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Abstract

A fundamental aspect of statistics is the integration of data from different sources.
Classically, Fisher and others were focused on how to integrate homogeneous (or only
mildly heterogeneous) sets of data. More recently, as data are becoming more accessi-
ble, the question of if data sets from different sources should be integrated is becoming
more relevant. The current literature treats this as a question with only two answers:
integrate or don’t. Here we take a different approach, motivated by information-sharing
principles coming from the shrinkage estimation literature. In particular, we deviate
from the do/don’t perspective and propose a dial parameter that controls the extent to
which two data sources are integrated. How far this dial parameter should be turned is
shown to depend, for example, on the informativeness of the different data sources as
measured by Fisher information. In the context of generalized linear models, this more
nuanced data integration framework leads to relatively simple parameter estimates
and valid tests/confidence intervals. Moreover, we demonstrate both theoretically and
empirically that setting the dial parameter according to our recommendation leads to
more efficient estimation compared to other binary data integration schemes.

Keywords: Data enrichment, generalized linear models, Kullback—Leibler divergence, ridge
regression, transfer learning.



1 Introduction

Statistics aims to glean insights about a population by aggregating samples of individual
observations, so data integration is at the core of the subject. In recent years, a keen interest
in combining data—or statistical inferences—from multiple studies has emerged in both
statistical and domain science research (Chatterjee et al., 2016; Jordan et al., 2018; Yang
and Ding, 2019; Michael et al., 2019; Lin and Lu, 2019; Chen et al., 2019; Tang et al., 2020;
Cahoon and Martin, 2020). While each sample is typically believed to be a collection of
observations from one population, there is no reason to believe another sample would also
come from the same population. This difficulty has given rise to a large body of literature for
performing data integration in the presence of heterogeneity; see Claggett et al. (2014); Wang
et al. (2018); Duan et al. (2019); Cai et al. (2019); Hector and Song (2020) and references
therein for examples. These methods take an all-or-nothing approach to data integration:
either the two sources of data can be integrated or not. This binary view of what can, or even
should, be integrated is at best impractical and at worst useless when confronted with the
messy realities of real data. Indeed, two samples are often similar enough that inferences can
be improved with a joint analysis despite differences in the underlying populations. It does
us statistical harm to think in these binary terms when data sets come from similar but not
identical populations: assuming data integration is wholly invalid leads to reduced efficiency
whereas assuming it is wholly valid can unknowingly produce biased estimates (Higgins and
Thompson, 2002). It is thus not practical to think of two data sets as being either entirely
from the same population or not. This begs the obvious but non-trivial (multi-part) question:
What and how much can be learned from a sample given additional samples from similar
populations, and how to carry out this learning process?

Towards answering this question, we consider a simple setup with two data sets: one for
which a generalized linear model has already been fit, and another for which we wish to fit
the same generalized linear model. (The case with more than two data sets is discussed in
Section 2.1 below.) The natural question is if inference based on the second data set can
be improved in some sense by incorporating results from the analysis of the first data set.
This problem has been known under many different names, of which “transfer learning” is
the most recently popular (Pan and Yang, 2010; Zhuang et al., 2021). The predominant
transfer learning approach uses freezing and unfreezing of layers in a neural network to
improve prediction in a target data set given a single source data set (Tan et al., 2018;
Weiss et al., 2016). The prevailing insight into why deep transfer learning performs well
in practice is that neural networks learn general data set features in the first few layers
that are not specific to any task, while deeper layers are task specific (Yosinski et al., 2014;
Dube et al., 2020; Raghu et al., 2019). This insight, however, does not give any intuition
into or quantification of the similarity of the source and target data sets, primarily because
of a lack of model interpretability. More importantly, this approach fails to provide the
uncertainty quantification required for statistical inference. Similarly, transfer learning for
high-dimensional regression in generalized linear models aims to improve predictions and
often does not provide valid inference (Li et al., 2020, 2022; Tian and Feng, 2022). Another
viewpoint casts this problem in an online inference framework (Schifano et al., 2016; Toulis
and Airoldi, 2017; Luo and Song, 2021) that assumes the true value of the parameter of
interest in two sequentially considered data sets is the same.



In contrast, we aim to tailor the inference in one data set according to the amount of
relevant information in the other data set. Our goal is to provide a nuanced approach to data
integration, one in which the integration tunes itself according to the amount of information
available. In this sense, we do not view data sets as being from the same population or not,
nor data integration as being valid or invalid, and we especially do not aim to provide a
final inference that binarizes data integration into a valid or invalid approach. Rather, our
perspective is that there is a continuum of more to less useful integration of information
from which to choose, where we use the term “useful” to mean that we are minimizing bias
and variance of model parameter estimates.

This new and unusual perspective motivates our definition of information-driven regu-
larization based on a certain Kullback—Leibler divergence penalty. This penalty term allows
us to precisely quantify what and how much information is borrowed from the first data set
when inferring parameters in the second data set. We introduce a so-called “dial” parameter
that controls how much information is borrowed from the first data set to improve inference
in the second data set. We prove that there exists a range of values of the dial parameter
such that our proposed estimator has reduced mean squared error over the maximum likeli-
hood estimator that only considers the second data set. This striking result indicates that
there is always a benefit to integrating the data sets, but that the amount of information
integrated depends entirely on the similarity between the source and target. Based on this
result, we propose a choice of the dial parameter that calibrates the bias-variance trade-off
to minimize the mean squared error, and show how to construct confidence intervals with
our biased parameter estimator. Finally, we demonstrate empirically the superiority of our
approach over alternative approaches, and show empirically that our estimator is robust to
differences between the source and target data sets. Due to its disjointed nature, relevant
literature is discussed throughout.

We describe the problem set-up and proposed information-driven shrinkage approach
in Section 2. Section 3 gives the specific form of our estimator in the linear and logis-
tic regression models. Theoretical properties of our estimator are established in Section
4, demonstrating its efficiency compared to the maximum likelihood estimator. We inves-
tigate the empirical performance of our estimator through simulations in Section 5 and
a data analysis in Section 6. An R package implementing our methods is available at
github.com/ehector/ISEDI.

2 A continuum of information integration

2.1 Problem setup

Consider two populations, which we will denote as Populations 1 and 2. Units are randomly
sampled from the two populations and the features X;; € R? and y;; € R are measured on
unit ¢ from Population j, with ¢ = 1,...,n; and j = 1,2. Note that, while the values of
these measurements will vary across ¢ and 7, the features being measured are the same across
the two populations. Write D; = {(X;,y;;) : i = 1,...,n;} for the data set sampled from
Population 7, for j = 1,2. Note that we have not assumed any relationship between the two
populations, only that we have access to independent samples consisting of measurements



of the same features in the two populations. The reader can keep in mind the prototypical
example where a well designed observational study or clinical trial has collected a set of high
quality target data Dy and the investigator has at his/her disposal a set of source data D,
of unknown source and quality to use for improved inference.

While our focus is on the case of one source data set, our information-sharing method
described below can be applied more generally. Indeed, if an investigator has M-many source
data sets from M populations measuring the same outcome and features, as in Section 6
below, then they might consider creating a single source data set by concatenating these M
data sets. The proposed information-sharing method can then be applied to the concatenated
source data set. This of course has advantages and disadvantages. On the one hand, if all
the data sets—source and target—are mostly homogeneous, then our proposed information-
sharing leads to a substantial efficiency gain through concatenation; similarly, if the data sets
are mostly heterogeneous, then there is effectively no risk since our proposed information-
sharing procedure will down-weight the source data set and inference will rely mostly on the
target. On the other hand, if there are groups of source data sets that are homogeneous
within and heterogeneous across, then the picture is far less clear: the concatenated source
data set lacks some of the nuance of the individual source data sets which, depending on the
circumstances, could improve or worsen the efficiency of the inference in the target data. We
investigate this potential mix of homogeneous and heterogeneous source data sets and make
general recommendations in Appendix B.2, but leave it up to the individual investigator
to determine if concatenation is justified in their particular application. Alternatives to
concatenation include data-driven methods for detecting heterogeneous source data sets (Li
et al., 2022; Tian and Feng, 2022), which are discussed in Section 4.3 in the context of
“negative transfer.”

Since the features measured in data sets D; and D, are the same, it makes sense to
consider fitting identical generalized linear models to the two data sets. These models assume
the conditional probability density/mass function for y,;, given X;, is of the form

fj(yij;/ﬁj77j) = C(yij§ %’) eXp [d(%‘)_l{yiniTjﬁj - b(Xsz/Bj)}]’ (1)

i=1,...,n5, 7 =1,2, where b, ¢, and d are known functions, 3, is the quantity of primary
interest, and ; is a nuisance parameter that will not receive much attention in what follows.
Since inference of «; is not of interest and we can appropriately estimate 7; based on D;, we
do not concern ourselves with how integration affects estimates of v; and we assume y; # 7.
The conditional distribution’s dependence on X;; is implicit in the “j” subscript on f;. We
will not be concerned with the marginal distribution of X;; so, as is customary, we assume
throughout that this marginal distribution does not depend on (Bj, 7;), and there is no need
for notation to express this marginal. We assume that X; = (Xyj,...,X,,;) € R,
7 =1,2, is full rank.

Of course, the two data sets can be treated separately and, for example, the standard
likelihood-based inference can be carried out. In particular, the maximum likelihood esti-
mator (MLE) can be obtained as

(B;. 7)) = argmax ;") (y;: ;7). j=1.2,

j Vi

where f}nj)(yj;ﬁj,vj) = 1.2, fi(vij; B;,7;) is the joint density/likelihood function based
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on data set D;, 7 = 1,2. The MLEs, together with the corresponding observed Fisher
information matrices, can be used to construct approximately valid tests and confidence
regions for the respective 3; parameters. This would be an appropriate course of action if
the two data sets in question had nothing in common.

Here, however, with lots in common between the two data sets, we have a different
situation in mind. We imagine that the analysis of data set D; has been carried out first,
resulting in the MLE 3,, among other things. Then the question of interest is whether the
analysis of data set Dy ought to depend in some way on the results of D;’s analysis and, if
so, how. While the problem setup is similar to the domain adaptation problem frequently
seen in binary classification (Cai and Wei, 2021; Reeve et al., 2021), we emphasize that our
interest lies in improving efficiency of inference of 3,. More specifically, can the inference of
B, based on D, be improved through the incorporation of the results from D;’s analysis?

2.2 Information-driven regularization

Our stated goal is to improve inference of B, in Dy given the analysis of D;. Further
inspection of equation (1) reveals that the primary difference between f; and f5 is in the
difference between Bl and B,. Thus, at first glance, the similarity between D; and Ds is
primarily driven by the closeness of [Ai'l and B,. Intuitively, if Bl and 3, are close, say
1B, — B,||2 is small, then some gain in the inference of 3, can be expected if the inference
in D; is taken into account. This rationale motivates a potential objective to maximize
fénz)(yQ;,BZ, 7;) under the constraint |3, — B1H2 < ¢ for some constant c¢. The choice of ¢
then reflects one’s belief in the similarity or dissimilarity between D; and Dy, and data-driven
selection of ¢ relies on the distance [|3y — B4|*.

We must ask ourselves, however, if closeness between 3, and ,/8\1 is sufficient for us to
integrate information from D, into estimation of 3,. For example, would we choose to
constrain 3, to be close to Bl if n, were small? How about if XX is small, reflecting
uninformative features and resulting in a large variance of Bl? These intuitive notions of
what we consider to be informative highlight a gap in our argument so far: elements that are
“close” in the parameter space may not be close in an information-theoretic sense, and vice-
versa. This is best visualized by Figure 1, which plots two negative log-likelihood functions
for 3,, one being based on a more informative data set than the other. The true 3, is also
displayed there and, as expected, is different from the MLE Bl based on Dy for visualization
purposes, we have arranged for Bl to be the same for both the more and less informative
data sets. The plot reveals that the more informative data can better distinguish the two
points 3, and B3, in terms of quality of fit, than can the less informative data—so it is
not just the distance between 3, and ,@1 that matters! Intuitively, estimation of 3, should
account not only for its distance to Bl but also the “sharpness” of the likelihood, or the
amount of information in D;.

