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Abstract

Domain adaptation enables generalizable and efficient data-driven research. However, ex-
isting work has largely focused on domain adaptation for some intrinsically homogeneous
target cohort, overlooking inherent heterogeneity within the target, which can exacerbate
biases and unfairness in the presence of subgroups with imbalanced sample sizes. We
develop a novel domain adaptation framework that addresses a more complicated target
dataset that consists of heterogeneous and data-sparse subgroups and lacks gold-standard
label observations. Our method simultaneously handles high-dimensionality, covariate shift,
and outcome model heterogeneity by combining a model-assisted debiasing step used for
covariate shift correction with an adaptive knowledge-guided sparsification procedure used
to mitigate the issue of sample disparity. We also introduce a new model selection strat-
egy to avoid negative knowledge transfer in the absence of labels in the target data. Our
method is theoretically justified for being robust to nuisance model misspecification and
adaptive to heterogeneity between the subgroups. Numerical experiments and two real-
world applications, including genetic risk modeling of type 2 diabetes and prediction of
mutation-induced protein stability changes, demonstrate the practical advantages of our
method.
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1. Introduction

1.1 Background

Domain adaptation has been increasingly used when accurate labels are scarce or unavailable
in a target population, but related labeled data are available from a source population. This
setting arises broadly in scientific prediction problems where gold-standard target outcomes
are expensive, delayed, or infeasible to collect. Existing work often focuses on adapting to
an intrinsically homogeneous target cohort (e.g., Liu et al., 2023; Li et al., 2022). In many
real-world application scenarios, however, the target population contains heterogeneous
subgroups with imbalanced sample sizes, creating a harder problem: one must correct
source—target distributional shift while protecting underrepresented subgroups from bias
and negative transfer. Here, negative transfer means that borrowing information from a
larger or related subgroup worsens estimation or prediction relative to the underrepresented-
subgroup-only procedure.

Biobank studies linked to electronic health records (EHR) serve as a representative moti-
vating example. Genetic disease risk modeling is critical for decision-making and knowledge
discovery, especially in precision medicine (Moons et al., 2012). In these studies, the scien-
tific target is often a risk model based on prespecified genetic variants or baseline clinical
factors, while gold-standard disease labels are available only for a limited subset of samples
because manual chart review is costly. Meanwhile, the target cohort may contain highly
imbalanced ancestry or demographic subgroups, so a model transferred from the labeled
source cohort can perform unevenly across these subgroups.

The prediction of protein stability changes AAG provides another example. In our
real-world study, S461 (Herndndez et al., 2023) is used as the labeled source collection and
S8754 (Xu et al., 2024) as the target collection whose labels are withheld during training.
The two collections differ in data source, curation workflow, and sequence filtering, making
source-target distributional shift plausible. We define majority and minority subgroups
by assay environment: near-neutral-pH assays (pH 6-7) are substantially more represented
than acidic-pH assays (pH 1-5). This distinction is important because the measured AAG
can depend on experimental conditions. Hence, a model dominated by near-neutral assays
may not transfer reliably to the acidic-pH subgroup.

The same structure appears not just in biomedical applications. In remote sensing,
labels may be sufficient for well-surveyed regions or common land-cover types, but scarce
for rare habitats or imagery from new sensors. In industrial reliability assessment, failure
labels are often available under standard laboratory protocols, but limited under extreme
operating conditions or new production lines. These examples share the same structure:
labeled outcomes are available in a related source population, target labels are unavail-
able during training, and the target population contains subgroups with both sample-size
imbalance and different outcome models. Therefore, model heterogeneity and sampling dis-
parity are not simply descriptive features of the data. If they are ignored, a transferred
model or decision can be dominated by the majority subgroup, leading to biased and poor
minority-subgroup prediction. In addition, naive borrowing from the majority subgroup
can harm the minority subgroup when the subgroup-specific outcome models differ. These
challenges motivate domain adaptation methods that explicitly account for target-subgroup
heterogeneity, sample disparity, and negative transfer protection.
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1.2 Related literature

Recent work relevant to our setting has studied two distinct issues: source-target covariate
shift and outcome-model heterogeneity across related domains or subgroups. Covariate shift
is a central challenge in domain adaptation and is often addressed by importance weight-
ing, including kernel mean matching (Huang et al., 2007) and robust weighting schemes
under strong shift (Reddi et al., 2015). In the broader machine learning literature, feature
alignment methods provide another important class of unsupervised domain adaptation
approaches. For example, CORAL (Sun et al., 2017) reduces the domain discrepancy by
aligning second-order feature statistics without using target labels. Pseudo-labeling meth-
ods instead exploit unlabeled target samples by generating surrogate labels for target do-
main learning. Recent theory has studied this idea for kernel ridge regression (Wang, 2026;
Kim et al., 2025). A related statistical line combines importance weighting with outcome
imputation in doubly robust estimating equations (Chakrabortty et al., 2019; Liu et al.,
2023; Qiu et al., 2024; Tian et al., 2024; Zhou et al., 2025). These methods improve robust-
ness to nuisance model misspecification, but are mainly designed for homogeneous target
cohorts and low-dimensional target models, whereas our setting involves high-dimensional
sparse target models and imbalanced heterogeneous target subgroups.

Beyond covariate shift, the heterogeneity of the outcome model poses challenges to
domain adaptation. Knowledge-guided transfer methods address this issue by assuming
structural similarity between outcome models across related domains or tasks. Examples
include source-guided shrinkage (Bastani, 2021), Trans-Lasso and its extensions (Li et al.,
2022; Tian and Feng, 2023; Li et al., 2023), and semi-supervised transfer learning with
covariate and model shift (Cai et al., 2024). In a related high-dimensional setting, Trans-
Fusion (He et al., 2024) addresses covariate and model shifts through a fused-regularization
strategy. These methods are effective for model shift problems, but generally require la-
beled target data or treat the target population as homogeneous. Thus, they do not directly
address our label-free target setting with subgroup imbalance.

Several recent works study domain adaptation problems with multiple sources. Specif-
ically, Zhan et al. (2024) and Guha et al. (2025) combine heterogeneous sources using
individual probabilistic weights. Li and Zhang (2025) formulate domain adaptation with
complex structures as a problem of tensor completion. These works are conceptually re-
lated because the four source/target—subgroup pairs in our setting can be viewed as distinct
distributions. Our problem setup is more structured and asymmetric than in the existing
work. Specifically, our target is the high-dimensional sparse model for the underrepresented
target subgroup; the corresponding labeled source data are used for domain adaptation
without labels in the target; and the majority subgroup is used only as auxiliary knowledge
whose transferability must be assessed. Existing multi-source domain adaptation methods
do not directly address subgroup imbalance, target labels unavailable for training, high-
dimensionality, and potential negative transfer simultaneously.

Our work is also related to source-free domain adaptation, where one adapts a source
model to an unlabeled target domain without direct access to the source data (Wang et al.,
2024). This literature is motivated in part by storage, privacy, and deployment constraints.
Our setting differs in both data access and inferential target: we use labeled source data
together with unlabeled target data, and our goal is to estimate a subgroup-specific target
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parameter rather than only to adapt a black-box source predictor. Nevertheless, source-free
and multi-source domain adaptation raise related questions about when and how informa-
tion should be transferred, and we discuss possible extensions of our setting in Section 7.

Finally, our theoretical framework is related to model-assisted semiparametric estima-
tion with complex nuisance models, particularly in the context of conditional models and
heterogeneous treatment effects (HTE). Recent works have extended the double machine
learning (DML) framework (Chernozhukov et al., 2018) to this setting, including Fan et al.
(2022) and Semenova and Chernozhukov (2021) for low-dimensional effect modifiers with
high-dimensional adjustment covariates, Kennedy (2023) for smooth or sparse HTE struc-
tures, and calibrated or debiased inference under model misspecification (e.g., Kato, 2024;
Baybutt and Navjeevan, 2026; Tan, 2020). However, these methods are not applicable to
our setting involving a high-dimensional sparse target model under covariate shift, where
we seek both robustness to nuisance model misspecification and tolerance to slow nuisance
convergence. Simultaneously achieving these is technically challenging due to the difficulty
in controlling regularization bias and establishing asymptotic linearity.

1.3 Our contribution

To mitigate the methodological gap in domain adaptation for targets with heterogeneous
and imbalanced subgroups, we study a practically important and technically challenging
problem that involves three interrelated difficulties: (1) covariate shift between the source
and target domains, (2) sampling disparity and model heterogeneity across subgroups within
the target domain, and (3) high-dimensionality of the outcome model. These challenges are
further compounded by the lack of target labels available for training. To address them,
we propose a new framework for domain Adaptation to targets with heterogeneous and
IMbalanced Subgroups (AIMS). AIMS simultaneously delivers doubly robust covariate shift
correction, knowledge transfer between target subgroups, and negative transfer protection
within a single unified approach for high-dimensional target domains without outcome labels
available for training.

Methodological contributions. AIMS consists of three components, each addressing a
specific challenge that prior work cannot handle jointly:

(i) Doubly robust covariate shift correction with bifold debiasing (Algorithm 1). AIMS
combines importance weighting and imputation in a doubly robust estimating equa-
tion, then uses bifold bias correction, consisting of nodewise Lasso debiasing and
moment calibration, to remove regularization and nuisance estimation bias. A sub-
sequent thresholding step recovers ¢s-consistency. Existing doubly robust covariate
shift methods (Liu et al., 2023; Zhou et al., 2025) are restricted to low-dimensional
outcome models.

(ii) Knowledge transfer from magority to minority through thresholded contrast estimation
(Algorithm 2). AIMS transfers knowledge from the majority to the minority subgroup
without using target labels for training. It uses the majority model as an “offset” and
estimates only the subgroup contrast. When this contrast is sparse, the minority
estimator gains accuracy by borrowing information from the majority subgroup. This
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differs from existing knowledge transfer methods in the model shift setting (Cai et al.,
2024; He et al., 2024), which require labeled target samples.

(iii) Label-free negative transfer protection via model ensemble (Algorithm 3). AIMS pro-
tects against negative transfer when the subgroup contrast is dense and the major-
ity cannot help in learning the minority model. It constructs a dense and debiased
reference vector and uses cross-fitting and exponential weighting to aggregate the
minority-only and knowledge transfer estimators. Existing negative transfer protec-
tion methods (Tian and Feng, 2023; Cai et al., 2024) compare candidate estimators
using labeled target data, which is unavailable in our setting.

Theoretical contributions. We establish three main results that demonstrate the theo-
retical advantages of AIMS over the existing work. First, our calibrated estimator is model
doubly robust. The closest comparator, Zhou et al. (2025), establishes a similar property
but only under a low-dimensional outcome model, and their analysis does not extend to our
error rates when the dimension diverges. Second, for the estimation of the minority model,
AIMS matches, under a mild nuisance error condition, the rate of supervised knowledge
transfer methods that use target labels for training (Tian and Feng, 2023; He et al., 2024;
Cai et al., 2024). Third, our adaptive estimator achieves the faster of the two convergence
rates of the minority-only and knowledge transfer estimators, up to a negative transfer pro-
tection cost. This is comparable to existing work that requires labeled target samples for
model selection (e.g., Cai et al., 2024).

Practical relevance. By jointly addressing covariate shift, model shift, and sample im-
balance when target outcome labels are unavailable for training, AIMS provides a novel and
practical solution for fair and equitable domain adaptation. This is particularly relevant
in biomedical research, where minority subgroups often lack labeled outcomes, yet demand
accurate and fair risk prediction. Similarly, in protein engineering, available stability mea-
surements may be collected under heterogeneous and imbalanced experimental conditions.
In this scenario, variants relevant to the setting of the target design can be underrepresented
in training data and may lack reliable target-setting labels, despite the need for accurate
predictions of stability in the downstream design.

2. Formulation of the Problem

Let Y € R be the outcome of interest, R € {0,1} be the subgroup indicator (R =1 for the
majority, R = 0 for the minority), and Z = (X7, WT)T € RI*P be the covariate vector, where
X = (X1,...,X,)" is the vector of risk factors for predicting Y, with X; = 1 representing
the intercept, and W = (Wy,...,W),)" is the vector of auxiliary covariates that may be
informative about Y and the source—target shift but are not included in the final target
risk model. Both X and W can be high-dimensional. Throughout the paper, the terms
majority and minority refer to subgroup sample sizes rather than to the class distribution
of Y. The subgroup indicator R is assumed to be observed and may be determined by
an observed attribute, such as ancestry, sex, age group, or experimental condition. In our
formulation, R indexes subgroup-specific distributions and target parameters rather than
being treated as an ordinary component of X in a pooled model.
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Our primary goal is to construct a prediction model of ¥ ~ X for the minority (R = 0)
in the target population 7

E,[Y | X,R=0] = ¢(X"8"), (1)

where E,[-] denotes the expectation operator on T, g(-) is a known link function, and B[O]
is a high-dimensional and sparse coefficient vector. We do not require the working model

(1) to hold and define the population parameter B[O} as the solution to
E-[X{Y - g(X'B)} | R=0] =0. (2)

This solution corresponds to the ordinary least squares regression when g(z) = x and logistic
regression when g(x) = 1/(14e~7). The generalized linear form is used as a working target
model rather than a strict assumption on the true conditional mean. By (2), B[O] represents
the projection of the conditional mean onto the risk factors X. This choice is motivated
by biomedical risk modeling, where GLMs provide interpretable adjusted associations and
deployable risk scores. In high-dimensional and imbalanced settings, sparsity further yields
a tractable structure.

We assume Y is only observed in the source cohort S, not in the target 7, and observe
a dataset 7 = {D; = (S;Y;,Z],S;,R;)" : i =1,2,...,n}. Here, R; € {0,1} indicates the
group and S; is the source/target indicator (S; = 1 for S, S; = 0 for 7). The sample size
of each stratum is ng, := > . | I(S; = 1,R; = r) and n,, =y, I(S; = 0,R; = r) for
r € {0,1}, where I(-) is the indicator function. In addition, we use ng := ns, + ns, and
Ny 1= Ny, + Ny, to represent the sample sizes of S and T so we have n = ng + n,y. We
consider an imbalanced sampling scenario on both & and T where ng, > ns, and n,, >
nyro. A common example is that R = 1 represents the European majority ancestry group
and R = 0 represents the underrepresented African group. Other examples include better-
represented versus underrepresented protein families, mutation classes, or assay platforms
in protein mutation studies.

We assume that for (s,7) € {0,1}2, the samples of (Y, Z) are generated by

Y,Z|S=sR=r~pgzs—sr=r(2) Py|z,r=r(Y), (3)

where pz|s—s r—r(-) and py|z r—r(-) denote the conditional densities (or probability mass
functions, as appropriate) of Z given S = s, R = r and of Y given Z, R = r, respectively.
This defines a domain adaptation problem where, given R = r, the distribution of covariates
Z = (XT,WT)T is assumed to be different between S (source) and 7 (target), while the
conditional distribution of Y | Z, R = r is assumed to be the same. Thus, within each sub-
group, the source and target samples may have different covariate distributions, but share
the same conditional outcome mechanism given the full covariate vector Z. Conditional
on R = r, this is a typical covariate shift scenario frequently encountered in practice. For
example, EHR cohorts can vary in their coding systems and versions (Guo et al., 2021),
and, notably, MGB underwent a change in its coding system around 2015, resulting in dis-
tributional shifts of EHR features. Covariate shifts can also be caused by the variation of
demographic characteristics between different institutions or time intervals and the evolving
practice patterns of healthcare professionals (Braithwaite, 2018). In protein applications,
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covariate shift may arise from differences between assay platforms, experimental protocols,
protein families, or mutation distributions.

We introduce the density ratio hy(z) := pzjs—o,r=r(2)/Pz|5=1,r=r(2) to characterize the
covariate shift between the source and target within subgroup r € {0,1}. Under such an
assumption in (3), the conditional mean function m}(z) := E[Y | Z = z, R = r] remains the
same between S and 7. Nevertheless, we have E-[Y | X, R = 0] # Es[Y | X, R = 0] due to
the joint distributional shift of X and the auxiliary W. Consequently, directly regressing
Y against X on S will typically produce a biased estimator for the target B[O], regardless
of whether model (1) is correctly specified. Our first technical challenge is to correct this
bias when using labeled observations from S to estimate the model parameters defined on
T. Standard domain adaptation via importance weighting or imputation is challenged by
high-dimensionality and subgroup disparities.

Remark 1 In EHR studies such as the application in Section 6.1, X includes genetic vari-
ants and demographic variables to model disease risk'Y , while W contains EHR prozies such
as diagnostic codes and laboratory tests. The focus is on predicting Y using X rather than all
covariates in Z because the auxiliary W is not available at baseline, whereas biomedical dis-
coveries and deployment decisions are often meant to be based on baseline risk factors. More
generally, the distinction between X and W is determined by the scientific or deployment
target, not by their predictive strength. Auxiliary variables W may be strongly associated
with Y but excluded from the target model because they are derived from post-baseline infor-
mation, unavailable at deployment, or difficult to interpret. Such W can appear in diverse
domains. For example, in longitudinal clinical studies, W can include an early response or
endpoint, such as short-term biomarker changes or tumor response, which may predict the
long-term endpoint Y but may not be available at the decision time (Prentice, 1989). In the
industrial reliability examination, W may include accelerated stress-test readouts or early
degradation signals.

Usually, the distributional shift between the source and target populations, such as the
temporal shift in the clinical profile of the biobank participants, cannot be fully captured by
the difference in X. Thus, it is important to include auxiliary variables W to adjust for
their covariate shift and transfer the knowledge of Y | X, W from source to target, since
Y | X, R =0 can be inherently different between the source and target populations. For this
purpose, W is used directly in nuisance models for the density ratio and conditional mean,
while the final target model remains defined on X. Importantly, our framework also allows
for the case without auziliary variables: if no such W is available or needed, we set W = ()
and apply the same framework with Z = X.

The preceding discussion addresses source—target covariate shift within a fixed subgroup.
We next describe the second component of the problem: borrowing information from the
larger subgroup to improve estimation for the smaller subgroup while avoiding negative
transfer. Analogously to (2), we define the model coefficient in the majority subgroup of

T, B[l] as the solution to the equation:
E[X{Y —g(X'B)} | R=1] =0.

Due to the distributional heterogeneity between the two subgroups, B[l] and B[O} tend to
be different. The larger ns, and n,; can lead to a more precise estimate of BD] compared
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to B[O] learned with small minority samples. It is important to mitigate this disparity
and a tentative strategy is to leverage the estimate of B[I] as external knowledge to guide
the learning of B[O}. This is motivated by the observation that genome-wide associations
or models of a wide range of diseases and traits tend to have similar patterns between
different ancestry groups, as revealed in recent studies (e.g., Lam et al., 2019; Verma et al.,
2024). More generally, this motivates modeling the difference between subgroup-specific
target coeflicients as sparse: the two subgroups may share many active effects, while only a
smaller set of effects differs meaningfully. For these purposes, we introduce the assumption

87,8 e {8 180 < 51, 18” - BVl < Ropve 01}, @)

where [|3[|o represents the number of non-zero entries in the vector 8 and ||Bll, = >_, |55(°,
when v € (0,1]. Here, || - ||, corresponds to the exact (v = 0) or approximate (v € (0,1])

sparsity norm. sg) and Rs, represent the sparsity levels of the coefficients B[O] and the

difference between the two subgroups B[O] — Bm.
Since outcome models across sub-populations are presumed to be similar for most risk

(0]

factors, we expect Rs5, < sz when taking v = 0 as a special case. This promises an

efficiency gain by using B[l] to assist in learning ,B[O] in the underrepresented group, as their
difference is sparser and easier to estimate compared to B[O] itself. On the other hand,
given that 8[50} and Rs, are unknown in practice, our objective is to maintain adaptivity
and robustness to excessive model heterogeneity, i.e., the case where R;,, is large compared

to s%ﬂ]. In this scenario, the knowledge of B[I] can be non-informative or misleading to the

target parameters B[O], and it is desirable to avoid the potential negative transfer caused
by this. To facilitate understanding, the problem setup described above is illustrated in
Figure 1.

