,7(0) = 91.7O) < Rppr 2 Or0-co.0) = Bepn 1 (00 1)
< €T a—cors
19a(0) — gas (0)] < max{|a — dsl,191,7(0) — g1,7(0)[} < max {eas, er,a—cor )+
|Gs,7(0) — gs,7(0)] < max {[ga(0) — gas (0)],197(0) — g7 (0)[}
< max {€aS,€T,a—eo,T, fﬁT(é}aS) — Rl,T(éT,&S)}

/
< max {€as, €T .a—cor €7} -

Now we verify that the choice of the tolerance in Algorithm[2]can ensure that

; ) — i <es = esT
Bops(0) = min  Rops(0)<eus=esr

To ensure CP-Solver <an,sv gs.r, {(es,Ts.T), ES,T) outputs eg r-accurate solution, by the
condition in Theorem we need |§s 7 (0) — gs,v(0)| < &(es,r,7s,7), hence we require

€ag S f(GS,T»TS,T); (32)
€Ta—cor < &(€sT,78,T), (33)
er < &(esT,TsT) (34)

We also require /. < €1 7, so we know choosing €/, = min {{(esr,7571), 1,7} suffices.

To ensure CP—Solver(R%m’T, Ga, (e, h), eif) output €/p-accurate solution, we need
|Ga(0) — gag (0)| < &(€f, 77), hence we require

cas < &(er, ), (35)

€ra—cor < &€, TT) (36)

To ensure CP-Solver(R%mys, Ja, E(€g,7%), efg) output €y = € g-accurate solution, we need
1Ga(0) — gag (0)] < &(€s, ), hence we require
cas < &(€s,75), (37)
€Ta—cor < E(€s,5) (38)
To ensure CP-Solver(a/, §'(6,a’), &(eas,Tas), €ag) OuUtput €44 -accurate solution, we need
|G1,7(8) — g1.7(0)] < &(€as,Tas). hence we require

6T,O¢—607T S 5(607577’(:!5) (39)

From , 1} and 1j we know that choosing €5, < min {f(egT,rg,T),f(e’T,r’T),ﬁ(eg,rg)}
suffices and™ from (33), @, @ and @ we know that choosing €T,a—co.r

min {£(s 7% 1), E(€, ), £ (€, 75), E(€as, Tas ) } suffices.

The complexity immediately follows by plugging error tolerances into Theorem 3]

Statistical Rate If ]A%%M’S(é) . R«p,m,s(éls) > 2¢1,5, then we know

O:gsr,ITli(%)go Rtp,m,s(‘g) - 9:gansli§nel,s RW7H1,S(6) > Rga,m,s (9) - R%m,s(eg) —€1,5 2> €15

Hence the set {6 : gas(8) < 0, g4(0) < 0} does not intersect with {6 : g4, (0) <0,g5(0) < €15}
whichis {h € H': Ry, 5(h) < ]:2:;#173 (H') + 3€1.5} (aslightly inflated version of 7:1’175) , SO we

output 6.
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Otherwise, R, ,,, <(6) — R@,M’S(é’s) < 2¢ g, then

in R 6) — in R 0) <R 0)— Rk 0) —e15 <
e:gsrgl(rel)go sa,ul,s( ) G:gglénel,s %/ﬂ,s( ) < «p,m,s( ) w,m,s( ) —e€1,s <e€rg,

which  implies that the set {H:Q&S(G)Ago,g’T(G)SO} (Hl) intersects  with

{0:9a5(0) <0,95(0) < —e1,5} whichis {h € H : Ry, s(h) < I%;MYS(?A[’) + e 5} (a

slightly shrinked version of ’;‘:l’l s ), 50 e output a model 4 in their intersection.

Hence the output of our optimization procedure is consistent with the learning algorithm (8], and
the same generalization analysis applies here. O

D ADDITIONAL EXPERIMENTS

In this section, we present additional experiments on synthetic Gaussian data in dimension 10. The
source class-0 distribution is N (—2, I), the target class-0 distribution is N (0, I), and both source
and target class-1 distributions are N(1,7). In Figure 4, we fix no,r = nir = 40 and vary the
number of source samples ng s = ny,g from 50 to 3000, with v = 0.1. In Figure E], we fix
ng,s = n1,5 = 1000 and vary the number of target samples ngr = nq r from 50 to 1000, again
with a = 0.1. Each experiment is repeated over 10 independent trials.

The results in Figure []show that the source-only method exhibits a very large Type-I error, while
the proposed method interpolates toward the target-only method as expected. It is important to note
that, in the implementation, several constants appear in the quantities ¢; p fori € {0,1} and D €
{S,T}. These e-terms arise from uniform concentration inequalities controlling the gap between
empirical and population errors. In theory, such inequalities are known to be conservative, and
the associated constants are not tight; in practice, however, these parameters can be tuned more
carefully. Consequently, while the proposed method provides practical insight into how to design
an adaptive transfer-learning procedure, further tuning and experimental investigation are needed to
select these constants appropriately, as they directly influence the final error performance.

In Figure 5] as the number of target samples increases, the type-I errors of both TLA and the target-
only method converge to o = 0.1. The slight increase in the type-1I error of TLA reflects the
inherent trade-off between type-I and type-II errors: reducing one typically leads to an increase in
the other.

’ —@— TLA —— Only Target —a— Only Source ‘ ’ —@— TLA —— Only Target —a— Only Source

T T |

5 0.18 5

5 0.15 5

D "

(=9 0.1 (=9

= =

g 5-107 &

g 210 (2) &

50 1,000 2,000 3,000 7750 1,000 2,000 3,000

no,s = N1,s no,s = N1,s

Figure 4: The performance of our algorithm (TLA), along with two baselines—using only source data and only
target data—is evaluated under a Type-I error threshold of o = 0.1. The experiment is conducted on synthetic
Gaussian data in dimension 10, where the source class-0 distribution is N (—2, I), the target class-0 distribution
is N (0, I), and both source and target class-1 distributions are N (1, ). We fix no,r = n1,r = 40 and vary
the number of source samples ng,s = n1,s.
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—@— TLA —— Only Target —a&— Only Source

’ —@— TLA —— Only Target —a&— Only Source

1072
T

T T T T T T T T 0.80
0.70
0.60
0.50
0.40
0.30
0.20

b
0.10
50 250 450 650 850 1,000 50 250 450 650 850 1,000

Target Type-II error
Target Type-I error

o, T = N1, T no, T = N1,T

Figure 5: The performance of our algorithm (TLA), along with two baselines—using only source data and only
target data—is evaluated under a Type-I error threshold of o = 0.1. The experiment is conducted on synthetic
Gaussian data in dimension 10, where the source class-0 distribution is N (—2, I), the target class-0 distribution
is N (0, I'), and both source and target class-1 distributions are N (1, I). We fix no,s = n1,s = 1000 and vary
the number of Target samples no,7 = n1,7.
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