This motivates our proposal of a distance-driven regularization that takes both the ambi-
ent geometry of the parameter space and aspects of the statistical model into consideration.
That is, we propose a regularization based on a sort of “statistical distance.” The most

common such distance, closely related to the Fisher information and the associated infor-
mation geometry (Amari and Nagaoka, 2000; Nielsen, 2020), is the Kullback—Leibler (KL)



negative log-likelihood

Figure 1: An illustration of the likelihoods for more (red) and less (blue) informative data.

divergence which, in our case, is given by

flnl (y 517 M)

KL, (8: By ) = / o8 i 5’%)1‘ (y: By, ) dy
- R
= G AV (KA (X 1B, — X6) + bX[8) ~ (X B}

where 0'(X/,8) = Eg~, (yi1 | Xi1), a standard property satisfied by all natural exponential
families. Our proposal, then, is to use the aforementioned KL divergence to tie the estimates
based on the two data sets together, i.e., to produce an estimator that solves the following
constrained optimization problem:

maximize n, ' log fz("Q)(yQ;,B,vg) subject to 1y KLy, (B;Bl,%) <le, (2)

where ¢ > 0 is a constant to be spemﬁed by the user. The KL divergence measures the
entropy of f(m)(y 3,7 ) relative to f1 (y 51771) As the Hessian of the KL divergence,
the Fisher information describes the local shape of the KL divergence and quantifies its
ability to discriminate between fln1 (y; B,71) and f(n1 (y: B, m).

A key difference between what is being proposed here and other regularization strategies
in the literature is that our penalty term is “data-dependent” or, perhaps more precisely,
relative to D;. That is, it takes the information in D; into account when estimating 3,, hence
the name information-driven regularization. Of course, the extent of the information-driven
regularization, i.e., how much information is shared between D; and D,, is determined by
€, so this choice is crucial. We will address this, and the desired properties of the proposed
estimator, in Section 4 below.



To solve the optimization problem in equation (2), we propose the estimator
Bz()\) = argmax O(B; N,
where the objective function is

O(8; \) = ny " log £ (yy: B,72) — Any 'KLn, (B; By, )

1 &
=D (X8 - 0(X50)} (3)
=1
P ~ ~ ~
—n—lz{b’(XZ (X8 — X1B) +b(X [\ 8) — b(X/\B))},
=1

for a dial parameter A\ > 0. Thanks to the general niceties of natural exponential families,
this objective function is convex and, therefore, is straightforward to optimize. The addition
of the KL penalty term in equation (3) essentially introduces A-discounted units of infor-
mation from D; into the inference based on Dy. Note that we specifically avoid use of the
term “tuning parameter” to make a clear distinction between our approach and the classi-
cal penalized regression approach. The addition of the KL divergence penalty intentionally
introduces a bias in the estimator B5(\) for B, which we hope—and later show—will be
offset by a reduction in variance. This is the same basic bias—variance trade-off that mo-
tivates other shrinkage estimation strategies, such as ridge regression and lasso, but with
one key difference: our motivation is information-sharing, so we propose to shrink toward
a Di-dependent target whereas existing methods’ motivation is structural constraints (e.g.,
sparsity), so they propose to shrink toward a fixed target. With this alternative perspective
comes new questions: does adding a small amount of D;-dependent bias lead to efficiency
gains? Below we will identify a range of the dial parameter such that the use of the external
information in D; reduces the variance of 3,(\) enough so that we gain efficiency even with
the small amount of added bias. The parameter A thus acts as a dial to calibrate the trade-off
between bias and variance in B, ().
The maximum of O(3; \) coincides with the root of the estimating function

1 & A ~
U(B;A) = n—ZZXiz{yz? — V(X 58)} - n—lzXﬂ{b/(XiTl ) = V(X 181)}
=1 =1

= ny' Xo{ys — 12(8)} — g X1 {p(B) — 11(B)},

where p,(8) is the nj-vector of (conditional) mean responses, given X, for j = 1,2. The
root is the value of 3 that satisfies

n51X2y2 + )\nlellfq(Bl) = ”51X2H2(:3) + )‘”I1X1H1(B)-

From this equation, we see that a solution 3 must be such that a certain linear combination
of p,(B) and p,(B) agrees with the same linear combination of p,(3;) and y,, two natural
estimators of the mean responses in D; and Ds, respectively. In Section 3, we give the
specific form of the estimating function for two common generalized linear models: linear
and logistic regression.



2.3 Remarks

2.3.1 Comparison to Wasserstein distance

The Wasserstein distance has enjoyed recent popularity in the transfer learning literature; see
for example Shen et al. (2018); Yoon et al. (2020); Cheng et al. (2020); Zhu et al. (2021). An
example illustrates why we prefer the KL divergence to the Wasserstein distance. Suppose
filyir; B,m) is the Gaussian density with mean X8 and variance v, = o?. The KL
divergence defined above is

KLo, (8; By, 1) = (203748, — B)T X, X[ (B, — B). (4)

Clearly, this takes into consideration not only the distance between B and Bl, but also
other relevant information-related aspects of the data set D;. By contrast, following Olkin
and Pukelsheim (1982), the 2-Wasserstein distance between the two Gaussian joint densities

FI By, 02) and fI(5 8, 02) s

W{F™ (5 By, 02), (5 8, 0%)}
= ||/61 - /8||§ —|—trace{a%[m + U%Iru - 20’10’11n1}
= |18, - 8|2

In this example, the Wasserstein distance is only a function of the distance between the
means, and fails to take into account any other aspects of D;, in particular, it does not
depend on the observed Fisher information in D;. Replacing the KL divergence in our
proposal above with the 2-Wasserstein distance would, therefore, reduce to a simple ridge
regression formulated with D;-dependent shrinkage target 3,. As discussed above, such an
approach would not satisfactorily achieve our objectives.

2.3.2 Connection to data-dependent penalties

The dependence of the constraint in equation (2) on the data D; is unusual in contrast to
more common constraints on parameters. Our formulation leads to a penalty term in O(3; \)
that depends on data. This approach allows an appealing connection to the empirical Bayes
estimation framework, which allows us to treat information gained from analyzing D; as
prior knowledge when analyzing Dy. Through this lens, 8, — exp{—AKL,, (8;8;,71)} acts
like a prior density and maximizing O(3,; A) is equivalent to maximizing the corresponding
posterior density for 3,, i.e., §2(/\) is the maximum a posteriori estimator of 3,. The dial
parameter A adjusts the impact of the prior and reflects the experimenter’s belief in the
similarity of D; and Ds. R

The prior term KLy, (3;3,,71) is itself a measure of the excess surprise (Baldi and Itti,
2010) between the prior information fl(m)(yl;Bl,'yl) and the likelihood fl(nl)(yl;ﬁ,'yl) in
D;. This observation leads to an intuitive understanding of our KL prior: if the prior
fl(m)(yl; 31, 1) and the likelihood fl(m)(yl; B,71) are close for all values of 3, then the prior
probabilities are small for all values of 3 and the prior is weakly informative.



2.3.3 Distinction from data fusion

Apart from the literature that considers (a subset of) effects to be a priori heterogeneous (e.g.
Liu et al., 2015; Tang and Song, 2020), homogeneous (e.g. Xie et al., 2011) or somewhere in
between (e.g. Shen et al., 2020), some methods consider fusion of individual feature effects.
Broadly, fusion approaches jointly estimate B, and 3, by shrinking them towards each other.
At first blush, these methods may appear similar to our approach, so we take the time to
highlight two key differences.

Primarily, these methods differ in that they do not consider estimation in D; to be fixed
to B, and can jointly re-estimate both parameters for improved efficiency. This is quite
different from our goal, which is to quantify the utility of a first, already analyzed data set
D; in improving inference in a second data set D,. Our approach has the advantage that
we do not require the model to be correctly specified in D;, which endows our method with
substantial robustness properties which are lacking for fusion approaches.

Moreover, data fusion’s underlying premise is to exploit feature clustering structure across
data sources, thereby determining which features should be combined (Bondell and Reich,
2009; Shen and Huang, 2010; Tibshirani and Taylor, 2011; Ke et al., 2015; Tang and Song,
2016). In particular, this leads to the integration of some feature effects but not others.
Different sets of feature effects are estimated from different sets of data, which does not
provide the desired quantification of the similarity between data sets.

3 Examples

3.1 Gaussian linear regression

For the Gaussian linear model, the KL divergence is given in (4). In this case, the objective
function in (3) is given by

O(B; \) = ny' BT Xy, — (2n2) '8 X, X, 8
- /\<2n1)_1(ﬂ1 - ﬂ)TXIXI(L% -B).
Optimizing O corresponds to finding the root of the estimating function
T(B;N) = ny ! (Xoy, — Xo X3 8) — Mn (X1 X[ B~ X1 X[ By).

Let G; = nj_lXijT, 7 = 1,2, denote the scaled Gram matrices. Then the solution to the
estimating equation W(3; \) = 0 is

By(\) = (G2 4+ 2GY) ™ (0 Xy, + AG1B))

- R 5
= (G2 + 2\Gy) T (GoB, + AG13)), ?

where Bz = (X3 X5) ' Xy, is the MLE based on D, only. The estimator 8,()) in equation
(5) progressively grows closer to Bl as more weight (through \) is given to D;. This is
desirable behavior: A acts as a “dial” allowing us to tune our preference towards D; or Ds.
When 3, = 8,, we recognize B,()) as a generalization of the best linear unbiased estimator.
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The estimator ,?32(/\) does not rely on individual level data from the first data set, D;; all
that is needed is the sample size, the estimate, and the observed Fisher information. Thus,
our proposed procedure is privacy preserving and can be implemented in a meta-analytic
setting where only summaries of D; and D, are available.

This estimator also takes the familiar form of a generalized ridge estimator (Hoerl and
Kennard, 1970; Hemmerle, 1975) and benefits from many well-known properties; see the
excellent review of van Wieringen (2021). The estimator 8,()) is a convex combination of
the MLEs from D; and D,, with weights determined by the corresponding observed Fisher
information matrices. This formulation allows us to identify the crucial role that A plays in
balancing not only the bias but the variance of 3,, a role reminiscent of that played by the
tuning parameter for ridge regression (Theobald 1974; Farebrother, 1976)

Our estimator 8,()\) can be rewritten as 3,(\) = W,\62 (I, W)\),Bl with

Wi =ny (0 Xo X + W' X, X]) ' XX

In contrast, Chen et al. (2015) consider pooling D; and D, to jointly estimate 3, and
B, = By + d5 with some penalty || X 285||2, where 8 = 3; — B,. Their estimator is given by
By (W) =W ,\B, + (I, — W,)3,, where

W, = (X1 X] +AXoX, + 20X, X)) (X, X] +AX,X5).

When ny = ny, Wy < W, if and only if (1— NI, < (X,X,) ' X, X/. This is clearly
always true when A > 1. When A\ < 1, W,\ < W, if D; is informative relative to Ds,
and W, = W, if D; is uninformative relative to Dy. Therefore, our estimator assigns more
weight to D; than Chen et al. (2015)’s estimator when D; is more informative, and less when
it is uninformative, as desired.