Source Target

z z
‘Majority | X w Y X w
‘Minority | X I w IY x| w

Figure 1: Structure of the observed data in our problem setup.
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3. Method

We first give a brief overview of our method. AIMS consists of three main components.
First, for each subgroup r € {0,1}, we construct a doubly robust estimating equation
to correct the source—target covariate shift using the density ratio and conditional mean
nuisance models. In this step, we apply a bifold bias correction to reduce both the regu-
larization bias in the target coefficient estimator and the first-order bias from regularized
nuisance estimation. The resulting dense debiased vector is then thresholded to recover
an fo-consistent sparse estimator. Second, for the underrepresented subgroup, we use the
majority-subgroup estimator as auxiliary knowledge and estimate the sparse difference be-
tween the two subgroup-specific models. Third, a final surrogate-loss-based aggregation step
protects against negative transfer when the majority model is insufficiently transferable.

3.1 Model-assisted domain adaptation for high-dimensional target models

Define the empirical mean operators on the source samples, target samples, and their union
for group r € {0, 1} as:

r]f —ns ZH r)f(DZ)ﬂ
E (D —nﬂz (Si =0,R; =7)f(D;), and

ESlrf(D) = (ns, +nr,)! ZH(RZ» = )f(Dy).

We specify the nuisance models for density ratio and conditional mean imputation as:
hy(z) = exp (qﬁ(z)Ta[T]) and m,(z) = b(gzﬁ(z)T'yM), where ¢ : RPT? — RY is a flexible basis
function of Z. For example, one could simply take ¢(z) = z or set ¢(z) as a concatenation of
non-linear bases of the components of z. More generally, ¢(-) may include nonlinear trans-
formations, interactions, splines, or fixed representations extracted from external models.
The vectors al”) and 4"l are the coefficients for the nuisance models that need to be es-
timated. The function b(-) is a prespecified, monotonically increasing link function, which
may or may not be the same as the link function g(-). Denote by ® = ¢(Z).

The nuisance models above are working models used for covariate shift correction and
outcome imputation. They are not intended to impose rigid linearity in the raw covariates,
since the feature map ¢(-) can enlarge the nuisance feature space. At the same time, the
sparse high-dimensional form keeps nuisance estimation feasible when the labeled source
sample is limited, especially in the minority subgroup. As shown below, the doubly robust
construction does not require both nuisance models to be correctly specified simultaneously:
the target estimating equation remains valid when either the density ratio model or the
conditional mean model is correctly specified within the working model class.

When m,(z) = m}(z), the target parameter B[r] is the solution to the following imputation-
based (IM) estimating equation: E[X{m,(Z) — ¢(X"3)} | R = r] = 0. If h,(z) = h}(z),
B[T] solves the importance weighted (IW) estimating equation: Egs[h,(Z)X{Y — g¢(X"3)} |
R=r]=0.
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Empirically, BM can be estimated using sample versions of these equations. However,

these simple strategies are prone to potential model misspecification. Specifically, the IW
method leads to inconsistency if the density ratio model h, is misspecified, and the IM
method fails when m, is misspecified. To overcome this challenge, we combine the two
nuisance models to construct a doubly robust domain adaptation estimating equation for

BM as
Eslhe(Z)X{m;(Z) =Y} | R=r] - E7[X{m,(Z) — g(X"B)} | R=7] = 0. (5)

Proposition 2 shows that Bm satisfies (5) when either the density ratio or imputation model
is correctly specified.

Proposition 2 When either hi(z) = exp (gb(z)Ta[T]) or my(z) = b(qb(z)T‘y[’”]), the target

parameter B[T] is a solution to the population estimating equation (5).

Motivated by this, we propose an empirical doubly robust loss function. Specifically,
given the two nuisance parameters al”) and 4] whose estimation will be discussed later,

we define the doubly robust covariate shift-corrected sparse regression for BM as:

~[r

I _ : Al A7) [r]
B —arggé}élqﬁr(ﬁ,a AT+ AT B, (6)

where the loss function is defined as

£,(B;al A1) = [BY'XT exp(@”al ) {b(@™1) — v} — EVXTb(@74) | 8+ BV G(X7A),

where G(a) = foa g(u)du, and A is a penalization parameter. We will present the op-
timal rate for all tuning parameters, including A!, in Section 4, with empirical tuning
strategies in Supplementary S.2.3. A summary of the theoretical orders and practical
tuning rules for all tuning parameters is also provided in Supplementary S.2.3. By con-
struction, EdgL,(B; al’l, 4[") matches the left-hand side of (5). Thus, by Proposition 2,
L, (8; a[r],'ym) is doubly robust to the misspecification of the two nuisance models in the
sense that B[T] satisfies its population first-order condition when either the density ratio
model or the conditional mean imputation model is correctly specified.

Motivated by the above-introduced construction, a natural strategy for the estimation
of B[T] is to first estimate a!”l and 4[") through regularized regression

&l =arg mdinEgLT{ps,Ts exp(®Ta) — pr (1 — S)® a} + A |||y
oaeR

7' =arg minEH{-Y @7y + B(®7y)} + M|
~Y€ER

(7)

where pr, = (ns, +nr,) /7., ps. = (s, +nr.)/ns,., Bla) = [ b(u)du, and /\Lf], )\,[;n]

are two tuning parameters, then obtain the preliminary estimator BM as

A" = argming, (8, &, 71 + A1), (8)

BeR4

10
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According to our above discussion, BM tends to be consistent when either the density ratio
or the conditional mean model is correctly specified. However, it is unlikely to achieve
a desirable convergence rate due to the excessive biases in al" and 'Nym introduced by
regularization; see Remark 8 for more discussion. To address this issue, we propose a

bifold bias correction approach. Denote by f)g] = E-[¢(X"3)XX" | R = r] and EAJ[[;] =

E[T][ (X"B)XXT™] where g(-) is the derivative of g(-). As the first fold of bias correction,
we address the bias caused by the regularization term in (8) through a one-step debiased
construction for each B][ﬂ = e}-,@m (je{l,...,q}):

Sl
all 4, (9)

where e; is the j-th unit vector in RY, B}m is the j-th element of B[r], (AZE-T]

Bl (@) = B - €95, (8"

eb,j

is a regularized

estimate of Qg-r], the j-th row of Qll — [E[i]] 71, and Og is the partial derivative operator
B

with respect to 3. To construct ﬁy], we use the nodewise lasso method proposed by Van de

Geer et al. (2014). See Supplementary S.2.1 for the detailed expression of ﬁgr].

This step only reduces the biases arising from the regularization on 3 in (8). In the
second fold of bias correction, we further mitigate the biases due to the excessive regular-
ization errors in & and ‘7[7"]. Our key idea is to further calibrate the two nuisance models
and make them satisfy the moment conditions:

E[0,05,(8"; a7 41 =0, QVE[0,05,(8" a7, 41 =0.  (10)

Under these two conditions, the first-order errors in !l and 4" can be removed through
concentration in the same spirit as Neyman orthogonality (Chernozhukov et al., 2018).

This motivates us to obtain the calibrated nuisance estimators as agﬂ = al + Ey]
'ygr] A 4 EET] with

EE] = argmlnELiTw[T]b(‘I’TN M F & &) + AL ”EHl

£eRd (11)
=7 . Sl Alr ~ [ ~|r r
& = argminELa] exp(@7a")G(¢: ) + A ¢
CeR
where @y] = ﬁLT]X and FI'l(¢; ) = ps. Sexp{®T(a + €)} — pr.(1 — S)®"(a + &),

G(¢&;v) = -Y® (v +¢) + B{®"(v+¢)}. The Lasso problems in (11) are designed such
that their Karush-Kuhn—Tucker (gradient) conditions empirically match our desirable mo-

ment conditions in (10). We then plug the calibrated ay] and 'y[r] into (9) for a bifold

bias-corrected estimator of each B , denoted as BD cbj = ﬁD ob; (€ Er],'yg }) We also denote

by B[DrLb = (A][g]eb Lreee ,5D b q) . The above-introduced covariate shift correction approach
is summarized in Algorithm 1.

Remark 3 Note that the weight @][-T] used in (11) may take negative values, which could
make the loss function in (11) irregular and ill-posed. To handle this, one can divide the

11
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Algorithm 1 Covariate shift correction with bifold debiasing
Input: 2" = {D; = (S,V;, X[, W], S;,R,)" : R; =, i € [n]};

1: Obtain the preliminary estimators &l and 3" by (7) and [ém by (8). This step fits
the initial density ratio model, imputation model, and target model coefficients.

2: For j =1,...,q: derive the form of the first fold bias correction for B][-T] by (9). This
step removes the leading regularization bias in the sparse target estimator.

3: For j =1,...,q: conduct the second fold calibration and obtain 'Ayg-r] and ag.” by (11).
This step calibrates the nuisance estimators to reduce first-order nuisance-estimation bias.

4: For j=1,...,¢ plug ﬁgﬂ and &Br] into (9) to obtain B\g}ebj = Bglbj(ag.’”]ﬁg”).

Output: The debiased coefficient vector ,B\[Dﬂeb = (Bglb L 7B][§}ab, q)T.

[r]

samples according to whether w;; is positive or negative and solve (11) separately on the
two subsets. Details of this stratification strateqy are presented in Supplementary S.2.2.

Although the bias-corrected ,/B\[Dr]eb is elementwise consistent for B[T] with a desirable

. U 3]
convergence rate, its overall {9-error H/BDeb - BM H2 does not converge to zero because Bpyy,

]

purpose of risk prediction, we further construct an £s-consistent estimator for BM through
a thresholding and sparsifying approach:

. ATl . . . . .
is dense whereas B[ is sparse, so its {5 error can accumulate with the dimension g. For the

] alr r
Brhr = {Thre(B][DLb,ﬁT[ ])} (12)

j:17"'7q’

where Thre(z,c) = 2I(|z| > ¢), and 7" is a tuning parameter. In Theorem 6, we prove the
ly-consistency of ,/B\[Tﬂhr and its convergence rate. As discussed above, we also comment in Re-
marks 7 and 8 that B[%n]hr is substantially more robust to regularization errors in the nuisance

estimators compared with the preliminary estimator BM. For practical implementation, 7"
is chosen on the theoretical scale derived in Theorem 6; practical tuning details are provided
in Supplementary S.2.3, and sensitivity analyses are reported in Supplementary S.3.3.

3.2 Adaptive knowledge transfer between the subgroups

~[0
The construction of ,B[TLr enables us to borrow information from the source minority popula-
tion, which may still suffer from high variability due to small sample size. Thus, we propose

~[1
a knowledge-guided transfer learning procedure using the majority group estimator 6[TLr to
aid the estimation of 3 O Similar to recent work such as Li et al. (2022), our approach relies
on the presumption that 6 = B[O} — B[l] is sparser and easier to estimate well than B[O], e.g.,
~[1
Rs, < Sg)] when v = 0 in (4). The idea is to take B[T]]m as a baseline (offset) and estimate
_ ~[1 _
the difference term ﬁ[o] — ,Bif}hr instead of ,8[0] through thresholding and sparsifying. This

strategy is beneficial when the majority and minority target models share most relevant
predictors, but it may be harmful when their difference is not sufficiently sparse, i.e., when

12
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it is denser than the target coefficient vector itself. The details are described in Algorithm
2.

Algorithm 2 Majority-knowledge-guided thresholding estimation

~[0
Input: The debiased coefficient vector IBI[D}eb obtained by implementing Algorithm 1 on

~[1
the minority group, and the sparsified estimator ,B[TLr obtained on the majority group
using (12).

~

Output: Knowledge transfer estimator ,@Q}Tr = B[%Lr + 8 where § = (31, oo 0g)T,

;S\j = Thre (ﬁl[glbj — B’[Il‘}]lrj’ TK“) and 7k, is a tuning parameter.

As shown in Section 4, when & is sparser than B[O}, Algorithm 2 effectively leverages
knowledge from the majority group to improve the estimation of ,B[O]. However, if § is

denser than B[O], ie., Bm differs significantly from B[O}, ﬁg]ﬁ given by Algorithm 2 could

be less efficient than the minority-only estimator Bll(ﬂ)]hr, suffering from negative knowledge
transfer. In this sense, negative transfer refers to the case where majority-guided borrowing
worsens estimation relative to the minority-only estimator.

To prevent this, we propose a novel negative transfer protection approach that ensures

the final estimator for B[O] is no worse than B[TO]]M up to an additive detection error, and is
adaptive to the unknown transferability level between the two sub-populations (i.e., sparsity
level of ). For similar purposes, recent work such as Tian and Feng (2023) uses held-
out samples from the minority group to select between or ensemble the minority-only and
knowledge transfer estimators. However, such a strategy is not directly applicable to our
case due to the absence of labeled data on the target site 7. To handle this challenge, we

introduce Algorithm 3 that relies on a surrogate loss @(,8[0}; B%ﬂeb) = H Bl — Bg]ebH; to

~[0

evaluate the accuracy of B[O]. In this formulation, the dense vector Bp,;, can essentially be
viewed as a coordinatewise asymptotically normal and approximately unbiased reference
vector and thus serves as an appropriate criterion for model selection. The data splitting in
Algorithm 3 ensures that the dense debiased vector used for evaluation is constructed using
samples independent from the candidate estimators being compared. We demonstrate this
point more rigorously in Lemma 12.

In Algorithm 3, we split the minority data and obtain two independent bias-corrected

~[0 ~[0 ~[0
dense vectors, ﬁ][DLbJ and ﬁ][DLbQ. One of them, say B][DLbJ, is used to derive the sparse
~[0 ~[0
minority-only estimator B[TLr’l and the knowledge transfer estimator BL]Tr,l' Then, the
~[0

other one 16][D]eb72 is used to ensemble these two estimators through the surrogate loss function

~[0
o ,Byebg). We use cross-fitting to leverage the two folds more effectively. For ensembling,
we use the exponential weighting strategy (e.g., Dalalyan and Tsybakov, 2007) with some

~[0
prespecified temperature parameter a > 0 in (13). When a = oo, ,BEX]IMSJC will be the one

-0 ~[0 ~
chosen from ,BEFLL,C and BETL,,c that has a smaller loss Q evaluated against the debiased
vector from the other fold of data. For finite a > 0, the exponential weights provide
a smooth aggregation between the minority-only and knowledge transfer estimators. In

13
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Algorithm 3 Protect against negative knowledge transfer
Input: 2l = (D, = (S;Y;,X],W],S;,R)": R =1, i € [n]},7 =0, 1;
1: Randomly split the minority data 2[% (including both the source and target samples)

into two disjoint sets @[o] and 92[0] of equal size.
2: Implement Algorithm 1 on @[ I to derive ,@Deb i for k= 1 2 and on 2! for BDeb
: Implement thresholding on the dense vectors to obtain BThnk for k =1,2 and ,BThr.

3
. . Al ~[0] -
4: Implement Algorithm 2 with By, and Bpg, ;, to obtain By, for k= 1,2.
5: For k = 1,2, aggregate the estimators as

~[0]
Bamnvis k = wk,@Thr pt+(1— wk),@KTr s

*GQ(BThr,k;ﬁDeb,s—k) (13)
where w;, =

~ ~[0]

~ 0] =0 .
e~ 2Q(BThr, IwBDeb 3-k) + e_aQ(ﬁk]Tr,k?:@][)]eb,iifk)

Output: The final AIMS estimator IBAIMS = (,BES]IMS 1+ EES]IMS,Q)/Q.

practice, a is fixed at a prespecified value; tuning details are provided in Supplementary
S.2.3, and sensitivity analyses are reported in Supplementary S.3.3. Theorem 13 establishes
the adaptivity guarantee for the hard-selection limit ¢ = oo; finite-a variants are smooth
practical aggregators evaluated empirically.

4. Theoretical Justification

To introduce the key sparsity assumptions and the convergence results, we define the
population-level model parameters as follows. Let a&l’l = arg minEgs{exp(®'a)|R = r} —

acRd
E{®"a|R = r} and A"l = argminEs{-Y®"y + B(®™v)|R = r} be the population-
~ERE
level preliminary nuisance model coefficients. For j = 1,...,q, let dy] =all + %“E-T] and
’S/g-r] = ’_YM + Z’y] be the population-level calibrated coefficients corresponding to equation
(11), where
Eg = argm;n {ES {7?]6(‘1;'7[’”}) exp{® (" + &)} | R= 7‘}
R
Eg = argmmES{ ]Hexp(@ a™mge; 4™ | r= r} .
¢eRd
and w}r] = QBT]X. If the density ratio model is correct, we can show that EE-T] = 0 and

all = dy] for all j. Similarly, if the imputation model is correct, we can show that (:'ET] =0
and Al = "_yg-r] for all j. Define S[ﬁr] = supp(Bm) and s[r] |S[r = HBM‘

or and let

14
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Sgi

:/[T‘]‘
of the target and nuisance model coefficients, respectively. Since the nuisance parameters
] _

nui,v

= maX{Hd[T]HO, 0 MaXje (1, g} HQBT] Ho} to represent the (exact) sparsity levels

Eg-r] and ég-r] are defined through the reweighted regression in (14), we introduce R

maxi<;<q max{HEy}Hv, HE’ET]HU} for an arbitrary v € [0, 1] to accommodate both the exact
(i.e., v = 0) and approximate sparsity (i.e., v € (0,1]) regimes. In addition, we define
Rs, = HBM - B[l]”v = ||6]|, for any v € [0,1] to characterize the model heterogeneity
between the majority and minority sub-populations on the target. Again, our analyses
cover both the exact and approximate sparse & scenarios.

We use a, = o(by) if limy o0 an /by, = 0, ap, = O(by,) if limsup,,_, |an/by| < C for
some constant C, and a,, < b, if a, = O(b,) and b, = O(a,). We denote convergence in
probability by % and convergence in distribution by B Fora sequence of random variables
Zp, we use Zy, = op(ay) if | Z,|/ap £ 0and Zyn, = Op(ay) iflime_soo limsup,, oo P(|Z,,/an| >
C) =0. Let n, = ng, An,, = min{ng,,n,,}, and assume ngo = o(ng1) and n, o =
o(n, 1), i.e., the minority sample sizes are much smaller than the corresponding majority
sample sizes.

We begin by justifying the robustness and effectiveness of the model-assisted covariate

shift correction step in Algorithm 1 and its subsequent thresholding estimator B[Tﬂhr First,
we introduce Assumption 1, which states that at least one nuisance model is correctly
specified. This assumption is referred to as the model-doubly-robust assumption in the
semiparametric literature (Smucler et al., 2019).

Assumption 1 Forr € {0,1}, either hj(z) := pzjs—0,r=r(2)/Pz|5=1,R=r(2) = exp{¢(z)Tal"l}
ormi(z) =E[Y | Z =2, R=r] = b{¢(z)"4"} holds.

All technical assumptions are presented in Supplementary S.1.1 and are standard in
the literature on high-dimensional inference (e.g., Van de Geer et al., 2014) and doubly
robust inference (e.g., Tan, 2020). In summary, Assumption S.1 rules out heavy tails and
singularity in the predictors X and nuisance covariates ®. In this assumption, we introduce
K > 0 such that | X;||cc < K for all i € {1,...,n} with probability approaching 1, where
[(#1, . 2g)|loc = maxjeqy,. gy |2j]. For bounded designs, we have K = O(1) and for
Gaussian or sub-Gaussian design, K = O[{log(¢)}/?]. Assumption S.2 imposes sparsity
constraints on sm, 51[11]117 RE;]li , and Rj,, ensuring they are not excessively large relative to
sample sizes. These constraints are crucial for the consistency of the nuisance and target
model estimators, as in the sparse GLM literature (Wainwright, 2019). Assumption S.3
imposes regularity conditions on link functions g(-) and b(-), which are satisfied in broad
GLM settings. Assumption S.4 specifies the optimal tuning parameter rates.

Under Assumption 1 and Assumptions S.1-S.4, the convergence results for ﬁg], BM,

and {ag.’"]ﬁgﬂ} are established in Lemmas S.1, S.2, and S.3; see Supplementary Section

S.1.1. We then use these results to establish the properties of each bias-corrected estimator
][;]eb j in Lemma 4.

Lemma 4 Under Assumption 1 and Assumptions S.1-S.4, for r € {0,1}, we have
Bhtny = B = —9)195L,(8"; &) A} + 1],

J J
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where —n %ot ase, (8" a0, 31T B N(0,1), 02, = n,Var{Q 95, (8" &l 4171 =

T ] n J 7" ] n
1, rjm =0p(A,), r rll = (T‘[lr], e ,r[ ]) denotes the vector of coordinatewise remainders, and
K5 [r] + S[T] log(q 1 1—v/2
Ar _ ( nui ) ( ) I KRI[:’L]HU { Og(q)} ) (15)
ny ’ ny
In Lemma 4, we derive the asymptotic expansion 5Deb = BJ[-T] + €; + bias;, where ¢; is

a mean-zero stochastic term with variance of order 1/n,, and bias; stands for a bias term
P~ ~y

free of any first-order errors from the nuisance estimators aj and 5 v;"- Thus, 5Deb ;s
insensitive to the nuisance errors. This point will be further discussed in Remark 7.

1/2

and asymptotic normality of Bglbj in Lemma 4. This rate is also not required for the sub-
sequent convergence theorems. Nonetheless, under modemtely stronger sparsity conditions

si 55 = o[m/?/{K? log(q)}] and I = o(ny' ™" /[K{log(a)}'~/2]), ny*(BEL, ;

nui vV

Remark 5 Assumption S.2 alone is not sufficient to guarantee the n, '~ convergence rate

ﬁj[-r]) will converge to a zero-mean normal distribution, enabling the interval estimation for

)

. . Slr] Air]

Although Lemma 4 establishes elementwise convergence for Bpe, = (Bpep, 13- - - BD b q) ,
it can still fail to achieve £s-consistency, i.e., H B[DrLb — B[r] H2 = 0p(1). As pointed out at the
end of Section 3.1, this is because 3][;Lb is dense, so its estimation errors can accumulate as
q increases. This motivates us to employ the thresholding procedure to obtain B[;Lr The

¢1- and /9-convergence rates of 3[;1” are given in Theorem 6.

Theorem 6 Under Assumption 1 and Assumptions S.1-S.4 with 7"} = C’{\/log(q) (nr_ /2

Ar)}, where C' > 0 is a sufficiently large constant, we have H,[AB[TT]hr - ,B[r]Hl =0, (SMT[T])

Alr] alr Tl [y
and ||Bry, — B[l = O, (y/s5170).

Remark 7 The error term A, defined in (15) encodes the impact of the nuisance estimators

on the convergence rate of ﬂDeb] and B[;}hr If A, = O(n _1/2) then the rate in Theorem
6 matches the oracle rate for sparse estimation of ,8[ I Particularly, when v = 0 and
K =0(1),

(s + 55+ Bon) og(9)

L

A, =0

which has an n; ' factor rather than an n;1/2 factor. Hence, A, = o(n;1/2) provided that

the parameters are sufficiently sparse, i.e., (3[ "] m + RI". ) log(q) = o(niﬂ).

nu1 nui,0

Remark 8 Recall that our preliminary estimator B[r] is also based on a doubly robust for-

mulation but does mot include the calibration steps 2 — 4 in Algorithm 1. Unlike BEELN it
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does not remove the first-order nuisance-estimation error {s[ri]li log(q)/n}/?; see Lemma
S.2. This implies that our proposed calibration steps can effectively reduce the sensitivity to
errors in the nuisance estimators, which is in a similar spirit to the rate-double-robustness
property studied in Kennedy (2023). Nevertheless, Kennedy (2023) does not establish any
model-double-robustness analogous to our Assumption 1.

Zhou et al. (2025) also established model-double-robustness while correcting the bias
from the two nuisance functions. However, their analysis is restricted to a low-dimensional
outcome model (i.e., q is fived) and does not extend to the error rates in Lemma 4 and
Theorem 6 when q diverges. For fized q, the rate in Lemma /4 is comparable to that in
Theorem 1 of Zhou et al. (2025); in this low-dimensional setting, the lasso penalty used to
estimate BM and the subsequent lasso-based debiasing step are no longer necessary.

In the following results, we establish the convergence rates of the knowledge transfer

~[0 ~[0
estimator ,Bk]rﬁ and the final estimator ﬁEX]IM& showing their potential improvement over
L . 0]
the minority-only estimator By, .
Lemma 9 Under Assumption 1 and Assumptions S.1-S.4, suppose that 7"l is of the or-
der given in Theorem 6 for r € {0,1} and Txn = C’{\/log(q)(nal/2 + A)}, where A =

max,cfo,1} A, and C > 0 is a sufficiently large constant. Then we have ||3 — 8|1 =
Oy [ l10g(a)/m0} ™2 Rt and |18 = 812 = O [{log(a) /mo} /ARy 1.

Lemma 9 is an important intermediate result for the estimation error of § = B[O} — Bm.
Based on this lemma, we derive the fo-convergence rate of the knowledge transfer estimator
in Algorithm 2 in Theorem 10.

Theorem 10 Under Assumption 1 and Assumptions S.1-S.4, with 7'} for r € {0,1} and
Tkt Of the orders given in Lemma 9, we have

[0]

HBKT —B[O]H =0y w
r 2

—v/4
L)

{sl] log(q)}"* (n* + A1) + Ry (g + A)

(16)

~[1
The first error term in (16) arises from the majority estimator ,B[TLr and the second term
corresponds to the error of § given in Lemma 9. We discuss the potential efficiency gain
from the knowledge transfer step in Algorithm 2 in Remark 11.

Remark 11 For simplicity, we consider a scenario where & is exvactly sparse (v =10), sg] =
S[BO]’ st = s “ana RUL < RO uich implies that A1 = o(Ag). When Rso = 0(3[0]),

nui nui’ nui,v nui,v’ B
i.e., the difference § is sparser than the target model coefficients, Theorem 6 and Lemma
~ ~[0
9 imply that the ratio of the la-convergence rate of & to that of B[T]hr is (R(;,O/sg)])l/2 =
~[0
o(1), indicating efficiency improvement of the knowledge transfer estimator ,Bk]Tr over the
o . 0]

minority-data-only estimator By,

Our knowledge transfer between the majority and minority subgroups does not rely on
target labels. Despite this, under the additional assumption A, = O(n?l/z) forr € {0,1},
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~[0

the error rate of BETr is comparable to the standard transfer learning rate obtained when
ng labeled target observations are available. This comparison applies directly to supervised
transfer learning methods (Li et al., 2022; Tian and Feng, 2023; He et al., 2024), and is
also aligned with the intermediate result in Theorem 1 of Cai et al. (2024) after accounting
for the additional density ratio estimation error in their analysis.

Nevertheless, in a slightly simplified setting where A, = O(n, Y 2) for r € {0,1}, Theo-

~[0 ~[0
rem 10 shows that the rate upper bound for ,8£<]Tr can be larger than that for ,Blfhr whenever
sgﬂ/s[ﬁl] = o(ng/n1) or sg)] =0 (R(;,U{log(q)/no}_”/z). This phenomenon is referred to as
negative knowledge transfer. To avoid this issue, we propose the model selection Algo-
~[0
rithm 3 to obtain the final estimator BEA}IMS and justify its effectiveness below. We begin
~[0 ~, [0

with Lemma 12, which shows that the ,@][DLb—based loss function Q(ﬁ; B][:)]eb) offers a good

approximation of the ideal model selection criterion ||3 — B[O] Hg

Lemma 12 Under Assumption 1 and Assumptions S.1-S.4, we have @(,@;B][;)Lb) = |8 -
B[O]H; + 2(B - B[O])T(g + Rem) + Cy, where

£ = {0V 05L0(8%: & 4"y, 05,8 &l 40T

is a mean-zero empirical process satisfying ||€|lsc = Op[{log(q)/n0o}'/?], Rem denotes the
remainder approximation-error term satisfying

IRem||oc = Op[{log(g)}"/* Ao,
and Cy is independent of 3.

As discussed in Remark 7, the term Rem, whose £, norm is controlled by {log(q)}"/2Ay,
captures the second-order influence of nuisance estimation errors. Meanwhile, the term

2(8 — B[O])TE can be controlled by the concentration of £. Combining this lemma with
~[0

Theorems 6 and 10, we derive the convergence rate of the final estimator ﬁ‘[q]IMS in Theorem

13.

Theorem 13 For the hard-selection version of Algorithm 8 with a = oo, suppose that
Assumption 1 and Assumptions S.1-S.4 hold, with 7" for r € {0,1} and 1«1 of the orders
given in Lemma 9. Suppose additionally that the remainder vector from Lemma 4, computed
on each fold, satisfies ||TE[])€])||OO = Op(Ag) for k € {1,2}. Then

1Btvis =B, = Op{ (1B = B, 7 1Bicne = BY)|,) + Detectr},

with the detection error term DetectErr = [{81/2( S Ap) H,@][Q]Tr ,3[0 H2 + H,@[q(ﬂ)LT -

B[O]H2)}1/2} , where sq = Op{sg]] + Rso (T A 7ier) 7). When A, = o(nr %) forr € {0,1},
we have

[r]
_ s, lo 1/2 _ 1 1/2—v/4 1/2
DetectErr = O, [ 111/2710 1/2 max {ﬁng(q)} + 561/2710 1/2{ Oi(q)} R;/ﬂ

T 0 ’

re{0,1}
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If, in addition, v =0 and Rso = o[{no/log(q)}*/?], DetectErr = op(nal/4).

~[0
Theorem 13 shows that the ¢9 error of BEA]IMS is controlled, up to an additive detection
error incurred by model selection in Algorithm 3, by the better of the two candidate error

~[0
rates: the error rate of the knowledge transfer estimator ,@ETr and the error rate of the

~[0
minority-only estimator /@[TLr. The detection error is governed by the effective support size
sq of the difference between the two candidate estimators, the minority estimation scale

n61/2 + Ap, and the distance between the two candidates. When v = 0, A, = o(n;1/2),

and Rso = o[{no/log(g)}'/?], this additional cost is op(nal/4).

Similar target-data-splitting-based procedures are employed in Tian and Feng (2023),
Cai et al. (2024), and related work to protect against negative transfer. These procedures
use target labels, whereas our detection step is implemented without observed labels in the
target sample. In particular, the procedure of Cai et al. (2024) also incurs an additional
selection cost of order n, U4 on the {5 scale for adaptive selection between the knowledge
transfer estimator and the target-only estimator.

5. Simulation Studies

We conduct simulation studies under three related data-generating mechanisms. Across the
three settings, the sparse linear components are fixed, and the majority-group coefficients
are generated as local perturbations of the minority-group coefficients. This creates a regime
in which majority-to-minority transfer is plausible, but not guaranteed to outperform the
minority-only estimator. For r € {0,1}, we consider the following three settings:

Setting I: ~ P(Y =1|2Z,R =r) = expit{ 2™y},
P(S=1|2,R=r)=-expit{Z al};

Setting I: ~ P(Y =1|Z, R =r) = expit{ Z"" + uy (Z)},
P(S=1|Z,R=r)=expit{Z al},

Setting III: P(Y =1|Z,R=r)= expit{ZT'y[’"]},
P(S=1|2,R=r)=-expit{Z al + ug(Z)}.

Setting I is the correctly specified reference case. Setting II tests robustness when the out-
come working model is misspecified but the density ratio model remains correctly specified,
whereas Setting III reverses this pattern by misspecifying the density ratio model while
keeping the imputation model correctly specified. Exact coefficient vectors, perturbation
functions, and full data-generating formulas are provided in Supplementary S.3.2.

We set ¢ = 100, ns,; = 2000, and ns,; = 3000. The primary target-unlabeled minority
sample size is n,r, = 2000; the additional cases n,, € {1000,3000} are reported in Sup-
plementary Table S.4. The main results are organized around two one-dimensional grids.
Along the sample-size axis, p = 400 and ns, € {300,400, 500,600}. Along the dimension-
ality axis, ns, = 400 and p € {50, 100, 200, 400,800}. Unless otherwise stated, the AIMS
implementation follows Algorithm 3 with C; = 2 in 71"l = C,{log(¢)/ns.}*/?, bootstrap
quantile ¢, = 0.8 with B = 500 Gaussian multiplier bootstrap draws for the calibrated nui-
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sance and transfer thresholds, and aggregation temperature a = 5. Performance is measured
by the squared /5 error |3 — B[O] 3.

These choices define a moderately imbalanced high-dimensional reference design. The
majority strata are larger than the minority source stratum, reflecting the sampling regime
for which transfer from the majority group can be useful but must be protected against bias.
The two main grids vary the minority labeled-source sample size ns, and the auxiliary-
covariate dimension p separately, while keeping the target-model dimension ¢, the minority
target-unlabeled sample size n;,, and the majority sample sizes fixed. The algorithmic
constants C, ¢,, and a are used as default tuning values for the main comparison; Supple-
mentary Tables S.7 and S.8 report sensitivity analyses for ¢ and C;, Supplementary Ta-
ble S.5 reports ablations of the minority-side, majority-guided, and aggregation-temperature
variants of AIMS, and Supplementary Table S.6 reports the majority-side estimator perfor-
mance.

We compare AIMS with three groups of benchmarks. The first group consists of single-
nuisance covariate shift estimators derived from the estimating equations in Section 3.1.
Importance weighting strategy (IW; Supplementary S.3.1, Algorithm S.1) estimates the
minority source-to-target density ratio and then fits the working target model using an
£1-penalized weighted logistic loss on labeled minority-source observations, following the
classical covariate shift correction idea (Huang et al., 2007). Imputation strategy (IM, also
referred to as pseudo-labeling; Supplementary S.3.1, Algorithm S.2) estimates the minority
conditional mean, evaluates it on minority-target covariates as pseudo-outcomes, and then
fits the same working target model on the target covariate distribution. IW and IM use only
one of the two nuisance models in the doubly robust estimating equation (Chakrabortty
et al., 2019; Liu et al., 2023; Tian et al., 2024). IW,ass0 and IMypasso replace the ordinary
£1 penalty in the final target-model fit by an adaptive weighted ¢; penalty, while IMgrr and
IMxgp replace the parametric conditional mean fit in IM by random forests and XGBoost.

The second group contains transfer and distribution-alignment baselines. Since Trans-
GLM (Tian and Feng, 2023) requires labeled observations from the recipient population,
it is not directly applicable to our unlabeled-target setting. For comparison, we use the
source-labeled adaptation in Supplementary S.3.1, Algorithm S.3: the labeled minority-
source sample is treated as the recipient sample, and the labeled majority-source sample
is treated as the auxiliary source sample. TransGLM;y, further weights these two labeled
samples by the estimated source-to-target density ratios to account for covariate shift. We
adapt TransFusion (He et al., 2024) in the same transfer format, using labeled minority-
source data as the pseudo-target task and labeled majority-source data as the auxiliary
task. CORAL (Sun et al., 2017) is used as a minority-only distribution-alignment baseline:
it aligns the second-order covariance structure of the labeled minority-source covariates
to that of the unlabeled minority-target covariates before fitting the sparse logistic target
model. The third group contains diagnostic AIMS variants: AIMSin_o is the minority-only
thresholded estimator from the covariate shift correction step in Algorithm 1, AIMS ;¢ is
the majority-guided transfer estimator from Algorithm 2, and the aggregation-temperature
variants correspond to the final negative-transfer-protected aggregation in Algorithm 3.
For readability, the main figures focus on AIMS, IM, 14550, TransGLMjy, and TransFusion;
complete numerical comparisons are reported in Supplementary Tables S.2 and S.3.
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Figure 2: Simulation performance along the minority source-sample-size axis, varying ns
with p = 400 and fixed n;, = 2000. Points show empirical mean squared ¢
errors and error bars show one standard error across Monte Carlo repetitions.
Across the displayed methods and grid points, the empirical standard deviations
are all below 0.30 (standard errors below 0.03).
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Figure 3: Simulation performance along the dimensionality axis, varying p with fixed ns, =
400 and ny, = 2000. The horizontal axis is displayed on a log scale with tick
labels at the original p values. Points show empirical mean squared fo errors
and error bars show one standard error across Monte Carlo repetitions. Across
the displayed methods and grid points, the empirical standard deviations are all
below 0.30 (standard errors below 0.03).
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Figures 2 and 3 show that AIMS is consistently the leading or near-leading method
among the plotted competitors across the three nuisance-model regimes. The gap relative
to IMa1,ass0 1llustrates the gain from using both the imputation and weighting information
rather than relying on the imputation component alone. The improvement over TransFusion
is most visible in settings where direct transfer is sensitive to the source-target covariate
shift. TransGLMjy is the closest external competitor in several cases, but AIMS remains
more stable across the sample-size and dimensionality axes. The overall pattern supports
the role of the calibrated nuisance correction and the adaptive transfer-protection step in
high-dimensional covariate shift settings. To check that the comparison is not specific to
binary outcomes, we also repeat both grids under a continuous Gaussian outcome model;
the results are reported in Supplementary Tables S.9 and S.10.