3.2 Bernoulli logistic regression

For the standard logistic regression model, the KL divergence is given by
ni T3 T
~ exp(X;; 8 1 4 exp(X;
KLn1(ﬁa/61):Z ( - 1) ( - ) } :
i=1

1+ exp(X 13)) L+ exp(X 1))
Then the objective function in (3) can be written as

(X118, — X18) +log{

n2

OB ) = = 3" [y X 58— log{1 +exp(X ;)]

2=
-
exp( 11ﬁ1) (X138, - X}, )—i—log{ 1+ exp(X;,8) }] '

o Z 1 +exp(X,.08)) 1—|—exp(XZ-T1,/(§1)
To optimize O, we find the root of the estimating function given by

U (B;\) =n, 1X2{y2 — expit( XT } Ang X, {explt XT,B) — eXpit(XlT,/él)},

where expit(z) is the vector obtained by applying z +— e*/(1 + €*) to each component of
the vector z. The estimator 3,(\) is the solution to ¥(8;\) = 0. Of course, there is no
closed-form solution, but the solution can be obtained numerically.
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4 Theoretical support

4.1 Objectives

A distinguishing feature of our perspective here is that we treat D; as fixed. In particular,
we treat 3; as a known constant. A relevant feature in the analysis below is the difference
60 =p3,— Bl, which is just one measure of the similarity/dissimilarity between D; and D,.
Of course, 9 is unknown because 3, is unknown, but § can be estimated if necessary. Note
also that we do not assume ||d||2 to be small.

Thanks to well-known properties of KL divergence, 3 — E{O(3;\)} is concave, so it
has a unique maximum, denoted by B5()\). If the true value of B in Dy is B,, then clearly
B5(\) # By when A # 0 and & # 0. On the other hand, it is easy to verify that, as A\ — 07,
the objective function satisfies E{O(8;A\)} — E{O(3;0)} uniformly on compact subsets of
the parameter space of 3, so, as expected, limy_,o+ B5(\) = 3,. As stated in Section 2.2,
our objective is to find a range of the dial parameter A — depending on 4, etc. — such that
the use of the external information in D; sufficiently reduces the variance of 3,(\) so as to

overcome the addition of a small amount of bias to B5()\).

We first consider the Gaussian linear model for its simplicity, which allows for exact
(non-asymptotic) results. The ideas extend to generalized linear models, but there we will
need asymptotic approximations as ny — 0o. Throughout, we use the notational convention
M? = M "M for a matrix M.

Proofs of all the results are given in Appendix A.

4.2 Exact results in the Gaussian linear model

In the Gaussian case, the expected estimating function evaluated at B3(\) is

0 =Eg, {T(B5(\);\)}
=n;"' Xo{Eg, (y,) — X3 B5(N)} — Ay ' X1 { X185()) — XlBl}
= Go{B, — B5(N)} — AG {B5(\) — By}

Denote S(\) = G5 + AG;. Rearranging, we obtain
Bs(\) = S7H N (GaBy + AG1B,) = B, — ASTH (VG4

Thus, B5(\) = B, when A = 0 or § = 0. In general, however, our proposed estimator
BQ()\) is estimating B5(\) # B3,, so a practically important question is, if we already have an
unbiased estimator, ,@2, of B,, then why would we introduce a biased estimator? Theorem 1
below establishes that there exists a range of A > 0 for which the mean squared error (MSE)

of 2'320\) is strictly less than that of ,32. Details on the A range over which the efficiency gain
is achieved are given in the third paragraph following the theorem statement.

Theorem 1. There exists a range of A > 0 on which the mean squared error of BQ()\) 15
strictly less than the mean squared error of 3,.
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This result is striking when considered in the context of data integration: we have shown
that it is always “better” to integrate two sources of data than to use only one, even when
the two are substantially different. We also claim that our estimator’s gain in efficiency is
robust to heterogeneity between the two data sets; we will return to this point in Section 4.3
to make general remarks in the context of transfer learning.

Of course, the reader familiar with Stein shrinkage (Stein, 1956; James and Stein, 1960)
may not be surprised by our Theorem 1. Our result has a similar flavor to Stein’s paradox
(Efron and Morris, 1977), i.e., that some amount of shrinkage always leads to a more efficient
estimator compared to a (weighted) sample average, here B2~ In their presciently titled paper,
“Combining possibly related estimation problems,” Efron and Morris (1973) anticipated the
ubiquity of results like our Theorem 1 that show estimation efficiency gains when combining
different but related data sets. B R

The proof of Theorem 1 shows that MSE{3,(\)} < MSE(3,) for all A > 0 when § = 0;
when & # 0, it proves that MSE{B,(\)} is monotonically decreasing over the range [0, \*]
and monotonically increasing over the range [\*, 00) for some A\* > 0 that does not have a
closed-form. The proof does, however, provide a bound for A\*:

2. -1
03 Milly—1, . p KrGra

o ()

>

Mo INaxX,—1

where g0 > 0, 7 = 1,...,p, the eigenvalues of G in increasing order and r,, 7 = 1,...,p,
the elgenvalues of G, 1/ 2G 1G'l/ in decreasing order. That is, the MSE of ,32( ) will be less
than that of ﬁQ if A is no more than the right-hand side of (6). From the above expression,
we see that if elements of d are large in absolute value, then the improvement in MSE only
occurs for a small range of \. Moreover, if ny', k, or g, are small then the range of \
such that MSE{B,(\)} < MSE(B2) is small: in other words, if D, is highly informative
then very little weight should be given to D, regardless of how informative Dy is. This is
intuitively appealing and practically useful because it provides a loose guideline based on
the informativeness of D, for how much improvement can be obtained using D;.

In practice, we propose to find a data-driven version of the minimizer, \*, of the MSE.
For this, we minimize an empirical version of the MSE based on plug-in estimators, i.e.,

A =arg r/{li(r)l [ny'55 trace{S™*(\) G2} + )\Qtrace{Gl,S'_Z()\)GldAz}},
>

the minimizer of the estimated mean squared error of B,(\), where

. 1 &
Gy = Z(ym X12 2),

2P D

is the usual estimate of the error variance o2, and 8% is a bias-adjusted estimate of 88"
~ ~ ~ ~ AT
computed as follows. If we define §, = B, — B,, then the equality Eg,(,0,) = 88" +

~ AT
o2ny 'G5 implies that 0,0, is a positively biased estimator of 66", Similar to Vinod
(1987) and Chen et al. (2015), we estimate §8 ' with

52 = (8,0, —

p

oan, 'Gy )
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where (A), = Pdiag{max();,0)}’_,P" for a symmetric matrix A € RP*? with eigende-
S AT
composition P diag(\;)?_, P". If all eigenvalues are negative, we use 6 = 0,0, . This bias-
adjusted approach to estimating MSE is related to Stein’s unbiased risk estimator (SURE,
Stein, 1981); see also Vinod (1987) for a discussion in the ridge regression setting. The min-

imizer \ (almost) always exists since 6* is non-zero with probability 1. That the minimizer
is strictly positive, even if D; is minimally- or non-informative, might be counter-intuitive;
but this is a consequence of Theorem 1, which shows that we need only consider the set
of strictly positive A values to improve inference in D,. Finally, we show that constructing
exact confidence intervals for 3, using a debiased version of 3,(\) reduces to the traditional
inference using the MLE. It follows from the proof of Theorem 1 that,

Bo(N) + A8 NG (B, — By) ~ N{Ba,ny 038 (N G2S (M)}, (7)
A > 0, and therefore, using the definition of 3,(\) in equation (5),

{I, = AST' NG} ST NGB, ~ N{By, (93 /n2) DN},
with
D)) = {I, = AST (NG} 'S NGST VL, - AGi ST (V)

Algebra reveals that {I, — AS™'(A\)G,} 'S 1(\)Gy = I, which finally yields the familiar
result: 3, ~ N{0,n;'02G5"}. Therefore, confidence intervals based on equation (7) reduce
to confidence intervals obtained from the MLE Bz and familiar Gaussian sampling distri-
bution. That is, the debiasing that ensures the confidence interval is centered (on average)
at 3, effectively negates the gain in efficiency of our estimator. As remarked by Obenchain
(1977) in ridge regression, our shrinkage does not produce “shifted” confidence regions, and
the MLE is the most suitable choice if one desires valid confidence intervals. Nonetheless,

we will consider in Sections 4.3 and 5 if the biased estimator BQ(/\) can be used to derive
confidence intervals with asymptotic nominal coverage as n, — 0.

4.3 Asymptotic results in generalized linear models

Next we investigate the asymptotic properties of BQ()\) in generalized linear models as ny —
o0o. For 7 =1,2) let

where h(X/,8) = b/(XT ) is the inverse of the link function. Define A(8) = {h(X/8) —
WX 3B}, and S(B;A) = —0%(8;0)/(96). Then

A) XX 50 (X} =N XX\ (X
(,3 712 ; 2 72 ( + ; 1 721 ( )
=ny ' X2A(X,8)X, + ' X1 A(X]B)X].

We assume the following conditions.
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(C1) limy,, oo 5" Y02 {A(X 58,) X 58 — b(X ,8)} exists and is finite.

(C2) For any 3 between 3, and 33(\) inclusive, the two matrices defined below exist and
are positive definite:

v1(B) =n' X A(X!B)X] and vy(B) = lim n,'X,A(X,08)X,.
ng—r0o0
Denote by s(8;A) = limy,, 00 Eg, {S(B;A)} = limy, 00 S(B; A) = v2(B) + Av1(B). Recall
that the asymptotic variance of the MLE B, is d(72)v5 ' (8s).

Lemma 1 is a standard result stating that the minimizer of our objective function con-
verges to the minimizer of its expectation.

Lemma 1. If Condition (C1) holds, then By(\) — B5(\) = Op(n;1/2), for each A > 0.

Since we already have that limy_,o+ B5(\) = B, as ny — oo, an immediate consequence
of Lemma 1 is that B,(\) 2 B, as ny — 0o and A — 0F. More can be said, however, about
the local behavior of 3,(\) depending on how quickly A vanishes with ns.

Lemma 2. If Conditions (C1)-(C2) hold, and A\ = O(n, s ), then as ny — o0,
ny 2T (By: M{Ba (M) — By + Ani SN By N XL A(B,)} 5 N(0,T),

where J(B; ) = d(12)8T (8; \vy'(B8)S(8; )\) is the observed Godambe information matriz
(Godambe, 1991). Moreover, if A = o(n 1/2) then

ny 2T (B M{By(N) — B} 5 N (0,1,), ny — oo,

To summarize, if A vanishes not too rapidly, then there is a bias effect in the first-order
asymptotic distribution approximation of B,; if A vanishes rapidly, then there is no bias
effect in the first-order approximation. In either case, however, there is a reduction in the
variance due to the combining of information in D; and D,. This gain in efficiency can be
seen, at least intuitively, by looking at the Godambe information matrix J(3,; \). Indeed,
since lim,,, 0 S(3; A) = v2(8) + Av1(B) has eigenvalues strictly larger than those of va(8),
it follows that J(B,;\) has eigenvalues strictly smaller than those of d(v;)vy*(B,). The
following theorem, our main result, confirms the above intuition.

Theorem 2. If Conditions (C'1)-(C2) hold, then there exists a range of A > 0 values, with
upper limit O(n;1/2), on which the asymptotic mean squared error (aMSE) of By(X) is strictly
less than that of B,.

The proof of Theorem 2 shows that aMSE{B,()\)} < aMSE(3,) for all A > 0 when & = 0:
when § # 0, it proves that the aMSE of EQ()\) is monotonically decreasing over the range
[0, A*] and monotonically increasing over the range [A\*, 00), for some A\* > 0 that does not
have a closed-form. But the proof of Theorem 2 does provide a bound:

d(")/g) min,—q p{ﬁr(ﬁ2)gr2 (/82)}

N maxding(vy (By) X2 ABy) A (By) X 07 (By)}

(8)
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where ¢,2(8) > 0, r = 1,...,p, are the eigenvalues in increasing order of vy(3) and k,.(8),
r=1,...,p, are the eigenvalues in decreasing order of v, (B)v;l(,@)véﬂ(ﬁ). This implies
that the aMSE of ﬁQ( ) is less than that of ,82 for A no more than the expression on the
right-hand side of (8). The denominator of (8) is the nonlinear analogue of max,_;
To see this, by the mean value theorem we can write X1 A(8,) = nivi(cy)d for some vector
¢y between Bl and 3,. Then the denominator can be rewritten as the maximum entry of

diag{v; ' (8,)v1(c2)d0 w1 (co)vi ! (By)}-

Recall that v;(3) is the derivative of n; ', (3). Thus, the denominator divides the distance
d by the rate of change of the link function. When § is small, v;'(8,)v1(c2) ~ I, and we
recover the denominator in (6). From this, we draw the same conclusion as in the Gaussian
linear model: if Dy is highly informative, then little weight should be given to Dy, regardless
of how informative D; is.