6. Real Data Analysis

6.1 Genetic risk model for type 2 diabetes

Type 2 diabetes (T2D), a common chronic disease characterized by insulin resistance and
relative insulin deficiency, places a substantial economic and social burden on society. In
the United States alone, the total estimated cost of diagnosed diabetes reached $412.9
billion in 2022 (Parker et al., 2024). Accurately predicting the risk of developing type 2
diabetes is crucial for early intervention, prevention, and reducing the long-term health and
economic impacts associated with the disease. Extensive genetic studies have suggested that
genetic factors play a significant role in the risk of T2D and that some non-White racial
groups including African Americans and Hispanic and Latin Americans have a higher genetic
predisposition to T2D (e.g., Mercader and Florez, 2017; Mahajan et al., 2018; Armstrong
et al., 2024).

In our study, we aim to use EHR-linked biobank data from Mass General Brigham
(MGB) biobank (Castro et al., 2022) to derive genetic risk prediction models optimized for
underrepresented populations by transferring knowledge from the majority population. On
the one hand, both the demographic variables and single nucleotide polymorphisms (SNPs)
X and the EHR features W are readily available for all MGB biobank patients. On the
other hand, the gold-standard label for the T2D status, Y € {0, 1}, has only been collected
for a subset of ngs, = 375 for the majority (White race) and ns, = 77 for the minority
(non-White race) patients, whose medical records were manually reviewed in a biomedical
study in 2014. In this study, to obtain gold-standard labels for multiple phenotypes more
efficiently, patients with International Classification of Diseases (ICD) codes for several
phenotypes, such as rheumatoid arthritis and coronary artery disease, were sampled and
reviewed simultaneously, leading to sampling that was not completely at random. The
target data comnsist of n,; = 5000 and n,, = 1000 patients drawn from the MGB biobank
participants with their EHR features updated in 2021. Importantly, the EHR system at
MGB, as well as its ICD version, changed around 2015. Thus, the shift in EHR and genomic
features between the source and target samples can be attributed to both variation in the
sampling method and the difference in the time window of data collection.

Our goal is to construct a genetic risk model for the T2D status Y using the high-
dimensional demographic and genetic variants X € R?72. To adjust for the distributional
shift between the source and target samples, we include 66 EHR features denoted as W, con-
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sisting of T2D-relevant diagnostic and procedure codes provided by Hong et al. (2021) and a
measure of total health utilization. The two nuisance models are fitted on Z = (X", WT)T
which is clearly high-dimensional given the labeled sample sizes ns, and ns,. A vali-
dation dataset V is created by randomly selecting and labeling 47 individuals from the
target minority population solely for evaluation; these validation labels are not used for
model fitting, nuisance estimation, tuning, or transfer learning. To measure predictive per-
formance, we calculate the following metrics on V: (1) Brier skill score (BSS), defined as
1—I/E3V{Y— g(X73)}?/ \//'a\ry(Y) for some estimator 3, where Ey, and Vary respectively denote
the empirical mean and variance operators on the validation samples; (2) a deviance-based
goodness-of-fit score (GOF), defined as one minus the empirical mean Bernoulli deviance on
the validation data: 1—2Ep{-YX"8+G(X"3)}; and (3) area under the receiver operating
characteristic curve (AUC) of the predictor ¢g(X"3) on V. We report BSS and GOF to-
gether with AUC because these metrics capture complementary aspects of probabilistic risk
prediction: AUC measures discrimination, whereas BSS and GOF assess calibration and
deviance-based likelihood fit. In this binary-outcome analysis, all methods are evaluated
through predicted probabilities g(XT3) € (0,1) on the same validation set, so larger BSS
and GOF values indicate better probabilistic predictive fit rather than ranking performance
alone.

Following our simulation studies, we applied AIMS together with several representative
baselines to construct the T2D risk model for the minority target subgroup, including
IW, IM, IMxgp, CORAL, adapted TransFusion, and the phenotyping-based benchmark
IMphenorm- Here IMxgp uses XGBoost-generated pseudo-outcomes in the imputation step,
CORAL aligns labeled source covariates with unlabeled target covariates before sparse
logistic regression, and TransFusion is adapted from He et al. (2024). Additionally, we
incorporated two unsupervised phenotyping algorithms, PheNorm (Yu et al., 2018) and
MAP (Liao et al., 2019), for comparison. We implemented these two algorithms with
the EHR features W on the unlabeled target-minority covariates and used their imputed
phenotypes as outcomes to regress against X. This strategy is similar to the IM approach,
and we denote the two benchmarks as IMppenorm and IMyap. Full results for additional
benchmark variants, including adaptive-Lasso versions, RF-based imputation, TransGLM
variants, and IMyap, are reported in Supplementary Table S.11.

We evaluated the performance of these methods on the validation set V', with results pre-
sented in Table 1. AIMS achieved the best performance across all three evaluation metrics
among the representative baselines. In particular, it substantially improved calibration-
oriented performance relative to IM, increasing BSS from 0.23 to 0.36 and GOF from —0.02
to 0.16, while also attaining the highest AUC of 0.89. Among the representative baselines,
IMphenorm, IM, IMxgp, and TransFusion achieved relatively strong discrimination, but
each yielded clearly worse BSS and GOF than AIMS. The full supplementary comparison
in Table S.11 leads to the same overall conclusion.

These results also provide diagnostic evidence about the role of the proposed compo-
nents in the T2D application. The source and target samples differ in chart-review design,
calendar time, and EHR coding system, making source-target shift plausible; the EHR-
derived variables W therefore provide adjustment information not captured by the genetic
covariates X alone. The largest gains of AIMS over IM occur in BSS and GOF rather than
only in AUC, suggesting improved calibration of target-minority risk probabilities. In con-
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trast, CORAL and adapted TransFusion have weaker BSS and GOF, indicating that feature
alignment or source-labeled transfer alone is insufficient for this high-dimensional, subgroup-
imbalanced setting with target labels unavailable for training. Because gold-standard target-
majority labels are not available in the current T2D evaluation set, direct majority-side
predictive evaluation is not feasible for this application; the full target-minority benchmark
comparison is therefore reported here and in Supplementary Table S.11.

AIMS Iw M IMxgs CORAL TransFusion IMpheNorm

BSS 0.36 -0.11 0.23 -1.07 -0.11 0.01 -0.20
GOF 0.16 -0.85 -0.02 -1.46 -0.88 -0.25 -0.45
AUC 0.89 0.64 0.81 0.81 0.62 0.81 0.82

Table 1: Predictive performance of representative T2D risk models evaluated on the vali-
dation data. Full benchmark results are reported in Supplementary Table S.11.

6.2 Prediction of mutation-induced Gibbs free energy changes

Protein thermodynamic stability is commonly characterized by the Gibbs (un)folding free
energy AG, while mutation-induced stability changes are correspondingly quantified by
AAG, the difference in AG between the mutant and wild-type proteins. Accordingly, AAG
is directly relevant to protein engineering and functional variant assessment. Our applica-
tion study uses two curated protein-stability datasets. S8754 (Xu et al., 2024) is a large-
scale AAG resource containing 8,754 single-point mutations across 301 proteins, compiled
from ProThermDB (Nikam et al., 2021) and ThermoMutDB (Xavier et al., 2021) through
extensive cleaning and manual verification. S461 (Herndndez et al., 2023) is a cleaned
benchmark subset retaining 461 single-point mutations with corrected annotations. Since
S8754 and S461 were assembled under distinct curation pipelines and benchmark-oriented
de-redundancy was used during dataset construction, nontrivial source-target distributional
shift is to be expected in this setting.

Whereas standard supervised studies typically train on S8754 and evaluate on S461, the
present analysis targets the labeled-scarce transfer learning regime studied by AIMS. We
therefore treat S461 as the labeled source cohort and S8754 as the target cohort. The AAG
labels in S8754 are withheld throughout model fitting and used only for held-out evaluation.
To construct the subgroup structure required by AIMS, we discretize assay conditions into
coarse environment bins based on pH and temperature, as experimental assay conditions are
known to significantly affect measured AAG values (Vetriani et al., 1998; Tollinger et al.,
2003; O’Brien et al., 2012; Leuenberger et al., 2017). In our analysis, the majority subgroup
consists of mutations measured at pH 6-7, and the minority subgroup consists of mutations
measured at pH 1-5. Both groups are restricted to the common temperature range 20—
30°C. The resulting datasets contain 78 observations in the source minority subgroup, 237
in the source majority subgroup, 677 in the target minority subgroup, and 4,140 in the
target majority subgroup.

For feature construction, both the wild-type and mutant sequences are encoded using
the pretrained ESM-2-650M (Lin et al., 2023) model, and each mutation is represented by

24



DOMAIN ADAPTATION TARGETING HETEROGENEOUS AND IMBALANCED SUBGROUPS

the difference between the final-layer CLS token embeddings of the mutant and wild-type
sequences. These representations are pooled across source and target samples, standardized,
and reduced by principal component analysis. The 300 principal components are retained
as downstream covariates. Since no separate auxiliary covariates are available in this appli-
cation, we set W = () and Z = X, so the same feature vector serves both as the target risk
factors and as the nuisance covariates for covariate shift correction.

We then apply AIMS to the minority subgroup using labeled minority-source data and
unlabeled minority-target covariates, while borrowing information from the majority sub-
group. We report the final AIMS estimator with built-in negative transfer protection, and
compare its performance with several baselines including importance weighting, imputation-
only estimators based on linear, random forest, and XGBoost pseudo-outcomes, CORAL,
adapted TransFusion, and TransGLM with and without importance weighting. All methods
are evaluated on the target minority subgroup using held-out ground-truth labels, and per-
formance is summarized by root-mean-square error (RMSE), mean absolute error (MAE),
Pearson correlation, and Spearman correlation, with results presented in Table 2. When a
method collapses to essentially constant predictions on the target minority subgroup, the
correlation measures are undefined and are therefore reported as “—”.

The results in Table 2 show that AIMS achieves the best performance on all four met-
rics. For point prediction accuracy, AIMS achieves the lowest RMSE (2.67) and MAE
(1.90), with CORAL as the closest competitor (RMSE 2.69, MAE 1.92). The advantage is
more pronounced for rank-order prediction: AIMS achieves a Spearman correlation of 0.27,
compared to 0.19 for TransGLM, 0.16 for TransFusion, and 0.14 for CORAL. Methods in-
cluding IM, IMgp, IMxagB, and TransGLM;,, collapse to essentially constant predictions and
yield undefined correlations. This indicates that naive imputation-based and heavily regu-
larized transfer estimators lose predictive signal entirely on the small and distributionally
shifted minority target. AIMS retains meaningful predictive structure even in this chal-
lenging regime, supporting the generalizability of the framework beyond the T2D biobank
application.

For predictive performance on the target majority subgroup, Supplementary Table S.12

~[1
reports three versions of AIMS: the preliminary estimator ,3[ } (AIMSyyit), the dense de-

biased estimator Bglns&Deb (AIMSpense_Deb), and the final thresholded estimator ,@[%Lr
(AIMSty,). Within the target majority subgroup, AIMSp,;; yields the smallest RMSE
and MAE, whereas AIMSty,, attains the strongest Pearson and Spearman correlations.
AIMSpense Deb performs worst under the metrics RMSE and MAE, indicating that the de-
biased coeflicient vector is better interpreted as an intermediate estimator than as a final
prediction model. Relative to the minority-target results in Table 2, prediction on the ma-
jority subgroup is empirically easier, with smaller errors and stronger correlations. This is
consistent with the substantially larger labeled majority source sample.

7. Discussion

Unlike recent literature on doubly robust estimation with high-dimensional nuisance models
and low-dimensional target parameters (e.g., Tan, 2020; Zhou et al., 2025), our target
estimator is sparse-regularized and lacks asymptotic linearity, which makes calibrating the
nuisance models more challenging. Our debiasing step (9) addresses this issue and enables
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AIMS IwW IM IMgrr IMxge CORAL TransFusion TransGLM TransGLM;

RMSE 2.67 283 2.87 2.76 2.75 2.69 3.00 2.79 2.82
MAE 1.90 2.06 2.09 2.00 2.00 1.92 2.19 2.00 2.05
Pearson 0.14 0.09 — — — 0.03 0.09 0.04 —
Spearman 0.27 0.04 — — — 0.14 0.16 0.19 —

Table 2: Predictive performance of the AAG models evaluated on the target minority sub-
group using held-out ground-truth labels.

proper calibration, while the downstream sparsifying step removes error accumulated in the
dense debiased estimator. This approach can be generalized to other important settings,
such as estimating the HTE with high-dimensional effect modifiers considered in Kato
(2024) and others. Also, compared with existing work on knowledge transfer (e.g., Li et al.,
2022), we tackle a more challenging setup where target labels are unavailable for training,
and the debiased coeflicient vector obtained in the previous step is used as a substitute for
actual labeled samples in sparse regression and negative transfer protection. This makes
our method and theory in this part more technically involved.

In biomedical research and other fields, such as the social sciences, both covariate shift
and sampling disparity are prominent challenges that impede generalizable and responsible
statistical learning. For example, leveraging a clinical trial to infer treatment effects on
an observational cohort also entails covariate shift between the two cohorts (e.g., Colnet
et al., 2024), and age and gender disparities have been frequently considered in recent
studies (e.g., Ting et al., 2017; Ludmir et al., 2019). Though these two challenges often co-
occur in practice, existing analytical tools typically address only one at a time. Our work
fills this methodological gap by simultaneously addressing both challenges in a coherent
and complete framework, demonstrating potential for wide application. Finally, we note
several challenges in applying AIMS, including high computational costs, potential privacy
constraints, and extensions to multi-source settings. These warrant future research.
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Technical supplementary material to

Domain Adaptation Targeting Heterogeneous and Imbalanced
Subgroups

Appendix S.1. Theoretical Justification
S.1.1 Technical Assumptions and Lemmas
We use a,, = o(by,) if limy_y00 an /by = 0, an, = O(by,) if limsup,, , |an/by| < C for some
constant C, and a, < b, if a, = O(b,) and b, = O(a,). We denote convergence in
probability by % and convergence in distribution by B Fora sequence of random variables

Zp, weuse Zn = 0p(an) if | Zn|/an = 0 and Zy, = Op(an) if ime_eo imsup,, o P(|Zn/an| >
C) = 0. For sequences of random variables a,, and b, we write a, <, by, or equivalently
by >p an, if Pa, < b,) = 1. Let n, = ng, An,, = min{ng,,n,,}, and assume
ngo = o(ng1) and n,.o = o(n, 1), i.e., the minority sample sizes are much smaller than
the majority sample sizes. The sub-exponential norm of a random variable X is defined as
| X ||, = sup;>1 tH{E(X[H)}/E Note that || X||y, < C; for some constant C1, if X is sub-
exponential. The sub-Gaussian norm of X is defined as || X||y, = sup;>; t=V2{B(| X)L

Note that || Xy, < C2 for some constant Co, if X is sub-Gaussian. Let Igﬂ ={i: R =
r, ;=14 T8 = {i .1 Ry =7, S; =0}, r € {0,1}.

Assumption S.1 We assume that

(1) X; follows a sub-Gaussian distribution with max; j(|X;;|) = Op(K), and max;(||®;|~c)
is finite.

(i1) For r € {0,1}, all matrices listed below have eigenvalues that are bounded above
and bounded away from zero: ELT]{XXT}, Eg]{XXT}, s = Sg%"] , E[;]{@QT},

Eg} {exp(q)Ta[r})(I)(I)T}7 Eg}{b((I)T,V[T])q)(I)T}7
B @@ exp{@T (@) + &) @oT]

and El [wﬁ“b{@(ﬁ[’”] +€§T])}eXp(@Ta[T1)M>T} .

(i1i) There exists a constant Cy, > 0 such that, for r € {0,1},

min min wl[.’".] > Cy
1S4 jegl)

with probability tending to one.
Assumption S.2 We assume that for r € {0,1}

(i) log(d) < 1log(q), n.o=0(n..), t € {S,T}, and ng, < n .
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(ii) KU + 58 log(q) /nr = o(1), [|B" |1y = of v/ /Tog(q) }, and maxi<j<q Q] =
0(1), forr—O,l.

(i13) Eg-r] and éy] are L, sparse, i.e., HEET}HU <RI and HC[T]HU <RI

nui,v — nul,v’

satisfying RLTH]i’v{log(q)/nr}1/2*”/2 =o0(1).

(iv) & is L, sparse for some v € [0,1] and |8, < Rs,, where 0 < Rs,, = O[{no/log(q)}'~*/?].

for some v € [0, 1]

Assumption S.3 We assume that

(i) Functions b(-) and g(-) are non-decreasing, and for any u and v € R, there exists a
positive constant L such that |b(u) — b(v)| < Llu —v| and |§(u) — §(v)| < Llu — .
(i1) max, 1) exp(|8]all]) = 0,(1) and max, exp{|®](al + €/} = 0,(1),

€4 1<i<q
for r € {0,1}.
(iii) There exists a constant Cy < oo, independent of n and q, such that

rsrgﬁ)X}IIY My (Z) ||y, ey, 5=

v HY—b@ I
rse{0,1) @7
0<j<q

p(@ 5 — gx7a"
vr,snelﬁ)ﬁ}H (@'9;) —g(X'B7)
0<j<q

Po|R=r,S=s

< OY7
2 ‘R:TWS:S

where ﬁg] = '7[7"].

(iv) For each r € {0,1}, with probability tending to one, the empirical loss L,(-) satisfies
the restricted strong convezity conditions (Loh and Wainwright, 2015), relative to the
population target [3 "l The corresponding curvature parameters are uniformly bounded
away from zero, and the tolerance parameters are uniformly bounded, over r € {0, 1}.

Assumption S.4 We assume that for r € {0,1}, the tuning parameters satisfy

(i) )\[] = K./log(q)/n r, for j = 1,...,q, where )\H is the tuming parameter in the

nodewzse lasso defined in Supplementary Section S . 1;
(i) N, AL AL N AT < Jlog(a) /e, for =1,
Lemma S.1 Under Assumptions S.1, S.2 and S.4, we have
Aalrl ~ L7 T r
19" = QI = 0, { K2(s5! + 5L log<q>/nr},

A[T} —~ |7 T
195" = Q)3 = 0, {55! + 51 tog(a) /|
and

{1 @)Y = 0, {6l + sEl st}
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_dl

where s the nodewise residual variance estimator defined in Supplementary Section
S.2.1. Moreover,

A&l st r r r r [r] r .
(@) Q| < 8 Q) QT2 A (21 21 (&t -all).
Proof Lemma S.1 can be proved using Lemma S.2 and Theorem 3.2 in Van de Geer et al.
(2014). |
Lemma S.2 Under Assumption 1 and Assumptions S.1-S.4, we have

~[r] Alr T
18" = B3 = 0, { (s + skl 0g(a)/m |
and .
18" = 8" = 0, {(s5 + sE)viogta) /s
Lemma S.3 Under Assumptions S.1-S.4, we have
. R K'(shhs +si)log(a) 1 flog(@))'"*
& - a3 + 157 - 51 = 0, [ 2L {2,
ks ~|T — T ks T 1 l T 1 lgv
& — s+ 157 = 4l = 0, [K‘*( o { B2 PR ] .

S.1.2 Proof of Proposition 2
Proof We have
BBIL (3: )] =Eelexp(@a X (W@ V) [R=r]
+ Er[X{g(X"B8) — b(@Ty")} | R = 1] |
When mj(z) is correctly specified, i.e., m#(z) = b(¢(z) ™", we have that
Eslexp(® a™MX{b(@y") - Y} | R=r]=0

and B[T] is a solution to E+[X{g(X"8) — b(@™y[} | R = r] = 0 according to its definition

and the equality

E, [X{g(X"8) — (@'~} | R=r] =E, [E,[X{g(X"B) — H@"4")} | @, R = ]| R=1]
=E; [Er[X{g(X'B)-Y}|® R="r]| R="]
=Er[X{g(X'B) Y} [ R=r].

When hr(z) = exp ((;S(Z)Tam), we have

Bolexp(®"al )X (0(@T1) — (X)) | R = 1] + B, [X{g(X'B) ~ b(@"A)} | R=1] =0,

and, at B8 = B[T], the remaining term Eg [exp(@Ta[T])X{g(XTB[T]) -Y} | R=r =

ET[X{g(XTBM) —Y} | R = r] = 0, showing that A" satisfies (5). As a result, (5) is

a doubly robust estimating equation for B[T]. |
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S.1.3 Proof of Lemma S.2
Proof By the convexity of £,(8; &, 3 + Al"||8||1, we have

[r]

05, (8" & 53" — gy £ A, < A1,

where

d r ; O > T T =lr T T
DLy (B; o) — “ffﬂ""” — B exp(@T o)X (Vi b(®17)}—BIX, (b(@ 1) —g(XI0)}.

We further have

~[T’] ~[r] ~[r Al ~[r [T] T r ~[7"}
(0L (B @l ATy — 95,8 &l A, (B — By + A3,

< — 9pL, (8" & (A" — B + A8, (5.2)
where
0aLs 5 _a,2,.(B": & 1), (B -y = B gxT3" —gxT 3y xT (BBl
(OpLe (B &, 3 —0p,(8; ), (B =B7)) =Er {y(XiB )—g(X;B7)}X(B —-B).
We now deal with & and 3" in —8BCT(B[T];&[T],ﬁ[r})T(B[T] —B[T]). We have

[r]

~r r -~ —r Sl = =[r ~[r] Slr
—9pL,(B": &l FNT(B" - By = —9L. (B Al AN T(BT - BT 4 Vi 4 Va4 Th

where

Vi = B (@1t - o@ly (3" - g = el @1 - 41)x1a" - ),

7]

Vs = Bl {exp(®]al) — exp(@®]al)){y; — (@4 x7 (8" - 8
— B exp(@Ta"){y; — b(@T4) 1T (&l — alyx7 (3" - g),
Vs = B exp(@7al)) (@741 — (@5 x7(3" - )

= ~[r]\j * —[r ~[r ~[r] alr
= El exp(@]a")o(@] ) @] (417 - 7[ hx7 (8" - B"),
and a* and v* are on the line connecting &!! and &l"l, and "1 and 417], respectively.
We then upper bound Vi, Vs, and V3 with high probability. For Vi, we have
1/2

~lr]

=[] ; T % T/ —[r /2 T T T
vi < [BYi@ry et - 9] [RY @ - 57y

[r]

T r T alr /2
<p Cray/si T [EVxT (87 - 82|

where C 1 is a positive constant.
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Since max, 1 exp(|®]all]) = Oy(1) and max, ) || @] is bounded, and [&
ets
all|y = O(s EAIA[T]) = 0p(1), then we have Max; i exp(®;a*) = Op(1). Hence, for V5, we
have
* r =[r 1/2 r ~[r] Slr 1/2
Vi < [Ed exp(2®] ){Y—b((I)T @@ - ety [ENxE" - 7)Y

_ 1/2
Sp Ca,l [7"] )\ |: 7”] {XT( - ﬁ[r])}Q ,

Ilul o

where C,1 is a positive constant.
For V3, we further decompose it as V31 + V3o, where

Va1 = B exp(@Tal)i(@!v") @l (77 — 3)x7 (3" - B

r T ST 1/2
Sp 07’2 [ ] )\[r] [E[ ]{XT( [r] /6[ })}2}

nu1 )

Vip = B {exp(@7al")) — exp(@]al) Ho( @) @] (71 — 3 x7 (8" — g

=i *\7] * —[r ~[r ~[r —[p 1/2 1~ r ~|r — [y
< [BY exp(2@]a’)h(@]) (@] (3 - 31 8] (@! - a2 T [BYx1E" - )y

)

]1/2

where C, 2 is a positive constant. Hence,

r =lr =T Slr 1/2
Vi <, 20,0\ sl [REXTB" - 31

Coming back to (S.2), we have

B gxra") - (XTﬁM)}XT( oy I ES\GIT:
< l196L, (B ), A1) 1B = BTy 4+ AT BT + Vi, (S.3)

where
T T 1/2 =ir ST Slr
V= Coa sl [BPO ™ - 8717] T+ { Vsl Condl) 20,000 } [ 7B - 5]

Furthermore, there exists a small enough positive constant Cg; < 1, such that ||9gL,(8""; I, glrl A oo <5
C’B,l)\[r] by Bernstein’s inequality and a union bound. Then by (S.3), we have

r ~Ir] r ~[r] Slr rlnAalr
D+ 8" <, CoaAB7 = B+ A8 )+ va, (S.4)
where e
D =B {3(X]8")(3 BWX x7(8" - ")y,
and 8" is on the line connecting B[T] and ,@
By the triangle inequality,

[T]

T T r T 3l 3"
AINE ) gl < NTE) gl + ANB = B gl
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and

<L PN 5l s alr]
A8 - )(S[ﬁrl)cHlS)\HH(ﬁ )(Sg1)c||1+>\ull(ﬁ )(S[ﬁr])clll,
we obtain

[7"]

r ~[r] Alr r Slr
D (1= Co)NB™ = B ool <p2ANB™) g+ (L Co)ABT = B gl + Vi

—(1+ Cy)A)(B" —d“)sguh + Vi,

The last equality holds because S[ﬁr] = supp(B[T]). Equivalently, we obtain

[r]

D+ (1= B = B <, AT (B — BT gl + Vi

~lr]

We now have two possible cases by comparing x2A" (8" — B [T]) gl and (1—x)Vi, where
5

constant y € (0,1). We either have

(=0 {D+1-CraB" =B} <, 2B B ol (85)

or

r N[T] AT
WD+ (1= CoA 8" - 8"} <, Vi (S.6)
When (S.5) holds, since D > 0, we have

(1= CoNB" = B <, (12020 B" = B gl
and consequently
18" =B <, Call(B” = B) g < Coasly 1" — BV,
where Cj 3 is a positive constant. By Assumption S.3(iv), we have
187 B3 = 0, {502}, and B - B = 0, (s5AM).

When (S.6) holds, since A"l < Al =< )\[T] V/1og(q)/n,, there exists a positive constant
Cp 4 such that

i _
1-Cs1 <p CﬁA{ E@M + /st (IBEXXT — BUXXT |12 v BV XGXT - BV XGXTINE ) ¢ -
gt

Since SE?H = o{\/n,/log(q)}, Bernstein’s inequality and a union bound show that there
exists a small enough positive constant

Cp5 < (1 - C3,1)/(205.4) A Coa\ Amin(E") /2
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such that, with probability tending to one,

max

Co.ay/ sl (IBEXXT - EIXXT |2 v IBYXXT - BPXXT|1/2) < Cas

Hence,
] alr alr
18" = B2 = 0,118 - B3,

Moreover, by the standard local restricted strong convexity condition, we have

rl . * ~I[r] Slr
D > A BV {g(XI 89X X8 - B2
Slrl . * - * ~[T] alr
— IEP{g(XT8)XXT} — EX{(XT8) XX HlmaxB" — B}
NM >lr
>, Cs6llB" — B2,

where Cg¢ is a positive constant. Since (1 — Cg,l))\[T]H,BM - B[T]Hl > 0, we also have

D <, C/sEIAL + /sl 3" = g,

where C' is a positive constant. Consequently, we obtain

1B = Bl = 0, (VA + Vsl

~[r — [y . [r] )\[7"] 2
Hﬁ”—ﬁ”ul:op{sﬁl( L }

In conclusion, we have

and

M 2

3 s _ ST r +ST- r r r
BB = 0,0 4 SO + S5

and

[7]\2 [r]\2
=l S N A (Aa')? + (A
18 —ﬂ”!1——0p<[])\[]+ LLW)

S.1.4 Proof of Lemma S.3

[r]

Proof Recall ag?"] —a;) = alrl — gl _|_E 5 "l When the density ratio model is correctly

specified, then Egﬂ = 0, and dy] =all for j =1,...,q. We allow EB] to be soft sparse,
and it can be approximated well by a sparse vector. Let 7 > 0 be a threshold and define
the threshold subset

Sy ={k € {L,...,d} : [(€] )] > ).
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NG

In practice, samples are divided according to the Slgn of W, =, X, and the two cali-

bration problems are solved separately for { j + and £ ], Under (iii) in Assumption S.1 and

(S.9), w m > 0 and w[ BN Cy > 0 uniformly over ¢ and j with probability tending to one.
The Same error rates can be obtained when applying the stratification strategy described in

Supplementary S.2.2, using similar proof techniques as those for Lemma S.7 in Zhou et al.
(2025).
Since the loss function

Eglra; b(@ A FE al) + AL gl
is convex in &, we have

[r]

Bl allo(@75) o5 exp{@7(@1 + &)} — pr, (1 - 5)] @@ -&7)+ A& I < A IEY .

After a simple rearrangement, we have

r v ~Jr] 3l ] el]
DiE & a5 3 A e,
< — B, @l @) [perS exp(@T @+ E)} — (1 - 5)] 87E — €)) + AL IE 1,
(S.7)
where

T r r N[T}
D](EJ ’E[ [] ng )
[r]

—&llg [r]b(q; [r)[exp{(I,T( r]+5 )}_exp{qﬂ(a[’“wégﬂ)} (&

J

We first deal with &!!, 3" and B[ in DI, (5] ,£ al’l, U] BM). Recall that un-
der Assumption S.2, we have ||&" — all|; = O,(s Kl]n)\m) p(l) and 317 — 30|, =

O, (s I )\[r]) = 0p(1). Under (i) in Assumption S.1 and (i) in Assumption S.3, there exists a

nul
positive constant c,,1 such that

max @] (all - al) <p Ca,1, and max b(@IM) — b(®75M)
i€l i€zl

= op(1). (S.8)

By Lemma S.1, under Assumption S.2, we have Hﬁgﬂ—ﬁy]\h O, {KQ( ) 4 sl )\ 1og(q)/n, }

nui

op(1). By (i) in Assumption S.1 and (ii) in Assumption S.2, we have

max @] — alf| = 0, { K3(sf + s v/log(@)/nr } = 0,(1). (5.9)
y (S.8) and (S.9), under (iii) in Assumption S.1, we have

id

DiE" & &l 3 3"y > o pi €], € aln 5, g, (S.10)

34



DOMAIN ADAPTATION TARGETING HETEROGENEOUS AND IMBALANCED SUBGROUPS

where c¢ 1 is a positive constant, and

[r]

D& & al 4, 3™ = Bl allb(@5") [exp(@™ (@l + &) - exp(@7 (@l + €))7 — €.

Second, we deal with &', 3 and 8" in B}, @l (@731") [ps. S exp{@ (@ + €]}~ pr.(1-9)] .
We decompose
o] Sl g T[] T(=[r] [r] gl )
~ BEL oM@ ) |ps S exp{@ (@ + €70} - (1 - 9)| @7(E - &)
—TE € 1+ T+ Ty 4 T, (S.11)

where

To = BEL ol (@31 |pr. (1= 8) = ps, Sexp{@™(a + €/} | @

7 = Bl (@70 [exp(@T (@ + &)} - explen@! + )] (€ - &fre.

T, = B ol (@3 -b(@"5 )} [or, (1 - 9) - ps, Sexp{@" @ + &)} € -€l)a,

Sl 2l

75 = Bl e, 7@ — Q) Xb(@741) [pﬁ(l — 8) — ps.Sexp{® (&l +§§“)}} & —€re,
and

ol

" r T T ~|r lr <z
Ty = Be (@)X (@3 ~b(@3)} [pr..(1 - 8) - ps, Sexp{@T (@l + &)}] (€] €)@

Note that by (S.8), for each i there exists u; € (0,1) such that

exp{®] (@l + €]1)) - expl@] (@) + &)}
—exp[@] {wadl + (1 - u)all + €/} |(al - &) e
= exp{®] (& L 5[’“])} exp{(1 — u;)®7 (NM _ d[r])} ‘(d[T] _ a[r])Tq,i

<peet exp{@](al) + €1y} ((am - a[f‘l)Tcp,-‘ . (S.12)
By (S.12) and the Cauchy—Schwarz inequality, we have

~ir . [y . B B iy 0 1/2
T < e (B @2 (@) expl@T(al] + &) H (@ - alyrey|
<p cea{ K222 2, (S.13)

1’1111
where

=Sl —[r =|r ~[r] =[r
Ty, = EY exp{@T (@l + €T} {(E] - €ye)?,

and c¢o is a positive constant. The last inequality holds since max; ; ]71)1[;}] = Op(K),

max; b(®]4) = 0,(1), max; ; exp{®] (al"l + Ey])} = Op(1), which are implied by As-
sumptions S.1 and S.3.
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For Ty, we decompose it as T;l(gﬂ —¢ [.T]) + T 9, where
Ty = BV {b(@™31) ~b(@™41) 18— EL ol {b(@731) ~b(@74)} exp (@7 (@l +€0)) @
and
T = Bl (b5 b5} [exp (@ (@l + E]1)} — expf@" @ + E])}] € -€))a.

Under (i) in Assumption S.3, by the Cauchy—Schwarz inequality, we have
2l

T3, - &)
<1, [BP @22l - 4 e)?
472 [BE ) exp(@ (s + &)y r2A - Atrey]
<pleea K s AV (15 + 117, (S.14)

where Th3 = IE[;"]{(EET] = Eg-r])Tq)P, and c¢3 is a positive constant. By (S.12) and the
Cauchy—Schwarz inequality, under (ii) in Assumption S.2, we further have

Toz =0y [{K2s0, L2} 21

We then decompose T3 as Tg,l(g] - EBT]) + T3 9, where

T3y = B/ @) — o 1b(@"5)@ - EiNa)T - ol b(@™31) exp{ @™ (&l + €))} @
and
Tz = BEH @) -l }b(@'30) [exp( @ (@l + €]} — exp{@ (& + £7))] € -€))re
By Lemma S.1, under (ii) in Assumption S.1, we have

@ - &) <, {eearc (s + st os@ym @ - TR (5.15)

where c¢ 4 is a positive constant, and

" 1/2
Ty = o { (s + sl log(a)/mTua |

Further, by (S.9), we can show that |Ty| is bounded by a constant multiple of the upper
bound of |T»| proved above, with probability tending to 1.

Hence, by (S.7),(S.10), (S.11), (S.13), (S.14), and (S.15), there exists a positive constant
c¢,5 such that

e DIE €N al 41 B AL E L <, 11T lloclIES —EW||1+AEJHEWH1

Fees {KVE 4 sl toa(a)m ) @l 1 i)
(S.16)
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We then upper bound || T¢|oc with high probability. Since w[ ]b(<I>T'y[T])<I> from the target
population and w}r]b(QTv[r])eXp{‘ﬁT(a[T] + Eg»r )}® from the source population are sub-
Gaussian, by the definition of Egﬂ, Bernstein’s inequality, and a union bound, there exists

a small enough positive constant c¢ g, such that | Tollcc <p 0576/\3"]].. Hence, by (S.16), we
obtain

i 2l 2l ~p] <[] alr r Pl r r
cea DLE &M@l A, B L AT <, oA €S — €+ AL €N

+eg IS+ sl og(a) /e b (T 4 D)
(S.17)

By the triangle inequality,

r T r ~[r] =[r
NIEs, < A NE s, I+ ALIEY — €y, I,

and
[?“]

NIET — &gy < ALIE sl + A EM s 1,

we obtain

cen DL(E] €M alrl 1 B 1 (1= ce A IE — &)l
Sp%&"}H(E?])SgHﬁ(1+Cs,6)AK}H(§£-T]—EB )5l + e {5+ st oa(@)/m ) @+ D)
or equivalently,

[r]

cea DLET & &N 3, B 4 (1 = ce )T ET — €1y (S.18)

r =|r r =|r r 1 2 1/2
<21 E syl + 201 — &), s + e { K61 4+ sE L) tom(ay/m, } 7 (302 4 1),
Note that since E " is allowed to be soft sparse, ||(& T]) se|l1 can be nonzero.

We have two possible cases by comparmg X{Z)\KJ ||(££-T])5;; I —1—2)\[3{; | (ﬁj —Eg-r])gn |1} and
(I —x)ees {K4(s[ﬂ] + snm) log(q )/nr} (T. 214)2 +T11,/12), for a x € (0,1). We have either

. 1
XD, <p e {5+ sty tosta)/m, ) (@l 4 T, (3.19)
or _
(1 =)D <, AL ED e 1+ 20 @) = Elyg 1, (S.20)
where N .
Dl = cea DL(E, € alr) A1, B 1 (1 — e )ALl I8 — gl

When equation (S.20) holds, since ¢, D2 (5] ,gf], al’l 5 [T],IBM) > 0, we have

r on LI — r =[r r T
(1—ce) A=) el < 200—3) " AL ED ) s 1+ (1—) " (1 )AL € —E0 ), I
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By equation (43) in Negahban et al. (2012), we have
'A[T]—r —_rl =[] Alr A[T] =|r lo p+q =|r
DiEY &% al 51,8 > o8 - 1) - 0 BTy gl

for some positive constant C7 and Cy. Then by Theorem 1 in Negahban et al. (2012), we
have

2] i r r lo r r
I8 - €718 <, a1 + Carl] B @512 + 1€ s |

for some positive constant C'3 and Cy. By the proof of Corollary 3 in Negahban et al. (2012),
under (iii) in Assumption S.2, we have

1S, < RU

Ilul ’UT]

and .
1E) el < RYL o=

Setting n =< \/nr_l log(d) < \/nfl log(q), we have

RI {bg@}l‘””] . (S.21)

ny

~lr] =lr
1€, — €73 = o,

J

When (S.19) holds, since (1 — 0576))\([;]. ||EET] — EgﬂHl > 0, we have

Pl rl— _[r] Aalr — T
e DG € a1, B < xegs (KA + st to(a)/m, ) (3l 4 ).