For a data-driven choice of \*, we propose

A = arg mln [d(ny)trace{S (BQ; )\)VQ(BQ)}
+nan NP AT(B,) X [ S7(By; ) X1A(By)], (9)

the minimizer of the estimated aMSE of B8,()), where 7; the maximum likelihood estimator
of v;in D, j = 1,2, and V(B) = n, 1)CQA(XQT,@')XT Since we are assuming no is large,
we do not adjust for finite sample bias in A(BQ) AT(3,) as we did in the Gaussian linear
model setting. Again, the minimizer always exists since A(BQ) # 0 with probability 1.

As suggested in Section 4.2, Theorem 2 endows our approach with robustness to model
misspecification or lack of information in D; by guaranteeing (under conditions) that our
approach always improves efficiency. This is far superior to traditional transfer learning which
can suffer from degraded performance in Dy, or “negative transfer” (Torrey and Shavlik,
2009). As a remedy, Li et al. (2022) and Tian and Feng (2022) develop methods that detect
informative data sets D; to avoid the pitfalls of negative transfer. Their approaches can
handle settings with multiple candidate data sets D;: they find those most “similar” to Dy
and use these for transferring. Unfortunately, their approaches can still result in degraded
performance, as illustrated in Section 5

Interestingly, the bound in equation (8) is O(ny'), implying that the choice of A that
maximizes the asymptotic efficiency of B,()\) is a A* strictly between O(n; Y %) and O(n;');
numerical results that help to confirm this are given in Section 5 below. This suggests the
bias introduced by A* should be ignorable, while still affording us a small gain in efficiency.
In conjunction with Lemma 2, this suggests a path to inference using the biased estimator
52(5\). We propose to construct large-sample 100(1 — «)% confidence intervals for 3, using

Bo(N) & zapomy 75 Ba A}, (10)
with 2,/ the 1 — § quantile of the standard normal distribution and j -l 2(,3; A) the square
root of the diagonal elements in {d(7,)S" (B; )V (8)S(8;\)} . Since S(8;A) = V1(B)

in Loewner order, it follows that the confidence interval based on 3,(\) in equation (10)

is statistically more efficient than the classical confidence interval based on the sampling
distribution of the MLE 3,.
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5 Empirical investigation

5.1 Objectives, setup, and take-aways

We examine the empirical performance of our proposed information-based shrinkage estima-
tor (ISE) B,(A) through simulations in linear and logistic regression models. For all settings,
we compute 62( ) for a range of A values, and compute A and By()). We construct large
sample 95% confidence intervals using equation (10). Finally, we investigate the robustness
of our proposed approach to model misspecification in the assumed model for analyzing D;.
Throughout, true values 3, and § are randomly sampled from suitable uniform distributions.

In addition to comparison with the MLE BQ, we show that the behavior of our esti-
mator BQ()\) more closely aligns with the intuition developed in Section 2 than competitor
approaches, and that it is more efficient. In both the linear and logistic models, we compare

our approach to the Trans-GLM estimator ﬁ;m in Algorithm 2 of Tian and Feng (2022)
with L regularization (their default) using the R package and function glmtrans, and the
pooled MLE B§ that estimates B, with D; and D2 by assuming B, = B;. In the linear
model, we compare our approach to the estimator ﬁz(W,\) of Chen et al. (2015) described
in Section 3.1 over the same range of A values as our estimator, and to 52( 5) with X se-

lected by minimizing the predictive mean squared error of BQ(W ) using their bias-adjusted
plug-in estimate (their version of our A). We also compare our approach to the Trans-Lasso

estimator BQTL of i et al. (2022) (using their software defaults): their approach assumes
all covariates are Gaussian with mean zero, and so we center our outcome and estimate 3,
without its intercept. In the logistic model, we compare our approach to that of Zheng et al.
(2019), who propose the estimator ,82( )= WB2 (I, )Bl with the matrix W given
by

(B, = Bo)(By — By) " + { X AXTB)X] )+ {X2A(X By X5}
(B, — B) (B, — Bo)" + {X 1 AX{B)X]} ]

Across all simulations, we report 95% confidence interval empirical coverage (CP) of
B,()\), mean X and its standard error, and empirical MSE (eMSE). Li et al. (2022); Chen et al.
(2015); Zheng et al. (2019) do not provide a method for constructing confidence intervals,
prohibiting comparison of inferential properties of these methods to ours. While Tian and
Feng (2022) offer an alternative approach to construct confidence intervals for each element
of B3,, their proposal is not designed to yield a point estimator.

We show that the mean squared error of BQ(~) is smaller than that of EQ and various
competitors when ns is not too small. As expected, ) is larger when ny or 4 are smaller. We
show that, when ny is large, D; is informative or § is small, the bias of our estimator ,32( \) is
negligible and empirical coverage reaches nominal levels. This phenomenon is unique to our
approach: our choice of 5\, in contrast to competitors, guarantees that the bias is negligible
across a range of practical settings.

Finally, an additional simulation in Appendix B.2 investigates the trade-offs of concate-
nation versus single-source transfer learning when more than one source data set is available.
We summarize the key take-aways from this investigation in the discussion of Section 7.
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5.2 Setting I: Varying sample size

We study the performance of BQ(/\) in the linear model with varying degrees of likelihood
information in D relative to Dy. We vary n; € {50,100,500}, ny € {50,100,500}: for
each (ny,ny) pair, we simulate one data set Dy = {y;1, X;1}2;. For each simulated Dy,
we generate 1000 data sets Dy = {y;0, Xi2}12,. Features X;; € R consist of an intercept
and ten continuous features independently generated from a standard Gaussian distribution.
Outcomes are simulated from the Gaussian distribution with E(Y;2) = X ;g B, and V(Y;;) =1
True parameter values are set to 8, = (1,—1.8,2.6,1.4,—-3.6,3.5,2.4,—3.3,1.8, —3.4,2.8),
6 = (0.2,0.1,0.2,-0.1,0.1,—-0.1,0.2,0.2,0.2,—0.1,0.1) and B, = Bl + 0. MLEs ,CA"Jl and
corresponding values 3, are reported in Appendix B.1. For each D,, we compute ,@20\) and
BQ(W,\) for A a sequence of 500 evenly spaced values in [0, 5] for ny = 50,100 and [0, 0.2] for
ny = 500. _

Empirical mean squared errors (eMSE) of 8,(\), ﬁQ(W ) and B, are depicted in Figure 2.
Both B3,()\) and BQ(W,\) have smaller eMSE than 3, across all (n;,ny) pairs. For fixed ny,
the eMSEs of B,()\) and BQ(WA) decrease modestly as n; increases. For fixed nq, the
eMSEs of [32( A) and BQ(WA) decrease much more drastically as no increases. For fixed nq,
the minimum of eMSE{3,(\)} is achieved at smaller A for larger ny, with eMSE{B,(\)} <
eMSE(BQ) for shrinking ranges of A values as my increases. This is consistent with the
intuition developed in Sections 2 and 4: little weight should be placed on D;, regardless of
how informative it is, when Ds is highly informative. In contrast, B,(Wy) continues to place
a large weight on D; even when n; is large. Theoretically, this results in substantial bias of
the most efficient ﬁZ(W »), while the bias of the most efficient B,()) will become negligible,
allowing us to construct confidence intervals that reach nominal levels (discussed below).
Practically, this suggests BQ(W ) struggles with predicting how much efficiency gain can be
expected from incorporating inference in D; when ny is large. Our approach is advantageous
when proposing practical guidelines for improving inference in data integration.

A relevant question that the theory in Section 4 is unable to answer is how large A\* is
as a function of ny. That is, we have an upper bound that is O(n, Y 2) and a lower bound
that is O(n; "), but what about A* itself? For an empirical check, this simulation provides
realizations of \ for a range of ny values, so if we regress log A\ against logns, then the
estimated slope coefficient would provide some information about how fast A\* vanishes with
no. Based on the results summarized in Table 1, the estimated slope is —0.77, with a 95%
confidence interval (—0.78, —0.76), which is well within the range [—1.0, —0.5] that we were
looking in. This provides empirical support of the claim that \* is strictly between our lower
and upper bounds, which are O(n;') and O(n, Y %), respectively.

We show in Table 1 that our proposed A results in a reduced eMSE by reporting eMSE
of ,52(5\), ,@g(WX), ,QQTG, ,@;L, ,@Z and ,@2 (Monte Carlo standard errors, MCse, of eMSE are
reported in Table 11 of the Appendix). Aside from the pooled MLE, our estimator achieves
the smallest eMSE when ny < n;. The Trans-GLM approach of Tian and Feng (2022)
apparently gives too much weight to D; and suffers from negative transfer in most settlngs
We report the mean value of A and the median (over the 11 features) CP of ,62( ), ,62 and 52
over the 1000 simulated D, in Table 2. Coverage of ,82( ) reaches the nominal 95% coverage
when ny = 500. As discussed above, this is a consequence of the negligible bias when ny is
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Figure 2: eMSE of 8,()), B5(W ) and 3, over 1000 simulated Dy in Setting I.

large or one of \, § is sufficiently small. The bias incurred by assuming B, = B, leads to
inflated eMSE of the pooled MLE and severe under-coverage when ny > ny; > 50. Of course,
the value of § is not known in practice and the use of the pooled analysis runs the substantial
risk of introducing a large bias that is not offset by a reduction in variance.

5.3 Setting II: Varying feature information

We study the performance of BQ()\) in the logistic model with varying degrees of likelihood
information in D; relative to Dy when d = 0 and when § # 0. We fix (ny,ny) = (500, 500)
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ny Mg eMSE-10?

~ <~ ~TG ~TL  ~p =

,32(/\) BQ(WX) /82 /82 52 /32

50 17.1 172 324 277 135 285

50 100 9.69 9.56 20.8 126 &880 12.5
500 2.16 211 223 221 2.13 2.22

50 16.5 16.8 27.3 24.2 14.5 28.5

100 100 9.34 933 15.8 11.0 9.74 125
500 2.12 2.09 226 210 2.33 2.22

50 16.0 16.6 23.6 242 216 285

500 100 9.06 924 12.7 11.0 18.2 12.5
500 2.10 2.10 2.38 2.12 6.93 2.22

TG ~TL ~p =
2

Table 1: Setting I: eMSE of B,(\), Bo(W5), By » By > Ba, Bo.

ny  ng A (s.e) CP
~ . p o~
Bo(A) By B
88.4 949 94.5

90.8 93.5 944
500 6.16-107% (1.90 - 102 94.5 954 949

( )
( )
( )
50 4.97-107' (3.45-1071) 881 93.3 945
100 100 3.31-107' (1.74-1071)  88.7 90.3 94.4
( )
( )
( )
( )

3.81-1071
1.93-1071

50 4.87-1071
50 100 3.05-107*

500 7.62-107%(1.92-1072 93.5 93.2 949

50 4.89-107' (3.07- 107" 89.7 247 945
500 100 3.37-107! 91.7 39.6 944
500 8.50-1072 93.9 69.1 949

1.62-1071
1.87-1072

Table 2: Setting I: mean A (s.e.), %CP of BQ(X% 232TL, BS, Bs.

and vary XX 1T by simulating two data sets D;: one with large X X 1T and one with small
X,X/. For each simulated Dy, we generate 1000 data sets Dy = {12, X i}i2,. Features
X; € R consist of an intercept and four continuous features independently generated from
N(0,0.75%) and A0, 3?) distributions for XX | small and large respectively. Outcomes are
simulated with mean E(Y;,) = expit(X;3;) from the Bernoulli distribution. True parameter
values are set to B, = (1,—1.8,—-1.2,1.6,0.2) and 3, = Bl + 6. We let § take two values:
6 = (0,0.25,0,—0.25,0.25) (6 # 0) and 6 = 0. MLEs //3\1 and corresponding values 3, are
reported in Appendix B.1. For each D, we compute 25'2(/\) for A a sequence of 100 evenly
spaced values in [0, 7].