Under Assumptions S.1 and S.3, we have

A[r} ~|T r
€ — €13 = 0, { K + sblos(a) /. }
and .
18 =& = 0, { K (55! + sl v Iog(@) /i }
In conclusion, we have

r r r r lOg q 1=v/2
jal - Pﬁz%%w%]HMmmeraﬁyfﬁ ,

r

and

i . . . 1 1/2—v/2
||a£]_&£]|’120p{ [] 1’1111 \/W+RL1]11U{ Oi(q)} :

T

Following similar derivations, under Assumptions S.1-S.4, we have

~r r r . , 1 17’0/2
I3 - P@:o{ﬁ%” ostayn, + A, {50 }

r
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and

T

~[r T T . 1 1/2—v/2
||v£-]—:r£-]ul=op{f<4 st 4 gl JWWLAW{ Oi@} |

|
S.1.5 Proof of Lemma 4
Proof Recall that
IpLr(Bs e y) = —EL exp(@Ta)X{Y — b(@T)} — EJX{b(@™) - (X B)},
and
03L,(8; o, ) = B g (XTB)XX.
We decompose
T Slr Slr] T [ ] T ~|r ~[r =|r ~[r ~[r]
Bk, — A =B — g+ e B exp(@7al)X{y —o(@3) )} + EPX{b(@77)) - 9(x78")) ]
=g - gy - e}ﬂ[’“]agmfi[’"}; a1 3+ + 1+ 1,
where .
T — —e]T (QT B Q[ﬂ) 9L, (B[ r]. 7?,’)’?])
T [ ] A T A T T’ T
-~ =l "’["”] r r r
T = —e] (n —ql ]) {%Er(/@ E],vﬁ ) = 0sL.(8" a4}
By Lemma S.1 and Proposition 2, there exists a constant ¢ > 0, such that
[l T r T
1] < lle] (@ = @) 19aL. (8" &, 31
<p CK2< Ir] Sgl]li)ilog(q).
We decompose T3 as To 1 + 152, where
—~ (7 [ ] ~|T| ~IT T T ~IT
Tp1 = —ejQ" {3 (8" 6 A — 9pL,(B"; J],’YE})}
1T s T T [T} 2l T x ~r] ~[r T ~|r ~[7"]
=~ o] 055,877 778" - B") - e (G35 al A - o8&l 7)) B

[r] [r]

5[T]+5T] T T](g _SM)(B _B[’”])
_e}Q[T]{ag L, (3 A[T} A[T]) 32£ (IB[T] 7"] A[T])}(B

J’J ’J

7] Slr
_18”)7
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Tho = —e; Ql {8g£ (ﬂ[r y],ﬁgﬂ) — 8BET(B[T]; dy},ﬁy])}, and 3" is on the line connect-
ing 6[ "} and ,6 . We further have

~Ir] a2l 1 = ~Ir] 2l
— 8"+ sup elQVIx; LE(xT (3" - g2

= 0, { (5§ + sl tog(a) m b+ 0, { K (5 + sl tog(a) /|

The last inequality holds under (i) in Assumption S.1, (ii) in Assumption S.2, (i) in Assump-

tion S.3, Lemma S.2, and ||f]m .S |lmax = Op{+/log(q)/n,} given the proof of Theorem
3.3 in Van de Geer et al. (2014).

Using the moment condition (14), under Assumption 1, (ii) and (iii) in Assumption S.2,
(i) in Assumption S.3, by Lemma S.3, we have

Slr Slr |7 "[ r
To1 — B+ BV < el @)1 |87 — SV al| B

|T2,2|SHI/EE‘[;}GJT-Q[T]XGXp(CI)T_m)i)(q)T_m)q) E[T] TQ[T]Xb((I)T [T‘ (I)H HA[T ,.—YET‘}Hl
B ej " X exp(@Ta]) (i — (@™} 2 o8 -
(q

r 1 r 1
=0, | K (s + 51, Og(q)ﬁtR”A {Og )}

nul) n nul,v
T3] < LEV eI QX |{@T(FY — 411112 = 0, (k|3 - 417)13),

T

where

|T2,4|Sﬁg]e}Q[T]Xexp{@T(A[f] g)!}b(@”[’"])@T( 5 27(@l! - ol
4 1EVeTQ X exp(@7al ){@T( Sy
=0 (KH"[T] "1HQ+KHAW H Ham W?)’
and
T3] < BT X expf| @7 (@) — T])\}]Y_b(q)TA (@@l — al)y?
+ IRl K oxp(@"alh 73! - 7 >||<I>T< a1 al)
= Oy(K &y’ - a3 + K| - [”H Ha j1||2>.

Since |T3| is bounded by a constant multiple of the proved upper bound of |T3| and |T3|
with probability tending to 1, Lemma S.3 gives

B, — A1 = a1l apc, (8 all A1)

L0, K°(sg ;] LAI)IOg( ) + KR {log(q)}lg] . (5.22)

nui,v
Ny Ny
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S.1.6 Proof of Theorem 6

Proof Since —e]T-QM gL, (Bm : dg.r] , ﬁgﬂ) is mean-zero and sub-exponential with sub-exponential
norms uniformly bounded for all j under Assumption 1, (i) in Assumption S.1, (ii) in S.2

and (ii) in S.3, Bernstein’s inequality and a union bound give

= [r Sl —[r] —[r IOg(Q)
i [—ej2 0L, (88 7] = 0, | [<4
By (S.22), we further have
500 4 (] 1—v
~lrl Alr _ K (S + Snui) log(q) r lo 2
B0, = Bl = O, | V/Iogla) |y /% + — + KA, {

Then by the proof of Theorem 4.3 in Battey et al. (2018), we obtain the results in Theorem
6.

S.1.7 Proof of Lemma 9

Here we consider a general scenario where B[O], 5[1]’ and 8 are all ¢, sparse, for a fixed
v € [0,1]. Note that there exist positive constants C' and ¢ such that

[0] 0]

= S ~ S -
1Boes — Bt = 8lloo < 1B — B low + 1811, — B e < € { VIog(a)(ng ' + )}

where

_ 5l o 7]
A= max {K (55" + Spui)

1-v/2
log(q) KR {log(q)} }
ny

nui,v Ny,

with probability at least 1 — ¢/q. Define S5, = {j € {1,...,q} : |6;] > /log(q)/no}. Let
Tr = C1 log(q)(nal/2 +A) > C’{\/log(q)(nal/2 +A)}+/log(q)/no. Following the proof
of Theorem 4.3 in Battey et al. (2018), we can first show that H(B][g]eb)ggv - (B[ql‘]hr)sgv lloo <

TKTrs SSEv = 0 and consequently Hgsgv - SSEUHQ = ||(_55§v\|2. Since |8y < Rs, and Rs, =
Ol{no/log(q)}'~*/?, we have

{ log(q) }I_U/Q Ry

no

18s; 3= 51°15; " =0

JESS,

)

18 =" 18[°1' " =0

JESS,

and
1655, = sg lloo = [[85¢  [loc < v/10g(q)/no.
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For j € Ssa, if |0;] > 27«r, we have ]ﬂDebJ Thrj\ > 16| — C{+/log(q) _1/2+A )} >

Txm. Hence, |5 - 5 | = |ﬂDeb] - B[Tll]lr] — 5]] < Txr. If instead léj] < QTKTr, we have
|5 — ;| < max{|5;|, |ﬁDebJ ﬁ%r] — 6|} < 27¢r. Hence, we have

H;S\S(S,v - 355,1,H2 <2 ’S(S,’U‘TKTM
and
”655,1/ - 555’1,”1 S 2|S($,U’TKTr-
Following the proof of Corollary 3 in Negahban et al. (2012), we have

—v

log(q) R
o d,v

|Sé,v’ S

Hence, we obtain

~ = lo —v/4 log(

16 — 32 = O, { i(()q)} Ry 89) 4\ /loglg)a b |
~ = llog
||5_5Hoo:Op +v A )

- log(q) |~/ log

16 —dl1=0p o Ry, + Viog(q)A

and

S.1.8 Proof of Theorem 10

Proof By the triangle inequality, Theorem 10 follows directly from Theorem 6 and Lemma
9. |

S.1.9 Proof of Lemma 12

Proof By Bernstein’s inequality with a union bound over j € {1, ..., ¢}, Lemma 12 directly
follows from the proof of Lemma, 4. |
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S.1.10 Proof of Theorem 13

Proof Note that by symmetry between the two folds, it suffices to establish the result
for one fold-specific estimator; applying the same argument to the other fold and using the
triangle inequality yields the same rate for their average.

First of all, we have

85~ B[~ B ~ Bl

=2 (IBETL(I) - IB[TOLr,(l))T (B][(D)Lb,@) - B[O]> + HB[O] - E[T()Lr,(l)Hz - Hﬁ[o] - BETr,(l)Hz.
e o . ~10] 50 2 ||zl _
With binary selection, i.e., a = oo in (13), when HﬁDeb7(2) ﬁThr,(l)H2 HﬁDeb,@)
BE]TL(I)Hz > 0, we have
8~ B[, < 2 (B~ Blhein))” (Bt —8) + |3~ Bk .

Similarly, when HB][;)Lb,(Q) - B[’I‘O]hr,(l)Hz - HB][g]eb,(Q) - BETLQ)HE < 0, we have

HB[O} - B[T()Lr,(l)Hz < -2 (BETI,U) - I@[TOLI",(I)>T (Bgeb,(z) - B[O]> + HB[O] - /(/;E]Tr,(l)Hz.
Hence,
1Bamis. o) — B2 < B = Bicne ||, A B = B |, + DetectBrr,  (5.28)
where

~J0 ~[0 T /0 —
DetectErr = {2‘ (B%(]Ty,(l) - ﬁ[Tl]nr,(l)) (BE)Lb,(Z) - IB[O}) ‘}1/27

which is the stochastic price of transferability detection on the /o scale.
By the proof of Lemma 4, we have

200 2[0
( Eib,(g))j - 53[' I = Vo.j + Vijs
where
Vo = — e 05L0 5 (B &, 51,
0
Vig =1y ;= Op(Ao).
0]

Let Vi = (Vi1,..., Vi)', for k = 0,1. Recall that sq = [|Bxmy, 1) — B?Ln(l)ﬂo. Then we
have

0] 0] —~1/2, 300l 0]
(BKTr,(l) - IBThr,(l))TVO = Op(Siz/Q”o 1/2||IBKTI“,(1) — B, (1) 2),
and

0] 0] 0] 0]
|(5KTr,(1) - IBThn(l))TVl’ = OP{Scll/QAOH/@KTr,(l) - BThr,(l)HQ}'
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Hence, we have

- ~10]
DetectErr = O, [{s)/*(ny /2 + 280) 1B, 1) — B l2}/2] (S:24)

By Theorem 6 and Lemma 9, we also have

0]

0]
18Ky, (1) = Brrbe, (1) 12
—v/4
=0, (max [ s[ﬁr] log(q) {nr_l/z + Ar}] + {log@)} Ré/f\/log(q) {nEI/Q + A}) )
r=0,1 no ’

It remains to establish the corrected support bound regarding s4. Choose the threshold
constants sufficiently large so that, with probability tending to one,

Hﬁneb - " _< %T[O},
|Bes Y| < 57,
(B8~ A) 3] < e

On this event,

A[O} —
supp (IBThr,(n) C SUPP(B[O])-

Moreover, if j ¢ supp(B[O}) and BThrJ # 0, then |§;| = |B][1]| > 7l1/2. Likewise, if the
thresholded contrast g(k’),j is nonzero, then |d;| > 7¢r,/2. Further, for every ¢ > 0,

G 1350 = )] < Rt
with the usual interpretation when v = 0. Counting the sets, with n; > ng, we obtain
= 0, {9 + R, (r1V v S.25
sa = Op{sy” + Rso(T" A Tien) ™"} (S.25)

When A, = O(n, 1/2) we have

1/2
[r] 1/2—v/4
s log(q 1
DetectErr = O, ,/ﬁ max Big() I Sd{ Og(Q)} Ré/f
no r€{0,1 s no no ’
If we further set v = 0, we have
1/2
Al [r] (0] 1/2
+ Rso log(q sy’ + Rs 1
DetectErr = Op 76 max 7() + B 0 { Og(q) } R;/O2
ngQ re{0,1 ny no no ’
By (S.23), (S.24) and (S.25) we prove Theorem 13. [ |
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Appendix S.2. Additional Methodological Details

This section collects the methodological details of AIMS that are not expanded in the main
text. We first give the nodewise precision-matrix estimator used in the debiasing step, then
describe the weight-stratified calibration used when the calibration weights change sign,
and finally summarize the tuning rules used by the algorithms.

S.2.1 Nodewise Precision-Matrix Estimator
The nodewise precision-matrix row ﬁg-r] is given by

~d Alr] Alr] Alr] AN Al
Q] :(_0]‘717...’—0]'7]'71,17—0]‘7]‘4»1,..., 0 )/,][]7

where
] RPN R pp— g
9, —arg min EVg(X78")(X; — X50)2 + 27011,

I =Bg(x 8 (x; - x5+ 28,

and X_; = (X1,..., X1, Xj41,...,Xy)". The tuning parameter )\[9:,} is chosen via five-fold

cross-validation from the range [0.1,/ i;g_q y 24 /11;&]_

S.2.2 Weight-Stratified Calibration

[r]

As mentioned in Remark 3, the weights @j may not always be nonnegative. For instance,

if X has a mean-zero symmetric distribution (except for the intercept), the weights w[ r]
can have approximately equal probabilities of being positive or negative. As a result, the
calibration loss may become irregular and ill-posed. To address this issue, we use a weight-
stratified calibration strategy.

Instead of directly fitting (11), we define the following estimators:

~lr] .o ~[r ~[r ~[r r ~[p r
& = argmin ES,1(@)) > 0)|@) |b(@" 3 F (& al) + AL gl

£ER
&/ = argmin B 1@ < 0)|@} b7 ") F ;) + 2 el
< (S.26)
i = i B > 0] (@@ 0(¢ 7 + 2L el
€
2lr] Al A r e i .
G- = argminBL1@]) < 0)12] | exp(®7aG(GA) + Xl
€
Wi ~[r] _ <[], gl A alrl ~r 45 Sl [r] N
e now compute a,, =« +£j+, ;| = _1_5 J+ +CJ+’ and 7 +Cj_-

Using these, we derive the one-step debiased estimator BD cb,j S
2lr ~[r] Al [Sr]55 ~j = j
Bty =B +e1@" LW (@)X {y - 7(@)} + B X{7(@) - g(x78") e

where hi(®) = ]I(AJM > 0) exp{@Tagi} + ]I(@jm < 0) exp{(I)T } and 77 (®) = ]I(AM

0)b(@"F7]) + 1] < 0)p(@F).
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S.2.3 Tuning Rules for AIMS

We summarize the tuning parameters used in AIMS and describe their practical selection
rules. The tuning parameters fall into three groups: regularization parameters for sparse
nuisance and target estimation, bootstrap-calibrated thresholds for the bias-correction and
transfer steps, and the aggregation temperature used for negative transfer protection. All

tuning procedures are label-free with respect to the target population.

Parameter Role Theoretical order Practical choice

AT {1 penalty for the pre- \/ log(q)/nr Selected by five-fold cross-
liminary target esti- validation on a grid centered
mator BM at the theoretical rate.

Al £1 penalty for the pre- log(d)/nr Selected by five-fold cross-
liminary density ratio validation for the density ra-
model tio loss in (7).

)\[{ ] {1 penalty for the pre- log(d)/ns,» Selected by five-fold cross-
liminary  conditional validation using the labeled
mean imputation source samples in subgroup
model .

)\[92_] ¢1 penalty for the log(q)/nr .~ Selected by five-fold cross-
nodewise precision- validation on the target co-
matrix estimator variates.

/\Zj {1 penalty for the cal- Same order as )\[of ] Chosen by Gaussian multi-
ibrated density ratio plier bootstrap using quan-
nuisance correction for tile level ¢-.
coordinate j

/\[Jj {1 penalty for the cali- Same order as )\L,T ] Chosen by Gaussian multi-
brated imputation nui- plier bootstrap using quan-
sance correction for co- tile level ¢ .
ordinate j

7l Threshold for sparsify- \/log(q){nr_l/Q—i—A,«} Implemented as 7" =
ing the dense debiased C-{log(q)/ns..}*/*.

. Sl
estimator Bp,,

TKTr Threshold for esti- log(q){ng vz 4 A} Chosen by Gaussian multi-
mating the sparse plier bootstrap using quan-
majority-minority dif- tile level ¢ .
ference in Algorithm 2

a Temperature parame- a = oo in Theo- Fixed at a positive value in
ter in the exponential rem 13 the main comparison; a = co

aggregation weight in
Algorithm 3

gives hard selection and is
used in the theory.

Table S.1: Summary of tuning parameters in AIMS. Here n, = ns ,.Ans,, dis the dimension
of the nuisance feature map ¢(Z), and A, is the higher-order nuisance-estimation

error term defined in Section 4.

46



DOMAIN ADAPTATION TARGETING HETEROGENEOUS AND IMBALANCED SUBGROUPS

For the bootstrap-calibrated quantities, we generate independent standard normal mul-
tipliers ¢; and compute

M (e) = HIE[;] e exp(@Tal)h(@H)P — Eﬁ]e@y]b(qﬂ:ﬂﬂ)@”

M[T](

B

M, (e) = max

! o1’ [ELehd (@)X {Y — 7/(@)} + BY X (7 (@) - g(XTE[O})}}
-] b 7q

ol [Em 7(®)X{Y — 7(®)} + ENeX {7(®) - g(XTB[”)}} '

With B = 500 multiplier draws, for the non-weight-stratified estimators, we set )\[OZ] and

)V[YTJ] to the empirical ¢, quantiles of /\/lg]] and M,[;rj], respectively. For the weight-stratified

estimators in (S.26), the same multiplier-bootstrap calculations are performed separately

on the subsets with @j[-r] > 0 and f&y

penalties are denoted by )\g]] Iy /\M.

I < 0, using |1/13][-T]| within each subset; the resulting

> )\L:]] 4, and )\[7:,],. We set 7x1r to the empirical g,
quantile of M. In the main simulation comparison, we use the weight-stratified version
with C; =2, ¢, = 0.8, and a = 5. Supplementary S.3.3 reports sensitivity to ¢, and C;, as
well as aggregation-temperature variants with a € {1,2,5, 10, co}.

Appendix S.3. Benchmark Implementations and Additional Results

This section contains the benchmark algorithms used in the numerical comparisons and the
supplementary result tables that are omitted from the main text for readability. We first
describe the benchmark implementations, then give the additional simulation tables, and
finally report the complete T2D benchmark table and supplementary AAG results.

S.3.1 Benchmark Methods

In this section, we give the details of the benchmark methods. The importance weighting
methods with ¢; penalty (IW) and with weighted ¢; penalty (IW,pass0) are presented in
Algorithm S.1. The imputation-only methods with ¢; penalty (IM) and with weighted ¢;
penalty (IM,rasso) are given in Algorithm S.2. The TransGLM method with two variants
according to our setup is presented in Algorithm S.3. The tuning parameters A for these
benchmark methods are selected by five-fold cross-validation.

For CORAL, we use only the labeled minority-source sample and the unlabeled minority-
target covariates. Let ZSO and ZTO be the empirical covariance matrices of the non-
intercept target-model covariates in the minority source and target samples, respectively.
After centering the minority-source covariates, CORAL applies the transformation (f] so+
Acorall)_l/Q(flTp + Aeoral]) /2, with Aeoral = 1, and then fits an ¢;-penalized logistic target
model using the aligned labeled minority-source sample. The intercept is expressed on the
target-centered covariate scale.