Empirical mean squared error (eMSE) of BQ(A) is depicted in Figure 3. When § = 0, the
smallest eMSE{3,(\)} is achieved for A only marginally smaller when D is less informative
(X1X] is small): our estimator uses more or less the same amount of information from D,
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Figure 3: eMSE of 3,()\) and 3, over 1000 simulated D, in Setting I1.

when & = 0. When & # 0, however, the smallest eMSE{3,(\)} is achieved for smaller
A when D; is informative: when the two data sets are different and D; provides sufficient
information to discriminate between the two, our approach does not use as much information
from D;. B

We show in Table 3 that A results in a reduced eMSE by reporting eMSE of 62(5\),

BQ(W), E;FG, B§ and BQ (MCse of eMSE are reported in Table 12 of the Appendix). Aside
from the pooled MLE, our estimator achieves the smallest eMSE across all settings. As a
sample mean, the eMSE is approximately normally distributed given the large number of
simulations (1000 Monte Carlo replicates). An approximate 95% confidence interval for the
MSE can be constructed following the formula eMSE + 1.96 MCse and two-sample z-tests

show that, for example, the MSEs for Z’)’ZG and BQ are not statistically significantly different
at level 0.05 when § = 0. When XX/ is large, D; provides a substantial amount of
information on 3,. When § = 0, this information is used by turning the dial parameter \ to
a large value, whereas when § # 0, the dial should not be turned very far. In other words, the
likelihood in Dy is “sharp”, and the distance between ff’“)(yl;Bl,%) and fl(m)(yl;BQ,vl)
is either small (when & = 0) or large (when § # 0). On the other hand, when X ;X is
small, there is insufficient information in D; to distinguish 8, and ,@1, and more weight can
be placed on D; with little loss of efficiency when § # 0. Our estimator uses the abundance
of information in D; differently based on the value of §. In Table 4, we also report the
mean value of A and the median (over the 5 features) CP of B,()), BZ and B3, over the 1000
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b XX, eMSE-10
~ o~ ~ ~TG ~p ~
Bo(A) Br(W) B, By B
large 0.310  0.751 0.971 0.202 0.964
small  0.464 111 1.32 0.381 1.38

large 0.773 0.805 0.930 0.989 0.864
small  0.849 1.06 1.20 0.714 1.20

£0

Table 3: Setting II: eMSE of B5(\), B,(W), By , By, Bs.

d X,x/ A (s.e.) CP
BN B, B
large 2.83 (6.42) 95.1 99.7 95.3
small  2.27 (3.20) 953 99.0 95.5
)
)

20 large 0.120 (0.266 93.1 77.1 94.7
small  0.720 (0.476 80.5 93.8 949

Table 4: Setting II: mean A (s.e.), %CP of 52(5\), BZ, 32.

simulated D,. Empirical coverage of 52(5\) reaches the nominal level in all but the most
difficult setting, when D; and D, are dissimilar and D; is less informative. AThe CP and
eMSE of the pooled MLE reveals over- and under-coverage when § =0 (3, = 3,) and § # 0

(B, # 31), respectively.

5.4 Setting III: Varying parameter distance

In Setting III, we study the performance of BQ(/\) in the logistic model as a function of §
with both independent and correlated features. With independent features, we fix (nqy,ny) =
(500,500) and generate one data set Dy = {y;1, X1}t with 8, = (1,—-0.5,0.5), yielding
Bl = (0.966,—0.563,0.551). Source features X;; € R3 consist of an intercept and two
continuous features independently generated from a normal distribution with mean 0 and
variance 4. Target features X;» € R? consist of an intercept and two continuous features
independently generated from a standard normal distribution. The correlation between
features in source and target data sets is p = 0. With correlated features, we fix (ny,ny) =
(500,100) and generate one data set Dy = {yi1, X1}t with 8, = (1,—-0.5,0.5), yielding
Bl = (0.881,—0.516,0.571). Source and target features X,;; € R?® consist of an intercept
and two continuous features generated from a multivariate Gaussian distribution with mean
0, correlation p = 0.4 and variance 1. With independent and correlated features, we set
By = B+ 6 and let § take values §; = (0,0,0), 6o = (0,1,0) and 63 = (0,2,0). For
each value d;, we generate 1000 data sets Dy = {y;2, Xi2}:2,. Outcomes are simulated
with E(Y;;) = expit(X iTj,Bj) from the Bernoulli distribution, with features generated as in

the source data set for independent and correlated features, respectively. For each D, we
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compute B,()) for A a sequence of 100 evenly spaced values in [0,10], [0,0.02] and [0,0.01]

for &1, 05, &3 respectively with independent features, and A\ a sequence of 100 evenly spaced

values in [0, 10], [0, 0.6] and [0, 0.2] for &1, 85, 83 respectively with correlated features.
Empirical mean squared error (eMSE) of 8,()) is depicted in Figure 4. The smallest
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Figure 4: eMSE of 3,(\) and B, over 1000 simulated D5 in Setting IIL.

eMSE{3,()\) is achieved for smaller values of A when & is larger. We show in Table 5
that A results in a reduced eMSE by reporting eMSE of ,52(5\), BQ(W), EZG, EZ and BQ
(Monte Carlo standard errors of eMSE are reported in Table 13 of the Appendix). Our
estimator’s efficiency gain remains robust to substantial differences between D; and D,, and
our proposed A consistently minimizes eMSE over competitors. In_ Table 0, we report mean
value of A and the median (over the 2 features) CP of B,(N), ﬁQ and B, over the 1000
simulated D,. Empirical coverage of [32( ) reaches the nominal level in all settings. The
pooled MLE shows inflated eMSE when d # 0. With independent features, 3, is over- and
under-covered when § = 0 and d # 0, respectively, whereas it is over-covered for all values
of § with correlated features.

5.5 Setting I'V: Robustness to model misspecification

In Setting IV, we study the robustness of the gain in MSE of BQ(/\) in the linear model
under model misspecification. We fix (n1,ns) = (500,500) and generate three data sets
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0 eMSE-10?
~ . —~ ~TG ~p —~
Bo(N) B (W) B, By B
(i) independent features, p =0
0,0,0) 1.45 255 421 0.572 3.73
(0,1,0)  3.53 3.84 3.64 583 3.56
0,2,0)

, 521 302 522 259 5.37
(ii) correlated features, p = 0.4

(0,0,0) 8.34 16.9 28.1 0.546 22.8
(0,1,0) 189 295 21.0 67.1 22.5
(0,2,0) 316 146 31.0 287 39.2

Table 5: Setting III: eMSE of 3,()), BQ(W), By , By, By

é A (s.e) CP

~ p o~
Ba(A) By By

(i) independent features, p =0
(0,0,0) 3.43(26.2) 943 100 94.8
(0,1,0) 5.56-1073 (1.18-107%) 947 894 95.5
(0,2,0) 2.05-1073 (1.93-107%) 949 7.20 95.0

(ii) correlated features, p = 0.4

(0,0,0) 3.22 (9.96) 949 100 95.1
(0,1,0) 0.197 (0.162) 952 99.9 95.6
(0,2,0) 0.0483 (0.0183)  95.2 99.3 95.5

Table 6: Setting III: mean A (s.e.), %CP of B,()), BZ, B,.

D: = {yn, X}, constructed as follows:

(i) (Cauchy) outcomes are generated as y; = X ;13 + €;; with ¢;; independent standard
Cauchy random variables;

(ii) (dropped Z) outcomes y;; are generated from a Gaussian distribution with mean
X 18, + Z;; and variance V(Y;1) = 1, where Z;; is generated from a standard Gaussian
distribution and acts as an unmeasured confounder;

(iii) (X?) outcomes are generated as y;; = diag(X ;1 X,})3, + €, i-e., the relationship be-
tween outcome and squared features is linear, with ¢;; independent standard Gaussian
random variables.

True parameter values are set to 8, = (1,—1.8,2.6,1.4,—-3.6,3.5,2.4,—3.3,1.8, —3.4,2.8,1)
and B8, = 3,+(0,0.1,0,—-0.1,0.1, —0.1,0,0,0, —0.1, 0.1), which differs from previous settings;
we prefer to use B, to define 3, since ,81 will be substantially biased in these misspecified
settings. MLEs Bl and corresponding values & are reported in Appendix B.1. For each
simulated Dy, we generate 1000 data sets Dy = {yi2, Xi2}12; as in Setting I. For each Dy, we
compute B,()) and B,(W ) for A a sequence of 100 evenly spaced values in [0,0.02], [0,0.4]
and [0,5 x 107*] for misspecifications (i), (ii) and (iii) respectively.
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Empirical mean squared errors (eMSE) of 3,()), ,@Q(W,\) and Bz are depicted in Figure 5.
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Figure 5: eMSE of B,()\), 32(W,\) and Bz over 1000 simulated D, in Setting IV.

The estimator proposed by Chen et al. (2015) appears slightly more efficient than our ap-
proach when the mean model is misspecified (dropped Z and X?). We show in Table 7 that

A results in a reduced eMSE by reporting eMSE of BQ(S\), EQ(WX), EZG, EQTL, BZ and BQ
(Monte Carlo standard errors of eMSE are reported in Table 11 of the Appendix). Our esti-
mator’s gain in efficiency is robust when fl("l) is misspecified (Cauchy misspecification): as
with Stein shrinkage, our use of the KL divergence in the shrinkage is robust to the misspec-
ification of the density fl(nl). Moreover, our approach is robust to unmeasured confounders
in D; (dropped Z misspecification), encouraging the use of ,@2(5\) when D, only measures a
subset of the features measured in D;. Finally, when mean models in D; and D, are sizeably
different (X? misspecification), our approach reverts to the MLE in Dy with a very small
amount of shrinkage. In Table 8, we also report mean value of A and the median (over the
11 features) CP of By(\), BZ and ,B’Q over the 1000 simulated D,. Empirical coverage of

,52(5\) reaches the nominal level in all settings. The Trans-Lasso estimator occasionally has
smaller eMSE than our estimator; it does not, however, suggest a path to inference, so that
the reduction in the MSE may give false confidence in the strength of a result that may not
in fact replicate. The CP and eMSE of the pooled MLE show inflated eMSE in all settings,
with over-coverage, nominal coverage and under-coverage in the Cauchy, dropped Z, and X?
cases, respectively.

6 Real data analysis

We present a real-data illustration of our information-based shrinkage estimator BQ()\) in
an analysis of data from the multi-center eICU Collaborative Research Database (Pollard
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Case eMSE-10?

~ <~ ~TG  ~TL ~p

520‘) ﬁ2(WX) By By Bs B2

Cauchy  2.20 220 222 215 60.0 2.22
dropped Z  1.99 1.96 2.37 1.93 3.68 2.22
X2 222 222 222 229 230-10 2.22

~ ~TG ~TL ~p =
Table 7: Setting IV: eMSE of B,()), B,(Ws), By , By , By, Bo.

Case A (s.e) CP
B.N) By B,
Cauchy 9.49-1073 (1.44-107%) 947 100 94.7

dropped Z 1.58-10! (4.66-1072)  93.6 953 93.6
X% 244-1074 (345-107°) 951 0 95.1

Table 8: Setting IV: mean A (s.c.), %CP of B,()\), B’;, B,.

et al., 2018) maintained by the Philips elCU Research Institute. The database consists of
data from patients admitted to one of several intensive care units (ICUs) throughout the
continental United States in 2014 and 2015. Information on data access and pre-processing
is provided in Appendix C.

Our analysis focuses on estimating the association between death and baseline features
for patients suffering from cardiac arrest upon admission to the ICU. Inclusion criteria are
described in Appendix C. Our first population consists of ICU admissions at hospitals located
in the western United States, and the data set D; consists of cardiac arrest ICU admissions
at these 34 hospitals, n; = 575. (The source data set D; is a concatenation of source data
from 34 hospitals, as discussed in Section 2.1; our justification for this concatenation is that
these records are from hospitals in the same geographic region, so substantial heterogeneity
between hospitals would not be expected.) The data set Dy consists of cardiac arrest ICU
admissions at one hospital in the southern United States, ny = 145. The probability of death
t;; for participant ¢ in data set D; is modeled by

Hij

log [ = Boj + Bijsexq; + Baj age;; + B; ethnicity,; + B4; BMIy,

with sex;;, age;;, ethnicity;; and BMI;; the sex (1 for male, 0 for female), age (in years),
ethnicity (1 for African American, 0 for Caucasian) and body mass index (in kg/m?) of
participant ¢ in data set D;, respectively.

Maximum likelihood estimation based on D; reveals that sex and age are significantly
associated with death following cardiac arrest at hospitals in the west at level 0.05, with
estimated effects (1; = —0.39 (standard error, se = 0.18) and f; = 0.022 (se = 0.0073).
The MLEs and approximate standard errors for D; and D, are displayed in Table 9. While
associations between the outcome and age and sex are in the same direction in D; and Ds,
the estimates in the latter are not significant.
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Covariate West hospitals D;  South hospital D,

intercept —1.3 (0.65) —1.1 (1.3)
sex —0.39 (0.18) —0.17 (0.36)

age 0.022 (0.0073) 0.017 (0.015)
cthnicity —0.29 (0.39) 0.27 (0.36)
BMI  —0.00069 (0.011) 0.019 (0.024)

Table 9: Maximum likelihood estimates (standard errors) of feature effects in the data sets
D: and D, of cardiac arrest ICU admissions at the hospitals in the west and the hospital in
the south, respectively. Bolded estimates are significant at level 0.05.

Our proposed information-shrinkage approach can be used to borrow information from
D; to improve the efficiency of estimates in Dy. Trace plots of the ISE 3,(\) with shaded
95% (pointwise) confidence bands are plotted in Figure 6 for a sequence of A € [0,10]. The
minimizerj\ of the estimated aMSE is also depicted there and shows that our proposed
estimator 62(5\) leads to statistically significant estimates of the sex and age effects in Dy, at
level 0.05. The 95% confidence intervals based on equation (10) for the sex and age effects
are (—0.44,—0.28) and (0.017,0.024) respectively.

sex age ethnicity BMI
0.5+ : : 1.0 :

: 0.041 : : 0.050- :

< : : : :
= 04 : : 0.5 : :
g : 0.02] __mm————— ; 0.025- :
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A

Figure 6: ISE EQ(/\) of the sex, age, ethnicity and BMI effects in D5, the data set of cardiac
arrest ICU admissions at the southern U.S. hospital. The dotted vertical line gives the value
of the minimizer of the estimated aMSE, .

We also report estimates of the intercept, sex, age, ethnicity and BMI effects for the

~ ~ o~ ~TG ~ ~ ~TG
estimators B5()\), B,(W), B, [35 and (3, in Table 10. The estimator 3, uses the source
detection algorithm in Tian and Feng (2022) and finds that data from all 34 hospitals in
the west are transferable. Our proposed ISE appears close to the pooled and target-only

estimates. In contrast, 3,(W') exhibits substantial bias in the age and BMI effects, whereas
~TG
the debiasing step in B, appears to fail and returns effect estimates that are zero for the

~TG
ethnicity and BMI covariates. In fairness, 3, 1is designed for a different setting than ours,
as discussed in Section 4.3. Specifically, the estimator is designed to improve target data
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~TG

— =
B(N) B(W) B B: By

intercept  —1.3  —0.94 015 —12 -1
sex  —0.36  —0.17 —0.085 —0.35 —0.17

age  0.021 19 0.0070  0.020 0.017
ethnicity 0.23 0.063 0 0.36  0.27
BMI 0.0025 9.1 0 0.0038 0.019

Table 10: Estimates of feature effects in the target data set Dy of cardiac arrest ICU admis-
sions at the hospital in the south.

set predictions in high-dimensional transfer learning problems with multiple heterogeneous
sources, and so the algorithm may be over-designed for our setting. We can nonetheless

compare predictive metrics of the estimators. Area under the receiver operating charac-
teristic curve (AUC) (standard error) are 57.6% (4.79%), 58.6% (4.74%), 56.7% (4.81%),

~ . —~ ~TG ~ ~
57.4% (4.81%) and 59.6% (4.77%) using estimates B,(\), By(W), ﬁzT , B, and B3,, re-
spectively. While not designed for prediction, our approach does not give worse predictive

~ N /\TG
performance—as measured by AUC—in comparison to B4(W), BZ, and 3, , despite the
latter being designed specifically to improve prediction. Further, our information shrink-

~ 2 —~ ~TG
age estimate B,(\) appears less biased than B,(W) and 3, , facilitating estimation and
inference.

7 Conclusion

This paper proposes a new approach to data integration, focusing not on if two data sets
should be integrated, but on the eztent to which inference based on the second data set
could be made more efficient by leveraging information in the first. This extent is controlled
by a dial parameter \. We proposed a A-dependent estimator in generalized linear models,
offered a data-driven choice of A\, and established theoretical support for our claims that
this new estimator is more efficient than that which ignores the first data set, even when
the underlying populations differ. Our new, more nuanced data integration framework not
only matches statistical intuition on notions of informativeness but empirically out-performs
the state-of-the-art techniques. Our proposed approach yields relatively simple parameter
estimates, yet performs powerfully in practice and is intuitively related to a broad scope of
inferential frameworks.

A unique feature of our approach is the ability to essentially ignore D; when n, is large.
This is important. We have already discussed that our approach is protected from negative
transfer. Almost equally important, our approach says something useful about when to
expect efficiency gains by incorporating inference from another data set. Intuition tells us
that the contribution from another data set should vanish as the sample size ny grows when
6 # 0, which is typical in practice; this intuition underpins the foundations of efficiency
results for maximum likelihood estimation. This is borne out by our information-shrinkage
approach because we are accounting for the relative information in D; with respect to Ds.
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It is somewhat surprising, however, that this is not the case for all shrinkage estimators, as
evidenced in Section 5. While the estimator in Chen et al. (2015) has a smaller asymptotic
variance than our proposed estimator when ns is large, theirs is asymptotically biased and
does not offer a path to inference. In contrast, we guarantee that, asymptotically, the bias is
vanishing and approximately valid confidence intervals are available and can be computed.

Another key point is that the bias is controlled by choosing A\* at the right rate, namely
between O(ny ') and O(n, Y ?). This rate guarantees a gain in efficiency, even when the bias
is negligible. The need for data integration is driven by the high cost of data collection, and
a gain in efficiency, however small, can make the difference between a null finding and a new
discovery.

In contrast to data fusion discussed in Section 2.3.3, our approach limits its consideration
to data sets D; and D, as the units of integration, rather than features. While elements
of By(\) will shrink unevenly depending on feature information, we do not allow the user
to differentially shrink estimates using feature-specific dial parameters. It is unclear how to
incorporate feature-specific dial parameters because the penalty in (3) is data-dependent,
i.e. a summation over independent units : = 1,...,n; rather than parameters.

Our focus on generalized linear models is motivated by a desire to balance practical utility
and the insights we can obtain into the efficiency gains expected from integrating data sets.
Our approach can surely be applied in problems that fall outside the generalized linear model
framework, but the theory may be substantially complicated by, e.g., the lack of a closed
form for the KL divergence. The substantial and practically useful intuition developed in
the present paper, for example on the rate of \*, should be helpful in guiding extensions to
more general models in future work.

We envision that our proposed method can be extended to the setting with high-dimensional
predictors (p > ny). A special case of interest considers the setting where the correctly spec-
ified model in the source D; depends on a set of ¢ > ny features, but the correctly specified
model in the target D, depends only on a subset of p < ny of these features. Then, our
information-based shrinkage estimation can be carried out using only these p features with-
out modification. This is due to the fact that the model in D; need not be correctly specified
for us to borrow information from D;. Theorems 1 and 2 and the simulation results in
Setting IV of Section 5 support this solution, although further investigation is required to
determine how much efficiency can be gained when more than one feature differs between
Dy and D;. More generally, extensions to our work may consider the setting where the
correctly specified models in both data sets D, Dy depend on p features, p > ny V n;. We
envision that our approach can be extended by regularizing the estimator B5(\) of B,. It
is doubtful that the bias introduced by this regularization decreases quickly enough to yield
valid inference, and so we expect to lose many of the appealing properties we derived for our
estimator [32(5\) Additional theoretical study is required to investigate the implementation
of debiasing strategies in our data integrative setting.

As seen in Section 6, the multiple source setting is very realistic. When the number of
source data sets is small, an investigator may compare our proposed source concatenation
approach to, for example, one that uses each source individually, one at a time. Appendix B.2
shows that our suggested concatenation strategy is safe in the sense that it is theoretically
guaranteed to protect against negative transfer, and efficient in that it generally outperforms
the integration of a single source data set. We also argue that concatenation is a reasonable
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de facto approach in all but the most extreme cases, e.g., where one source data set obviously
matches the target data much better than the other source data sets. A further question
centers around the optimal source configuration to minimize the MSE of the estimator. In
Appendix B.2, we consider the idea of choosing a source data configuration by minimizing
our estimated MSE. That is, in the linear model case, define the function

S n7_—13f2r trace{S_Q(S\)GT} + thrace{GSS_Q(S‘)GS(SAQ}’

where the input S could be the full concatenation of source data sets, any one of the in-
dividual source data sets, or some intermediate configuration consisting of a concatenation
of only some of the source data sets, and the right-hand side is the minimized estimated
MSE for this source configuration. The same idea can be applied in the generalized linear
model case, with an expression slightly more complicated than that above. Then the idea
is to choose S as the minimizer of the above objective function. We show in Appendix B.2
that this strategy reliably selects the most efficient source configuration. The minimized
estimated MSE can form the basis for this comparison by quantifying the effectiveness of
the data integration: a smaller value signals that a large amount of information can be
safely borrowed and should therefore be preferred. As with all model selection approaches,
the downstream inference does not account for the model selection and so an investigator
should be wary of over-interpreting confidence intervals/standard errors. A natural exten-
sion of our concatenation proposal would incorporate features of data-driven heterogeneous
source detection methods (Li et al., 2022; Tian and Feng, 2022) to perform inference in the
multi-source setting.
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A  Proofs

A.1 Proof of Theorem 1

We start with the mean squared error of BQ()\). First,

{Bo(N) = Bo} {Ba(N) — Bo} = {G2(By — By) + AG1(By — B2)} (G2 + A\Gy) >
{G2(B2 - /32) + /\G1(1/3\1 - :32)}
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Define M = G;1/2G1G;1/2 and R = G;'G,. Then

MSE{BQ()‘)} = Eﬁg[{BQ<A) - ﬁQ}T{BQO‘) — B,}]
= ny toltrace{ST3(\)Gy} + \26' G1ST2(\)G1
= ny 'ostrace{(I, + A\M) 2G5} + Ntrace{(R + \I,) 284"}
=v(A) +b(N).
The term v(A) is the sum of the variances of the (weighted) least squares estimates from
D, and Dy. On the other hand, b(\) is the squared distance from 3, to B, and will be 0

when A =0 or Bl = 3,. Clearly, v(\) is monotonically decreasing and b(\) is monotonically
increasing. Note that, as expected,

0(0) + b(0) = nj 'o2trace(G5 ') = MSE(,).

(11)

When & = 0, we therefore have MSE{3,(\)} < MSE(@Q) for all A > 0. Throughout the rest
of the proof, we consider the case when § # 0.