For TransFusion, we use a source-labeled adaptation because labeled target outcomes
are unavailable. The labeled minority-source sample is used as the pseudo-target task,
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and the labeled majority-source sample is used as the auxiliary task. We fit the Trans-
Fusion block-design penalized logistic regression of He et al. (2024), which parameterizes
each auxiliary-task coefficient as a shared pseudo-target coefficient plus a sparse task con-
trast. The reported TransFusion estimator is the resulting task-averaged coefficient with
its intercept calibrated on the labeled minority-source sample.

Algorithm S.1 Importance Weighting with ¢; penalty (IW) and with weighted ¢ penalty

(IWaLaSSO) .

Input: 2% = (D, = (S;Y;,X],W/,S;,R;))" : R; = 0, i € [n]} and the preliminary

estimator &,

IW: Obtain ,@iw as

Biw = argmin EY exp(®"al){G(X8) — YX"B} + A|1B]1 -
BeRa

IW  Lasso: Obtain B, 4w as

q
Badaiw = argmin B exp(@7al){G(XT8) - YXTB} + A 05161,
BERY

j=1
where b; = 1/]5Ar,j[ with

Bers- s Brg)” = argmin EY exp(@Ta){G(X"8) — YX"B8} + n~ 23|83
cRYa

Output: 3y, and B, 4.iw-
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Algorithm S.2 Imputation-only method with ¢; penalty (IM) and with weighted ¢; penalty
(IMaLasso)

Input: 2% = (D, = (S;Y;,X],W],S;,R;))" : Ry = 0, i € [n]} and the preliminary

estimator '7[0} .

IM: Obtain Bim as

Bim = argmin B G(XT8) — b(@"7 ) X8} + A(|8]1 -
BeRY

IM,1,ass0: Obtain Badaim as

q
Badaim = argmin EP{G(XTB) — b(@"7)X"B} + A 051851

BeRa j=1

where b; = 1/]Br,j| with

Beds o Brg) = azggginﬁﬁ]{c;(xw) — y(®"FNXTB} +n 23813
cR4

Output: 8, and B.qaim-

Algorithm S.3 TransGLM and TransGLM;y

Input: 20U = {D; = (S;V;, X[, W], S;,R;)" : Si = L,R; = 1, i € [n]}, 209 = (D, =
(Y, X, W/, S;,R;))" : S; =1,R; =0, i € [n]} and the preliminary estimators all r =
0,1.

TransGLM: Obtain 3,,,,s by applying the TransGLM algorithm (Tian and Feng, 2023)
using 219 as the target ~sample and 211 as the source sample.

TransGLM;y: Obtain By,nsiw Dy applying the TransGLM algorithm (Tian and Feng,
2023) with the following modifications:

e Use 2110 as the target sample, with each observation weighted by exp(i’T&[O}).
e Use 211 as the source sample, with each observation weighted by exp(@Ta[l]).

OUtPUt: /Btrans and IBtrans,iw‘

S.3.2 Exact Data-Generating Mechanisms for the Simulation Studies

The exact data-generating mechanisms used in Section 5 are as follows. Let Z = (Z1, ..., Z,44)",
where Z1 = 1 and Z;, j > 2, are independently generated from a standard normal distribu-
tion truncated to (—1.5,1.5). Weset X = (Z1,...,2)", W = (Zg41,-- - Zgtp)", ¢(Z) = Z,
and use the logistic link g(a) = b(a) = expit(a). For the minority group, define

v = (0, 0.8, —0.6, 0.5, 0.4, 0]_5, 0.70, —0.70, 0.50, 07 )",
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and

ol = (0, 0.55, —0.55, 0.4125,0]_,,1.03125, —0.825, 0.61875,07_)".

The majority outcome coeflicient is fixed as a local perturbation of the minority coefficient:
A =~ 4 (0, 0.101F, 0, , ).
The majority source—target sampling coefficient is also fixed:

all = al 4 (0, 0.01, —0.01, 0.0075, 0]_,, 0.045, —0.0375, 0.03, 0] _5)".

To introduce controlled nonlinear misspecification, let
uy (Z) = 0.50Z2 7,1 + 0.25(Z3 — pa),
and
us(Z) = 0.3522 741 — 017523210 + 0.175(ZF — pa),

where po is the second moment of the truncated normal covariate, approximated by the
empirical second moment in each generated sample. For r € {0, 1}, we generate the outcome
Y in the following three settings:

SettingI: P(Y=1|Z,R=r
P(S=1|Z,R=r
Setting I:  P(Y =1|Z,R=r
P(S=1|Z,R=r
Setting ITII: P(Y =1|Z,R=r
P(S=1|Z,R=r

= expit{Z4"1},
= expit{Z al};
= expit{Z™yI" + uy (2)},
= expit{Z al};
= expit{Z™y"},
= expit{Z"al" + ug(Z)}.

~— — — O

S.3.3 Complete Binary-Outcome Simulation Results

This subsection provides additional binary-outcome simulation results that complement the
main figures in Section 5. The first two tables give the complete benchmark comparisons
for the sample-size and dimensionality grids, including methods omitted from the main
figures for readability. The remaining tables vary the amount of minority target-unlabeled
covariate data, examine AIMS through ablation and tuning-sensitivity analyses, and report
the majority-side estimator used as auxiliary information. Unless otherwise stated, the
tables use the simulation design in Section 5, with ¢ = 100 and default AIMS tuning
constants Cr = 2, ¢ = 0.8, and a = 5, except in the tables where n,,, ¢, or C; is
explicitly varied. The main-grid and supplementary ablation and sensitivity summaries
were generated in separate Monte Carlo batches under the same nominal reference design;
hence, repeated reference settings may have slightly different Monte Carlo summaries.

Table S.2 expands Figure 2 to the full benchmark set along the sample-size axis. The
ranking is consistent with the figure: AIMS has the smallest error in every reported cell,
and TransGLMj,, is typically the strongest external competitor. The importance-weighting-
only and imputation-only estimators improve as ns o increases, but they remain less accurate
than AIMS in most cells, underscoring the value of combining weighting, imputation, and
majority-guided transfer information.
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Setting I
Method Ns.o
300 400 500 600
AIMS 0.315 (0.177) 0.259 (0.173) 0.218 (0.152) 0.255 (0.157)
Iw 0.785 (0.235)  0.665 (0.180)  0.618 (0.196)  0.574 (0.205)
IW aLasso 1.740 (1.428) 1.426 (1.205) 1.101 (0.830) 0.815 (0.411)
M 0.977 (0.224)  0.819 (0.155)  0.741 (0.188)  0.697 (0.180)
TMaLasso 0.726 (0.249)  0.521 (0.157)  0.421 (0.164)  0.382 (0.148)
IMpp 1577 (0.165)  1.561 (0.143)  1.553 (0.137)  1.539 (0.119)
IMxcp 1.802 (0.510)  1.449 (0.332)  1.295 (0.359)  1.183 (0.315)
CORAL 1.678 (0.271)  1.622 (0.269)  1.572 (0.221)  1.540 (0.210)
TransFusion  0.867 (0.210)  0.849 (0.188)  0.835 (0.174)  0.826 (0.158)
TransGLM  0.986 (0.219)  0.956 (0.197)  0.938 (0.177)  0.922 (0.165)
TransGLM;,,  0.428 (0.235)  0.366 (0.173)  0.359 (0.159)  0.334 (0.145)
Setting II
Method Ns.o
300 400 500 600
AIMS 0.303 (0.177) 0.267 (0.166) 0.228 (0.154) 0.228 (0.137)
W 0.731 (0.236)  0.653 (0.212)  0.583 (0.177)  0.533 (0.177)
IWaLasso 1.557 (1.264)  1.215 (0.746)  1.010 (0.582)  0.775 (0.515)
M 0.832 (0.221)  0.680 (0.164)  0.599 (0.142)  0.565 (0.162)
Mo asso 0.644 (0.268)  0.489 (0.174)  0.356 (0.144)  0.321 (0.124)
Mgy 1.406 (0.176)  1.396 (0.148)  1.382 (0.147)  1.366 (0.126)
IMxcp 1.477 (0.498)  1.191 (0.343)  1.047 (0.293)  0.933 (0.262)
CORAL 1.585 (0.320)  1.561 (0.287)  1.505 (0.279)  1.479 (0.235)
TransFusion  0.831 (0.222)  0.817 (0.189)  0.801 (0.191)  0.789 (0.158)
TransGLM 0.931 (0.242)  0.906 (0.214)  0.869 (0.196)  0.863 (0.171)
TransGLM;, 0.412 (0.225)  0.376 (0.185)  0.337 (0.165)  0.314 (0.154)
Setting 11
Method Nso
300 400 500 600
AIMS 0.314 (0.190) 0.288 (0.158) 0.269 (0.158) 0.258 (0.143)
W 0.706 (0.266)  0.607 (0.207)  0.581 (0.213)  0.522 (0.186)
IWaLasso 1.663 (1.176)  1.204 (0.800)  0.948 (0.565)  0.839 (0.490)
M 0.923 (0.248)  0.793 (0.193)  0.714 (0.177)  0.603 (0.173)
M, Laceo 0.711 (0.295)  0.484 (0.194)  0.403 (0.136)  0.323 (0.140)
Mgy 1522 (0.172)  1.498 (0.163)  1.510 (0.140)  1.472 (0.112)
IMxcB 1.674 (0.565) 1.353 (0.418) 1.234 (0.324) 1.033 (0.264)
CORAL 1.643 (0.305)  1.546 (0.291)  1.528 (0.249)  1.463 (0.221)
TransFusion  0.847 (0.217)  0.825 (0.208)  0.835 (0.180)  0.797 (0.147)
TransGLM 0.977 (0.258)  0.928 (0.210)  0.930 (0.190)  0.884 (0.159)
TransGLM;, 0.414 (0.228)  0.382 (0.241)  0.330 (0.123)  0.347 (0.131)

Table S.2: Binary-outcome sample-size grid. The columns vary the labeled minority-source
sample size ns, € {300,400,500,600}, while p = 400, ¢ = 100, ns, = 2000,
nro = 2000, and ny, = 3000 are fixed. Each cell reports the Monte Carlo mean

(empirical standard deviation) of || — B[O]H% over 100 replications; boldface
indicates the smallest Monte Carlo mean within each setting and column.
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Table S.3 gives the corresponding full benchmark comparison along the dimensionality
axis in Figure 3. Several benchmarks are less competitive at larger p: the random-forest
and boosting imputation variants have noticeably larger errors, and TransGLM without
importance weighting is dominated by its weighted version. AIMS remains stable across
dimensions and gives the smallest error throughout the grid.

Table S.4 varies the minority target-unlabeled sample size while holding ns, = 400 and
p = 400 fixed. This comparison separates the role of unlabeled target covariates from the
labeled-minority sample-size and dimensionality effects considered above. The ordering is
stable over n,, € {1000,2000,3000}: AIMS is the leading method in all three settings,
TransGLM;y, is the closest external benchmark, and TransFusion is less accurate under this
design.

Table S.5 compares the intermediate AIMS estimators and aggregation variants at the

~[0 ~[0
reference design point. The rows [3[ ] and Bl[jib are the preliminary minority estimator and
the dense debiased estimator from the covariate shift correction step. AIMSnin., is the

~[0
minority-only thresholded estimator ﬁ[T]hr from Algorithm 1, AIMSy,j¢ is the majority-
~[0
guided transfer estimator BL]Tr from Algorithm 2, and the AIMS rows are the final aggre-

gated estimators BQ]IMS from Algorithm 3, with the row labeled AIMS using the default
a = 5. The first three rows have larger errors than the majority-guided and aggregated
estimators, showing the benefit of incorporating majority-group information in this local-
transfer design. Across the finite temperatures a € {1,2,5,10}, aggregation is stable; the
hard-selection limit a = oo is slightly less stable.

Table S.6 reports the corresponding majority-side estimators along the dimensional-
ity axis, with errors measured relative to Bm. The rows E[I], Bglb, and B’[I‘ILr are the
preliminary, dense debiased, and thresholded majority estimators from the covariate shift
correction step. The dense debiased vector has larger squared ¢ error because it is not
sparsified, while the preliminary and thresholded sparse estimators are of the same order.

The transfer step uses B[TlLr as the offset in Algorithm 2; its error remains stable as p varies.

Tables S.7 and S.8 summarize tuning sensitivity. Varying the bootstrap quantile ¢, has
only a modest effect over the range 0.6-0.9, indicating that the calibration is not driven by
a single quantile choice. The threshold constant C has a more visible bias-variance trade-
off: very large thresholds are conservative and inflate the error, while moderate thresholds
perform best in this reference design.
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Setting I
Method P
50 100 200 400 800
AIMS 0.286 (0.161) 0.283 (0.185) 0.285 (0.160) 0.259 (0.173) 0.257 (0.186)
Iw 0.697 (0.270)  0.672 (0.240)  0.629 (0.217)  0.665 (0.180)  0.691 (0.243)
IW . Lasso 1.457 (1.142)  1.188 (0.715)  1.138 (0.862)  1.426 (1.205)  1.241 (0.983)
M 0.724 (0.202)  0.737 (0.211)  0.752 (0.183)  0.819 (0.155)  0.923 (0.192)
IMaLasso 0.486 (0.187)  0.471 (0.204)  0.473 (0.152)  0.521 (0.157)  0.639 (0.209)
IMgp 1.510 (0.148)  1.472 (0.148)  1.490 (0.126)  1.561 (0.143)  1.598 (0.146)
IMxgB 1.094 (0.324)  1.154 (0.368)  1.243 (0.287)  1.449 (0.332)  1.742 (0.417)
CORAL 1.646 (0.280)  1.574 (0.271)  1.569 (0.257)  1.622 (0.269)  1.595 (0.256)
TransFusion  0.860 (0.185)  0.826 (0.189)  0.813 (0.165)  0.849 (0.188)  0.816 (0.192)
TransGLM 0.987 (0.212)  0.941 (0.213)  0.922 (0.185)  0.956 (0.197)  0.934 (0.204)
TransGLM;,, 0.387 (0.147)  0.357 (0.184)  0.355 (0.161)  0.366 (0.173)  0.376 (0.181)
Setting I1
Method P
50 100 200 400 800

AIMS 0.303 (0.144) 0.299 (0.166) 0.263 (0.145) 0.267 (0.166) 0.228 (0.153)
Iw 0.563 (0.172)  0.645 (0.470)  0.569 (0.188)  0.653 (0.212)  0.602 (0.211)
IWalLasso 1.050 (0.693 1.177 (0.726 1.100 (0.849 1.215 (0.746 1.172 (0.711
IM 0.559 (0.152 0.609 (0.174 0.599 (0.161 0.680 (0.164 0.728 (0.174
IMaLasso 0.395 (0.145 0.427 (0.167 0.410 (0.155 0.489 (0.174 0.556 (0.203
IMgp 1.261 (0.128 1.310 (0.145 1.317 (0.132 1.396 (0.148 1.412 (0.167

CORAL 1.531 (0.262 1.531 (0.260 1.475 (0.256 1.561 (0.287 1.540 (0.311

TransFusion  0.800 (0.160 0.832 (0.197 0.775 (0.166 0.817 (0.189 0.815 (0.221

TransGLM 0.871 (0.166 0.902 (0.210 0.844 (0.198 0.906 (0.214 0.887 (0.228

TransGLM;,, 0.353 (0.186 0.369 (0.176)  0.331 (0.151 0.376 (0.185 0.347 (0.173
Setting 111

(0.693) (0.726) (0.849) (0.746) (0.711)
(0.152) (0.174) (0.161) (0.164) (0.174)
(0.145) (0.167) (0.155) (0.174) (0.203)
(0.128) (0.145) (0.132) (0.148) (0.167)
IMxcn 0.826 (0.235)  0.941 (0.288)  1.007 (0.302)  1.191 (0.343)  1.435 (0.430)
(0.262) (0.260) (0.256) (0.287) (0.311)
(0.160) (0.197) (0.166) (0.189) (0.221)
(0.166) (0.210) (0.198) (0.214) (0.228)
(0.186) ( (0.151) (0.185) (0.173)

Method P
50 100 200 400 800

AIMS 0.249 (0.173) 0.265 (0.158) 0.243 (0.151) 0.288 (0.158) 0.254 (0.159)
W 0.627 (0.227)  0.607 (0.216)  0.651 (0.218)  0.607 (0.207)  0.665 (0.258)
IWalLasso 1.287 (0.797 1.340 (0.926 1.266 (0.936 1.204 (0.800 1.312 (1.119
M 0.625 (0.202 0.681 (0.181 0.731 (0.197 0.793 (0.193 0.863 (0.198
IM.Lasso 0.440 (0.182 0.424 (0.180 0.471 (0.166 0.484 (0.194 0.585 (0.226
IMgr 1.395 (0.158 1.411 (0.146 1.471 (0.127 1.498 (0.163 1.543 (0.144

CORAL 1.590 (0.307 1.527 (0.279 1.580 (0.246 1.546 (0.291 1.568 (0.246
TransFusion  0.850 (0.212 0.798 (0.191 0.851 (0.183 0.825 (0.208 0.828 (0.182
TransGLM 0.939 (0.231 0.893 (0.203 0.954 (0.210 0.928 (0.210 0.932 (0.203

(0.797) (0.926) (0.936) (0.800) (1.119)
(0.202) (0.181) (0.197) (0.193) (0.198)
(0.182) (0.180) (0.166) (0.194) (0.226)
(0.158) (0.146) (0.127) (0.163) (0.144)
IMxcp 0.970 (0.306)  1.064 (0.309)  1.241 (0.342)  1.353 (0.418)  1.642 (0.459)
(0.307) (0.279) (0.246) (0.291) (0.246)
(0.212) (0.191) (0.183) (0.208) (0.182)
(0.231) (0.203) (0.210) (0.210) (0.203)
TransGLM;,,  0.403 (0.228)  0.394 (0.211)  0.375 (0.168)  0.382 (0.241)  0.397 (0.254)

Table S.3: Binary-outcome dimensionality grid. The columns vary the dimension p €
{50, 100, 200,400, 800}, while ns, = 400, ¢ = 100, ns, = 2000, n;, = 2000,
and n,, = 3000 are fixed. Each cell reports the Monte Carlo mean (empirical

standard deviation) of |8 — B[O]H% over 100 replications; boldface indicates the
smallest Monte Carlo mean within each setting and column.
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Setting I
Method N .o
1000 2000 3000
AIMS 0.273 (0.175) 0.259 (0.173) 0.259 (0.154)
IMaLasso 0.528 (0.228)  0.521 (0.157)  0.519 (0.191)
TransGLM;,, 0.411 (0.243)  0.366 (0.173)  0.377 (0.171)
TransFusion  0.833 (0.208)  0.849 (0.188)  0.810 (0.180)
Setting II
Method Ny
1000 2000 3000
AIMS 0.280 (0.165) 0.267 (0.166) 0.260 (0.168)
IMaLasso 0.474 (0.220)  0.489 (0.174)  0.468 (0.179)
TransGLM;, 0.390 (0.211)  0.376 (0.185)  0.386 (0.207)
TransFusion  0.810 (0.196)  0.817 (0.189)  0.799 (0.177)
Setting I11
Method Nro
1000 2000 3000
AIMS 0.294 (0.179) 0.288 (0.158) 0.276 (0.161)
IMaLasso 0.509 (0.206)  0.484 (0.194)  0.502 (0.185)
TransGLM;,, 0.395 (0.174)  0.382 (0.241)  0.378 (0.159)
TransFusion  0.847 (0.191)  0.825 (0.208)  0.848 (0.191)

Table S.4: Sensitivity to the minority target-unlabeled sample size. The columns vary
nro € {1000,2000,3000}, while ng, = 400, p = 400, ¢ = 100, ns, = 2000,
and n,,; = 3000 are fixed. Each cell reports the Monte Carlo mean (empirical
standard deviation) of HB — B[O]H% over 100 replications; boldface indicates the
smallest Monte Carlo mean within each setting and column.