Since G5 is symmetric positive definite, it has an invertible and symmetric square root
denoted by G;/ ?. From

G)’RG;"* = GY*G'\GY? = M,

we have that R and M ™' are similar matrices. By symmetry and, therefore, orthogonal
diagonalizability of the latter, the former is diagonalizable, and R and M ~' share eigenval-
ues. Let k, > 0, 7 = 1,...,p, the eigenvalues of M~ and R in decreasing order. Denote
by K = diag{x,}’_, and P the matrices of eigenvalues and eigenvectors of M ', with
P" = P! such that M~' = PTKP. Then the mean squared error of 3,()\) can be
rewritten as

MSE{B,(\)} = ny 'ottrace{(I, + \K 1) 2PG;'P "} + trace{( A\ 'R+ I,) 7266 }.

We see that MSE{3,()\)} is monotonically decreasing on an interval [0, *] and monotonically
increasing on an interval [A\*, 00) for some \* > 0. Our aim is to find a bound on \*, so that
MSE{B,(\)} < MSE(3,) for all A less than that bound.

Denote by (02)?_; the values of diag(dd ") sorted in increasing order, i.e. 0 < 62 < ... <
512) Let g2 > 0, r =1,...,p, the eigenvalues of G5 in increasing order. Then the blas and
variance functions satisfy
N8
b(A) < A —
=22 oy
2 P -1 2 P -1 2
g 9r2 03 Ira K
N2y R o 2N
/U( )_ngrzl(1+)\f§rl)2 No —1 (Hr‘i‘)\)

using Von Neumann’s trace inequality and the fact that the eigenvalues of AT A are the
squared eigenvalues of A for a positive definite matrix A. Therefore

~ 0295 K2 4 N2nyd?
MSE{B3,(\)} = Z T =
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Denote the upper bound on the right-hand side by U (/\) We proceed to show that there

exists a A > 0 such that MSE{B,(\)} < U()) < MSE(BQ).
Towards this, we examine the monotonicity of U(A). First,

B QZ Ko ( )\71252 0%9,721/@)‘

na (K + A)3
From
0 202 <& o
1 _ A __2 r2
Pt a/\U( )= ny = K, <0

the upper boundNU (A) immediately decreases as A moves away from 0. To find a range of A
such that MSE{B,(\)} < U(\) < MSE(83,), it is therefore sufficient to find the range of A
over which U(\) is decreasing, due to the fact that, at A = 0,

MSE{BQ<O)} =U(0) = MSE(BQ)'

The range of A such that U(\) is decreasing corresponds to the range of A values for which
the derivative of U(\) is negative. This, in turn, corresponds to the range of A satisfying

02 P 1,2
/\Z 93 Gra Ky
“— /<r+/\ — (Kp + )

This is satisfied by

(12)
Equation (12) gives a range of A values such that MSE{BQ(A)} < MSE(B2).

A.2 Proof of Lemma 1

First, observe that —O(8; A) is a convex function of 3 € ©, where © € RP is an open convex
set. Define

0i(B; \) = yin X o8 — b(X 5 8)

——Z{b’ (XLB)(XLB, — X[18) +b(X[8) ~ b(X 1B }

so that —O(B;\) = ny' Y72, —0;(B; \). By the law of large numbers, for each fixed B € ©,
O(B; \) converges in probability to

lim iZEﬁzozﬁ A) = lim —Z{h (X 58:)X 58 — b(X,0)}

ng—r00 TLQ ng—00 ’]’LQ

31



—n—lZ{b’XL (X8, - X18) + X 8) ~ WX B}

By convexity, it follows from Lemma 1 in Hjort and Pollard (1993) that the above convergence
is uniform in B over compact subsets K C ©. Proofs are given in Andersen and Gill (1982)

or Pollard (1991). Consistency of B,(\) and the rate 8,(\) — B5(\) = O (14 ;2 ) follow
directly from the conditions and Theorem 2.2 in Hjort and Pollard (1993).

A.3 Proof of Lemma 2
By a Taylor’s expansion of 0 = \P{,BQ()\); A} around 3,, we obtain

0= W(By; A) — S(By; A){ﬁzi‘z(k) — B} + Op{l@(k) = B’}
= U(By; A) = S(By: M{Bo(N) = Ba} + Op{11Bo(N) = B3NII* + 185(A) — Bs?
+2(185(N) = BB (A) — Ball}- (13)

We bound the higher-order terms in the above expansion. By continuity of ¥(3; ), there
exists a vector ¢y € R? between 3, and 35(\) such that

By — B3(N) = =S (exs V{®(By: A) — T(B5(A): M)}
Recall that 33()) is the unique solution to Eg, {¥(85(A\); A)} = 0. Taking expectations,
By = B3(A) = =87 (ex; MEg, {T(By )} (14)

We decompose W(3;\) = Uz(8) — AP1(0) into the difference of the score function Uy (3)
in Dy and a (non-random) penalty term Py(3):

U,(B) = ”2_1X2{y2 —(B8)}, PiB) = nl_l-Xl{y'l(/B) - Ml(al)}'

Since B3, is the true value of 3 in Dy, i.e., Eg,(Ya) = X, By = ps(Bs), clearly Eg {U2(B,)} =
0. This implies

Ep, {®(By N} = —Ani X {h(X ]\ By) — h(X [ B))
= —Any 1X1A</32)
= W' X A(X )X |6
= —\vy(c2)0,

(15)

where the third line is by the mean value theorem with ¢, € R? a vector between 3, and ,/8\1.
Plugging (15) into (14) gives B, — B5(\) = AS ' (ex; MN)vi(cy)d. Taking the limit as ny — oo
on both sides yields

By — B5(N\) = Mwa(ey) + Avl(ck)}_l v1(c2)d.
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By condition (C2), the eigenvalues of v;(cy) are bounded away from 0, j = 1,2. If A =
O(ny 12 ), then we obtain B5(\) — B, = O(n 1/2) Plugging this rate into equation (13) and
using Lemma 1,

0 = T(By;A) — S(B; M{Ba(N) = Ba} + Op(ng ") + O(ny") + Oplny*)O(ny )
= WU(By;\) — S(By; >\>{Bz(/\) — By} + Op(n2_1> + O(n2_1>-
Rearranging gives

ny 2 {By(N) — Ba} = ST By Ny 2T (By; A) + O,y ?) + O(ny ). (16)

We examine the asymptotic behavior of n§/2\Il(,62; A). Fori=1,...,ny, define
A -
¢¢(5§ )\) = Xiz{yiz - h(XiTQ )} - 71_1 Zle{h(XjEB) - h(Xgﬁl)},
j=1
such that W(3;\) = ny ' 5772 ;(8; \). Since

nggnmn—zvaz{w (8 A)}—nggnM—ZXsz@ {Ye =1 (X058)} X

ng—00 n2

= d(72>v2(/62>7
by equation (15) and conditions (C1)—(C2),

ny (W (B \) + A X A(By)} % N{0,d(72)v2(85) -
In other words,
ny W (By; N) = —Anyny X1 A(By) + d(72) 20y (B2) Z + 0,(1),

where Z ~ N(0,1I,). By equation (16),

ny*{B(N) — B2} = S By N (1) 203 (8,)Z

17
_)\nl_ln;ﬂ Y(By; MNX1A(By) + 0,(1) + O,(n 1/2)+O( 1/2) (17)

As ny — o0, using symmetry of S(3;\), it follows that

ny 2 d(72) V28T (By; Ny 2 (By) {Ba(N) — By + Ay 1S TH(By VX1 A(B,) )

converges in distribution to N (0, I,,), which proves the first claim. When A = o(n, ;Y %), the
above display can be re-expressed as

ny 2d(72) V28T (B Ny 2 (B2) {Ba(N) — By} + 0(1)

Then the second claim follows from the first together with Slutsky’s theorem.
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A.4 Proof of Theorem 2

We start with the asymptotic mean squared error of ,@2()\). By (17) in the proof of Lemma 2,
aMSE{B,(\)} = d(2)trace{s™*(By; Mv2(Bs)} + n2X8 w1 (c2)s*(By; Mwi(c2)8,

where c; € RP is a vector between 3, and Bl such that v;(c)d = n]' X 1A(B,). Notice
that s(8y;A\) = va(B3,) + Mv1(B;). Analogous to the Gaussian linear model case, define

M(B) = v, *(B)v1(B)v;, *(8), R(B) = v7'(B)v2(B), and C = v7'(B,)vi(c2). Then the

aMSE can be rewritten as
aMSE{B,(A\)} = v(A) + b(\),
where

v(A) = d(ye)trace[{I, + AM(B,)} *v; ' (By)]
b(A\) = nuA26 ' CT{R(B,) + M\, } 2CS6.

The v(\) term is the sum of the variances of the (weighted) least squares estimates from D,

and D, whereas b(\) is the squared distance from 3, to 3, and will be 0 when A = 0 or
d = 0. Clearly, v(\) is monotonically decreasing, b()\) is monotonically increasing, and

v(0) + b(0) = d(7s)trace{vy'(B,)} = aMSE(B,).

When & = 0, we therefore have aMSE{3,(\)} < aMSE(3,) for all A > 0. Throughout the
rest of the proof, we consider the case when & # 0.
Since v9(B) is symmetric positive definite, it has an invertible and symmetric square root

denoted by 'véﬂ(ﬁ). From

v, 2 (B)R(B)v, *(B) = vy 2(B)vr (B)v,*(B) = M~ (),

we have that R(3) and M *(3) are similar matrices. By symmetry, and therefore orthog-
onal diagonalizability, of the latter, the former is diagonalizable, and R(3) and M '(3)
share eigenvalues. Let x,.(3) > 0, r = 1,...,p the (common) eigenvalues of M ~'(3) and
R(B) in decreasing order. Denote by K(8) = diag{x.(3)}’_, and P(8) the matrices

of eigenvalues and eigenvectors of M ~'(3), with P'(8) = Pﬁtﬁ) such that M~(8) =
P'(B)K(B)P(B). Then

v(A) = d(ye)trace[{ I, + )‘K_l(,32>}_2P(52)")2—1(ﬁ2)PT(52)]
b(\) = nyd CT{\"'R(B,) + I,}2CS.

Recall that v;(cy)d = n;* X1 A(B,). Denote by {62(8,)}’_, the values of

diag(Cé6'C'") = diag{v; " (8,)v1(c2)86 v (c2)vi " (By)}
= nf2diag{vf1(BQ)XlA(BQ)AT(BQ)XlT'Ufl(62)},
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sorted in increasing order, ie. 0 < 03(8) < ... < 62(8). Let g2(8), r = 1,...,p, the
eigenvalues of vy(3) in increasing order. Then the bias and variance functions satisfy

2 L D 7“+1<162) 2 £ 62 /62
A Z{Wz)w? < oA = mad Z{m (8,) + V)2

2 g1 2(Ba)kn i1 (Bs) 9o (B2)K2(Bs)
W) ) By ap S WS G

using Von Neumann'’s trace inequality and the fact that the eigenvalues of A% are the squared
eigenvalues of A for a positive definite matrix A. Then we have a bound on the aMSE,

L(\) < aMSE{B,(\)} < U(\),
where

L()\) _ i d<72)g;5r+1 2(/62>/<Lz2;7r+1 (,62) + ngA (52 r+1(ﬁ2)

r=1 {lir(ﬂQ) + /\}2
= d(12)9,5 (Bo) K2 (By) + naX262(By)
U =2 [, (By) + AT ’

are the sums of the lower and upper bounds on v(\) and b(\) above, respectively. We
calculate the derivatives:

0 LO) =2 i 20p—r+1(82){0p—r+1(Bs) ks (Bg) N2 X — g;_lrﬂ 2;{12)7”1(52)}

Y (5 (By) T
b (B2 s (B,) — ()07 (B (By))
=2 Z (7 (By) + \J?

Since the derivative of the lower bound L(\) is positive for large enough A, L(\) is increasing
for large enough A. From

lim 2U = —2d(y Zg’"2

A—0+ O\

we find that U(\) is decreasing in a neighborhood of the origin. All together, we find that
aMSE{B,(\)} is monotonically decreasing on an interval [0, A\*] and monotonically increasing
on an interval [A\*, 00) for some A\* > 0.