Method Setting I Setting II Setting III

,8[0} 0.554 (0.193) 0.522 (0.149) 0.553 (0.172)
Bl 1.879 (0.411)  1.923 (0.344)  2.014 (0.686)
AIMS im0 0.708 (0.214)  0.632 (0.114)  0.711 (0.168)
AIMSpaj-g 0.242 (0.150) 0.274 (0.161) 0.263 (0.173)
AIMS 0.247 (0.147)  0.260 (0.150) 0.262 (0.157)
AIMS (a =1) 0.278 (0.123) 0.275 (0.128) 0.292 (0.135)
AIMS (a =2) 0.256 (0.134) 0.263 (0.138) 0.270 (0.147)
AIMS (a =10)  0.255 (0.158) 0.263 (0.157) 0.266 (0.166)
AIMS (a =00) 0.278 (0.186) 0.282 (0.175) 0.281 (0.183)

Table S.5: AIMS ablation at the reference binary-outcome design (ns, = 400, p = 400,
g = 100, ns, = 2000, ny, = 2000, n;, = 3000, C; = 2, and ¢, = 0.8). Each
cell reports the Monte Carlo mean (empirical standard deviation) of || B— B[O} 13
over 100 replications; boldface indicates the smallest Monte Carlo mean within
each column.
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Method

50

Setting I

p

100 200

400

800

]
B

1

Deb
=]

Thr

0.202 (0.101)
0.680 (0.179)
0.250 (0.181)

0.187 (0.078) 0.194 (0.115)
0.688 (0.208) 0.673 (0.200)
0.237 (0.180) 0.240 (0.174)

0.199 (0.095)
0.671 (0.184)
0.224 (0.165)

0.189 (0.086)
0.650 (0.177)
0.206 (0.168)

Method

50

Setting I

p
100 200

400

800

=[]

M1

ﬁDeb
~1]

Thr

0.216 (0.111)
0.735 (0.226)
0.301 (0.199)

0.202 (0.112) 0.193 (0.099)
0.734 (0.275) 0.697 (0.196)
0.277 (0.207) 0.251 (0.187)

0.184 (0.092)
0.684 (0.177)
0.232 (0.183)

0.162 (0.089)
0.642 (0.150)
0.198 (0.167)

Method

50

Setting I11

p

100 200

400

800

~[]

0.209 (0.114)

0.193 (0.094) 0.177 (0.086)

0.192 (0.078)

0.180 (0.076)

(
0.712 (0.327)
(

(
0.678 (0.183) 0.656 (0.179)
0.270 (0.215) (

(
0.648 (0.179)
0.247 (0.164) 0.213 (0.171) (

(
0.623 (0.171)
0.257 (0.187) (

Thr 0.210 (0.158)

Table S.6: Majority-side diagnostic performance along the dimensionality axis (¢ = 100,
nso = 400, nyr, = 2000, ns, = 2000, and n,, = 3000). Each cell reports
the Monte Carlo mean (empirical standard deviation) of ||E - B[I]H% over 100

replications.
Setting qr

0.6 0.7 0.8 0.9
Setting I 0.273 (0.159) 0.267 (0.160)  0.247 (0.147)  0.243 (0.143)

Setting IT  0.276 (0.147)
Setting IIT  0.279 (0.175)

0.262 (0.150)
0.270 (0.170)

0.260 (0.150)
0.262 (0.157)

0.255 (0.147)
0.264 (0.149)

Table S.7: Sensitivity to the bootstrap quantile ¢, at the reference binary-outcome design
with ns, = 400, p = 400, ¢ = 100, nr, = 2000, and C, = 2. Each cell reports

the Monte Carlo mean (empirical standard deviation) of ||B - B[O]H% over 100
replications; boldface indicates the smallest Monte Carlo mean within each row.
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Setting C-

1.0 1.5 2.0 2.5 3.0
Setting I 0.212 (0.123) 0.163 (0.134) 0.247 (0.147) 0.349 (0.157) 0.464 (0.163)
Setting IT ~ 0.211 (0.107) 0.170 (0.130) 0.260 (0.150) 0.393 (0.162) 0.466 (0.147)
Setting ITT  0.229 (0.119) 0.186 (0.141) 0.262 (0.157) 0.393 (0.177) 0.476 (0.161)

Table S.8: Sensitivity to the threshold constant C; at the reference binary-outcome design
with ns, = 400, p = 400, ¢ = 100, ny, = 2000, and ¢, = 0.8. The column
C; = 2 reproduces the default AIMS results reported in Tables S.5 and S.7. Each
cell reports the Monte Carlo mean (empirical standard deviation) of || 8- B[O} 113
over 100 replications; boldface indicates the smallest Monte Carlo mean within
each row.
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S.3.4 Continuous-Outcome Simulation Results

To assess the robustness of the empirical findings to the outcome type, we repeat the
sample-size and dimensionality grids in Section 5 with a continuous outcome; the results are
reported in Tables S.9 and S.10, respectively. All covariate distributions, coefficient vectors
al"l and 4", nonlinear functions uy (Z) and ug(Z), and source-sampling mechanisms are
kept the same as in the binary-outcome simulation. The reported continuous-outcome
tables use ¢ = 100, ns, = 2000, ny, = 3000, and ny, = 2000. Along the sample-size
axis, p = 400 and ns, € {300,400, 500,600}; along the dimensionality axis, ngs, = 400 and
p € {50,100,200,400,800}. We use the same implementation and tuning constants as in
the main simulation, namely C; = 2, ¢, = 0.8, B = 500, and aggregation temperature
a = 5, and report Monte Carlo averages over 100 replications.

Specifically, we set g(a) = b(a) = a, so both the target and imputation working models
use the identity link. Conditional on Z and R = r, we generate Y = ZTy[") + ¢ in Settings I
and III and Y = Z"™y[" 4+ uy (Z) + € in Setting II, where € ~ N(0,1). Thus, Setting II keeps
the density ratio model correctly specified while misspecifying the imputation model, and
Setting III keeps the imputation model correctly specified while misspecifying the density
ratio model. Tables S.9 and S.10 show that the continuous-outcome results are consistent
with the binary-outcome findings: AIMS has the smallest error across the reported sample-
size and dimensionality grids, while TransGLMiy, is the closest external competitor.
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Setting I
Method Ns.o
300 400 500 600
AIMS 0.093 (0.053) 0.067 (0.046) 0.062 (0.037) 0.064 (0.045)
W 0.554 (0.243)  0.436 (0.159)  0.385 (0.159)  0.321 (0.137)
IWaLasso 0.801 (0.374)  0.625 (0.266)  0.578 (0.233)  0.471 (0.195)
M 0.323 (0.200)  0.232 (0.132)  0.193 (0.118)  0.171 (0.087)
IMaLasso 0.197 (0.079)  0.158 (0.054)  0.124 (0.042)  0.107 (0.037)
IMRgr 1.900 (0.214) 1.748 (0.181) 1.643 (0.159) 1.599 (0.138)
IMxaB 1.172 (0.223)  0.941 (0.170)  0.793 (0.160)  0.707 (0.151)
CORAL 2.052 (0.262) 2.016 (0.243) 2.026 (0.229)  2.045 (0.208)
TransFusion  0.969 (0.152)  0.957 (0.123)  0.949 (0.108)  0.949 (0.105)
TransGLM  1.079 (0.181)  1.045 (0.140)  1.035 (0.116)  1.028 (0.125)
TransGLM;, 0.295 (0.148)  0.238 (0.133)  0.234 (0.135)  0.201 (0.108)
Setting II
Method Ns.o
300 400 500 600
AIMS 0.118 (0.066) 0.098 (0.045) 0.095 (0.043) 0.094 (0.053)
W 0.506 (0.211)  0.425 (0.195)  0.350 (0.148)  0.284 (0.117)
IW aLasso 0.851 (0.411)  0.665 (0.281)  0.565 (0.246)  0.447 (0.204)
M 0.249 (0.161)  0.197 (0.135)  0.145 (0.069)  0.128 (0.061)
IM., 12850 0.254 (0.089)  0.226 (0.066)  0.199 (0.058)  0.184 (0.048)
IMRgp 1.664 (0.190) 1.511 (0.163) 1.400 (0.145) 1.353 (0.114)
IMxcB 0.920 (0.169)  0.739 (0.152)  0.595 (0.123)  0.527 (0.118)
CORAL 2.193 (0.315) 2172 (0.298)  2.192 (0.274)  2.214 (0.225)
TransFusion  1.146 (0.165) 1.134 (0.140) 1.118 (0.123) 1.118 (0.109)
TransGLM 1.144 (0.184) 1.111 (0.143) 1.096 (0.129) 1.088 (0.124)
TransGLM;, 0.272 (0.130)  0.230 (0.150)  0.209 (0.112)  0.173 (0.093)
Setting 11
Method Nso
300 400 500 600
AIMS 0.085 (0.054) 0.072 (0.040) 0.070 (0.042) 0.062 (0.038)
W 0.519 (0.162)  0.464 (0.159)  0.348 (0.121)  0.325 (0.116)
IW aLasso 0.783 (0.288)  0.703 (0.297)  0.546 (0.234)  0.473 (0.187)
M 0.327 (0.179)  0.258 (0.147)  0.189 (0.112)  0.173 (0.118)
IM., 1ass0 0.191 (0.069)  0.155 (0.055)  0.121 (0.040)  0.106 (0.032)
IMRgp 1.811 (0.209) 1.725 (0.158) 1.609 (0.163) 1.531 (0.156)
IMxaB 1.123 (0.213)  0.958 (0.171)  0.773 (0.167)  0.684 (0.161)
CORAL 2.024 (0.257) 2.040 (0.221) 2.027 (0.234) 1.980 (0.206)
TransFusion  0.961 (0.154)  0.997 (0.136)  0.976 (0.117)  0.957 (0.108)
TransGLM 1.040 (0.176) 1.074 (0.161) 1.038 (0.139) 1.012 (0.118)
TransGLM;,, 0.311 (0.136) 0.293 (0.124) 0.242 (0.106) 0.231 (0.115)

Table S.9: Continuous-outcome sample-size grid. The columns vary the labeled minority-
source sample size ns, € {300,400,500,600}, while p = 400, ¢ = 100,
ns, = 2000, nr, = 2000, and n,,; = 3000 are fixed. Each cell reports the
Monte Carlo mean (empirical standard deviation) of ||8 — B[O} % over 100 repli-
cations. Boldface indicates the smallest Monte Carlo mean within each setting
and column.
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Setting I
Method P
50 100 200 400 800

AIMS 0.093 (0.048) 0.100 (0.103) 0.086 (0.047) 0.067 (0.046) 0.073 (0.049)
Iw 0.446 (0.160)  0.445 (0.166)  0.444 (0.192)  0.436 (0.159)  0.436 (0.160)
IWalLasso 0.640 (0.269 0.663 (0.309 0.643 (0.262 0.625 (0.266 0.613 (0.263
M 0.196 (0.128 0.219 (0.137 0.217 (0.152 0.232 (0.132 0.313 (0.176
IMaLasso 0.161 (0.051 0.158 (0.048 0.158 (0.047 0.158 (0.054 0.157 (0.061
IMgp 1.591 (0.180 1.630 (0.169 1.684 (0.177 1.748 (0.181 1.859 (0.189

CORAL 2.029 (0.220 2.021 (0.225 2.047 (0.251 2.016 (0.243 2.047 (0.218

(0.269) (0.309) (0.262) (0.266) (0.263)
(0.128) (0.137) (0.152) (0.132) (0.176)
(0.051) (0.048) (0.047) (0.054) (0.061)
(0.180) (0.169) (0.177) (0.181) (0.189)
IMxcp 0.743 (0.185)  0.828 (0.186)  0.870 (0.190)  0.941 (0.170)  1.095 (0.204)
(0.220) (0.225) (0.251) (0.243) (0.218)
TransFusion  0.958 (0.121)  0.965 (0.140)  0.954 (0.138)  0.957 (0.123)  0.957 (0.125)

(0.142) (0.148) (0.149) (0.140) (0.136)

(0.118) (0.114) (0.134) (0.133) (0.127)

TransGLM 1.052 (0.142 1.066 (0.148 1.044 (0.149 1.045 (0.140 1.053 (0.136
TransGLM;,, 0.243 (0.118 0.238 (0.114 0.250 (0.134 0.238 (0.133 0.245 (0.127
Setting I1

Method P

50 100 200 400 800

AIMS 0.119 (0.060) 0.117 (0.088) 0.116 (0.075) 0.098 (0.045) 0.105 (0.047)
Iw 0.408 (0.163)  0.409 (0.165)  0.405 (0.153)  0.425 (0.195)  0.399 (0.149)
IWalLasso 0.637 (0.299 0.729 (0.329 0.649 (0.269 0.665 (0.281 0.658 (0.283
M 0.163 (0.115 0.171 (0.131 0.171 (0.104 0.197 (0.135 0.223 (0.112
IMaLasso 0.258 (0.066 0.258 (0.067 0.244 (0.069 0.226 (0.066 0.188 (0.056
IMgp 1.353 (0.163 1.388 (0.159 1.451 (0.161 1.511 (0.163 1.607 (0.153

CORAL 2.156 (0.256 2.187 (0.289 2.207 (0.294 2.172 (0.298 2.209 (0.270

TransFusion  1.126 (0.129 1.141 (0.160 1.126 (0.149 1.134 (0.140 1.128 (0.142

TransGLM 1.109 (0.143 1.128 (0.167 1.106 (0.158 1.111 (0.143 1.116 (0.148

TransGLM;, 0.237 (0.127 0.208 (0.103)  0.226 (0.116 0.230 (0.150 0.225 (0.107
Setting 111

(0.299) (0.329) (0.269) (0.281) (0.283)
(0.115) (0.131) (0.104) (0.135) (0.112)
(0.066) (0.067) (0.069) (0.066) (0.056)
(0.163) (0.159) (0.161) (0.163) (0.153)
IMxcp 0.580 (0.158)  0.616 (0.155)  0.668 (0.157)  0.739 (0.152)  0.848 (0.148)
(0.256) (0.289) (0.294) (0.298) (0.270)
(0.129) (0.160) (0.149) (0.140) (0.142)
(0.143) (0.167) (0.158) (0.143) (0.148)
(0.127) ( (0.116) (0.150) (0.107)

Method P
50 100 200 400 800

AIMS 0.088 (0.043) 0.082 (0.044) 0.079 (0.044) 0.072 (0.040) 0.070 (0.049)
W 0.430 (0.181)  0.431 (0.172)  0.438 (0.187)  0.464 (0.159)  0.430 (0.138)
IWalLasso 0.631 (0.285 0.660 (0.310 0.661 (0.308 0.703 (0.297 0.656 (0.285
M 0.201 (0.125 0.226 (0.158 0.216 (0.137 0.258 (0.147 0.292 (0.157
IMaLasso 0.156 (0.050 0.162 (0.056 0.157 (0.047 0.155 (0.055 0.151 (0.055
IMgr 1.527 (0.152 1.565 (0.167 1.651 (0.179 1.725 (0.158 1.762 (0.189

CORAL 2.020 (0.237 2.013 (0.266 2.002 (0.244 2.040 (0.221 1.988 (0.237
TransFusion  0.997 (0.129 0.975 (0.136 0.974 (0.132 0.997 (0.136 0.963 (0.124
TransGLM 1.069 (0.148 1.053 (0.154 1.048 (0.148 1.074 (0.161 1.043 (0.149

(0.285) (0.310) (0.308) (0.297) (0.285)
(0.125) (0.158) (0.137) (0.147) (0.157)
(0.050) (0.056) (0.047) (0.055) (0.055)
(0.152) (0.167) (0.179) (0.158) (0.189)
IMxcp 0.727 (0.163)  0.779 (0.175)  0.861 (0.192)  0.958 (0.171)  1.044 (0.193)
(0.237) (0.266) (0.244) (0.221) (0.237)
(0.129) (0.136) (0.132) (0.136) (0.124)
(0.148) (0.154) (0.148) (0.161) (0.149)
TransGLM;,,  0.259 (0.122)  0.265 (0.122)  0.276 (0.155)  0.293 (0.124)  0.280 (0.109)

Table S.10: Continuous-outcome dimensionality grid. The columns vary the dimension p €
{50, 100, 200, 400, 800}, while ngs, = 400, ¢ = 100, ns, = 2000, nr, = 2000,
and n,, = 3000 are fixed. Each cell reports the Monte Carlo mean (empirical

standard deviation) of ||3 — B[O} 3 over 100 replications. Boldface indicates the
smallest Monte Carlo mean within each setting and column.
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S.3.5 Additional T2D Benchmark Results

Table S.11 reports the complete T2D real-data comparison, including the adaptive-Lasso
variants, RF-based imputation, TransGLM variants, and the MAP-based phenotyping base-
line that are omitted from the main-text table for readability.

AIMS  IW  IWunasso  IM IMapasso IMrp IMxegp CORAL  TransFusion TransGLM  TransGLM;y, IMpheNorm IMyap
BSS 0.36 -0.11 -0.22 0.23 0.24 -1.00  -1.07 -0.11 0.01 0.00 0.00 -0.20 -0.29
GOF 0.16 -0.85 -1.87 -0.02 -0.02 -1.36 -1.46 -0.88 -0.25 -0.78 -0.82 -0.45 -0.54
AUC 0.89 0.64 0.62 0.81 0.83 0.78 0.81 0.62 0.81 0.71 0.70 0.82 0.82

Table S.11: Full predictive performance comparison for the T2D risk models evaluated on
the validation data. This table includes additional benchmark variants omitted
from Table 1 for readability.

S.3.6 Additional AAG Results on the Target Majority Subgroup

~[1
Table S.12 compares the preliminary estimator 3 g (AIMSiyit ), the dense debiased estimator

BglnseDeb (AIMSpense_Deb), and the thresholded estimator B[TIL (AIMSty,) for the majority
subgroup. The thresholded estimator achieves the strongest Pearson and Spearman cor-
relations with the held-out target-majority AAG labels, while the preliminary estimator
yields slightly smaller RMSE and MAE. The dense debiased estimator performs worst un-
der the prediction-error metrics RMSE and MAE, which is consistent with its role as an
intermediate dense debiased estimator rather than a final prediction rule.

AIMSmis  AIMSpense.Deb ~ AIMStn,

RMSE 2.24 3.03 2.31
MAE 1.54 2.20 1.57
Pearson 0.06 0.14 0.20
Spearman 0.09 0.20 0.31

Table S.12: Predictive performance of the preliminary, dense debiased, and thresholded

AIMS estimators on the target majority subgroup, evaluated using held-out
ground-truth AAG labels.
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