Next We show that the upper limit on the range of A on which there is an efficiency gain
is O(n2 %). Let A > 0 be such that aMSE{3,(\)} = aMSE(ﬁQ) Then

0 =wv(A) +b(A) = {v(0) +b(0)}
d(yg)trace[{I +AM (B,)}~ v (/32) "72_1(52)]
+n20 "CT{NT'R(B,) + I}~ 205
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Recall that C4 is a constant with respect to A. Rearranging, A satisfies

0 = d(y)trace([{I, + AM(B,)} % — IJv;'(B,))
+158 C{AR(B,) + I} 2C9

The first term on the right-hand side is a decreasing function of A with limit 0 as A — 0% and
limit —aMSE(3,) as A\ — oo; the first term is, therefore, effectively (a negative) constant
in A. The second term is a strictly positive increasing function of A for all A\ > 0. For this,
too, to be a constant, so that the above equality is satisfied, we need nyA? to be effectively
a constant. Therefore, the A at which equality of aMSEs is achieved is O(n2 Y 2).

Finally, we can get a lower bound on A*, so that aMSE{3,(\)} < aMSE(3,) for all X less
than that bound. Since U()) is decreasing in a neighborhood of the origin, it is sufficient to
find the \ values for which this derivative is negative, i.e., it is sufficient to find A such that

Koy ﬁz ) & 9;21(52)’53(52)
A2 Z{m B,) +A}3<d(”) T (By) + A

This is satisfied by

d(%) min,—p . p{”r(,@2>gr2 (Bz)}
AT man 28] (18)

Equation (18) gives a range of A values such that aMSE{3,(\)} < aMSE(f3,), so the right-
hand side is a lower bound on \*.

B Additional numerical results

B.1 Further results from Sections 5.2-5.5

Figures 7-8 plot Bl and B, in Settings I and II, respectively. Figure 9 plots Bl and the
corresponding value of § in Setting IV.
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Figure 7. MLE Bl (left) with corresponding value of B, (right) for each D; in Setting I.
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Figure 8: MLE 3, (left) with corresponding value of 3, (right) for each D; in Setting II.
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Figure 9: MLE S, (left) with corresponding value of § (right) for each D; in Setting IV.

Tables 11-14 give the Monte Carlo standard error of the empirical mean squared error
for B,(\) and comparison estimators in Settings -1V respectively.
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ny N MCse -10° of eMSE

~ ~ ~TG ~TL ~p ~

620‘) Bz(WX) 52 52 52 52

50 2.73 2.73 3.80 4.48 1.49 4.38

50 100 1.31 1.35 2.94 1.87 1.06 1.81
500 0.295 0.289 0.316 0.321 0.284 0.31

50 2.64 2.63 3.48 3.98 1.15 4.38

100 100 1.27 1.31 2.68 1.60 0.945 1.81
500 0.289 0.286 0.327 0.304 0.291 0.310

50 2.60 2.57 3.11 3.98 0438 4.38

500 100 1.25 1.28 2.15 1.58 0.526 1.81

500  0.284 0.285 0.313 0.304 0.384 0.310

Table 11: Setting I: Monte Carlo standard error (MCse) of eMSE of 3,(\), ,/B\Q(WX), BQTG

~TL ~p ~

/82 ) /827 182'

Y

d X.x/ MCse -10° of eMSE
~ o~ ~ ~TG ~p ~
Ba(A) Bo(W) By By By
large  1.37 224 254 0.586 2.35
small ~ 2.29 3.66 3.82 0.865 3.78

large 1.68 1.62 237 1.03 1.98
small 1.89 230 3.28 144 3.05

£0

Table 12: Setting ITI: Monte Carlo standard error (MCse) of eMSE of B,()), B,(W), BQTG,

~p -~

/627 /32'

) MCse -10% of eMSE

~ - —~ ~TG ~p ~
Ba(A) Ba(W) B, By By

(i) independent features, p = 0
(0,0,0) 0.679 0.894 1.23 0.190 1.03
(0,1,0) 0.950 0.980 1.03 1.13 0.978
(0,2,0) 1.50 430 148 1.87 1.58

(ii) correlated features, p = 0.4

)
(0,0,0)  5.16 8.94 6.60 0.166 8.59
(0,1,0)  5.77 8.64 6.07 248 7.76
(0,2,0) 11.6 58.1 9.82 5.07 181

Table 13: Setting III: Monte Carlo standard error (MCse) of eMSE of ,52(5\), BQ(W), BQTG,

~p

/627 /32'
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Case MCse -10? of eMSE
~ -~ TG ~TL ~p —~
/62()‘) /82(WX) ﬂ2 /82 ﬂz ﬁQ
Cauchy  0.308 0.308 0.310 0.315 1.70 0.310
dropped Z  0.272 0.269 0.362 0.285 0.264 0.310
X% 0.310 0.310 0.310 0.334 47.0 0.310

Table 14: Setting IV: Monte Carlo standard error (MCse) of eMSE of 3,()), Bz(WX)a BQTG,

~TL ~p ~

62 ’ /627 162'

B.2 Multi-source simulation

For the purposes of this section, we denote by D?,..., Dy, M source data sets and D7
the target data set. Each data set Df is composed of features X ‘fj and outcomes yfj, 1=

1,... ,nf, j=1,..., M, and the target data set D7 is composed of features XZ-T and outcomes
y;r,izl,...,nT.

In the notation of the main manuscript, the concatenation approach considers X; =
(XS, X5,y = (ST, ys, DT, Dy = {X1,y,} and Dy, = D7, with n; = nd +
oo ng and ny =n’, By = B+. We have suggested that this concatenation approach will
work well when the source data sets are mostly homogeneous or mostly heterogeneous. It
is possible, as described in Section 2.1, that there are groups of source data sets that are
homogeneous within and heterogeneous across. When the number of source data sets is
small, as is the case below, it may be possible to consider integrating the target data set
with only one of the source data sets, and to compare performance across these separate
integrative estimates in order to select the best approach. In this section, we investigate this
question by examining the trade-offs of concatenation versus single-source transfer learning
when M = 3 source data sets are available.

In both source and target data sets, features consist of an intercept and three continuous
variables independently generated from a standard Gaussian distribution. Source outcomes
yS are simulated from the Gaussian distribution with E(Y,?) = (X3)785 and V(Y;) = 1,

j =1,...,M, and target outcomes y] are simulated from the Gaussian distribution with
E(Y) = (X)) By and V(Y]T) = 1. We fix ng =ny =ng = 100, ny = 50. We simulate
S J

three source data sets D‘js ={y2, X ‘ZSJ :L:l We consider three settings of values for ,Bf and

159
B7 that characterize the heterogeneity /homogeneity of the sources relative to the target.
Specifically, defining ¢ = (1, —1.8,2.6,1.4):

e In Setting I, 35 = ¢+ (1/4,0,0,0), B5 = ¢+ (0,1/4,0,0), 35 = ¢+ (0,0,1,0) and
BT = ¢+ (0,0,5/4,0). Here, the first and second source data sets are closer to each
other than to the third source data set, which is itself closer to the target data set.

e In Setting II, 3% and @5 are as in Setting I, B3 = ¢ + (0,0,1/4,0) and 87 = ¢ +
(0,0,0,1/4). All source data sets are close to each other and to the target data set.

e In Setting III, B85 = ¢+ (1,0,0,0), B85 = ¢+ (0,1,0,0), 35 = ¢+ (0,0,1,0) and
BT =c+ (0,0,0,1). All source data sets are far from each other and the target data
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source data set Setting [ Setting [T~ Setting III

DS 8.68 (1.96) 6.17 (1.38) 8.53 (1.94)
DS 8.69 (1.96) 7.24 (1.50) 8.68 (1.99)
DS 6.73 (1.36) 7.17 (1.55) 8.60 (1.94)
(1.93) (1.28) (1.94)
(1.98) (1.98) (1.98)

{D$, Dy, DJ}  8.63 (1.93) 5.90 (1.28) 8.48 (1.94
@ 8.65(1.98) 8.65(1.98) 8.65 (1.98

Table 15: Multi-source simulation: eMSE x10? (Monte Carlo standard error x10?) of ,@7(5\)
Minimum eMSE in each Setting is bolded.

set.

The MLEs Bf are reported in Figure 10. For each setting, we generate 1000 data sets
Dy = {sz7 Xj}?:l -

For each Dy, we compute ,82(5\) using each source separately and using the concatenation
of the sources. We also compute the target-only MLE BQ, which corresponds to setting the
source data set to be @. Empirical mean squared error (eMSE) of B3,()) averaged across the
1000 target data sets in each setting are reported in Table 15. In all cases, our information-
shrinkage estimator is more efficient than the target-only MLE. In Setting I, the estimator
with the smallest eMSE uses D3 only, which is to be expected given that DS is objectively
closer to the target data than the others. In Setting II, the estimator with the smallest
eMSE uses the concatenation {D$, DS, DJ}. Again, this makes intuitive sense given that
the three source data sets are similar and similar to the target—mno reason not to concatenate.
In Setting III, the estimator with the smallest eMSE uses the concatenation {Df, Dy, DS}
This, too, is not unexpected, since the concatenation of three source data sets that differ
from each other and the target can be no worse than a single source data set that differs
from the target.

The concatenation approach appears to be the optimal choice in most settings. Setting
I is a somewhat pathological example, in that it is rare that a single source out of many is
much more similar to the target than any other source. Usually, such as setting is easy to
identify a prior: based on external information such as study characteristics. Nonetheless,
it is reassuring that, even in this extreme setting, the concatenation approach remains a
reasonable choice. This is in fact very much by design: the selection of A theoretically
guarantees that the concatenation outperforms the target-only estimation (in terms of MSE).
In other words, regardless of the heterogeneity /homogeneity structure of the sources, the
concatenation guarantees protection against negative transfer and is a safe approach.

Beyond guaranteeing robustness to heterogeneity /homogeneity of multiple sources, an
investigator may wish to select the approach that is “best” in the sense of minimizing MSE.
Specifically, treating @(5\) as a function of the source data set configuration

S = n7'6% trace{ST*(\) G} + S\Qtrace{GSS*Q(S\)GS(SAQ},

—

MSE®)



Setting | Setting | Setting | Setting |

intercept X effect X effect Xz effect
-1.5 3.6
1.2 -1.6 3.4 1 1.40 1
-1.7 4 3.21 1.35-
1.14 -1.84 3.0 1
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Figure 10: MLEs 3, , B,, B; and 3 in Settings I, I and III.

one may select the source data set configuration S to minimize the right-hand side. As
BTS\E(:\) balances bias and variance to evaluate the most efficient estimator’s inferential
performance, an investigator may choose the single source or concatenated source that gives
the most efficient estimator. Across the 1000 simulations, we compare the value of I\TSTE(X)
across the five source configurations in each setting. In Setting I, the estimator that uses
D$ has smaller @(5\) in 100%, 100% and 99.7% of simulations compared to the estimator
that uses Df, DS and {D{, DS, Ds}, respectively. In Setting II, the estimator that uses
{D$, Dy, DS} has smaller @(5\) in 61.4%, 83.0% and 83.5% of simulations compared to
the estimator that uses DY, DS and D, respectively. In Setting I11, the estimator that uses
{D$, Dy, DS} has smaller MSE(X) in 67.8%, 98.4% and 89.4% of simulations compared to
the estimators that use DY, DF and DF, respectively. In other words, across all settings,

the criterion BTS\E(S\) does reasonably well in helping an investigator select the most useful
source configuration in terms of minimizing MSE, showing less certainty in settings for which
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the source configurations perform similarly. We therefore suggest that an investigator rely

on RTS\E(;\) to decide among several multi-source integrative estimators and a concatenation
approach.

C elICU Database information

The eICU Collaborative Research Database (Pollard et al., 2018) data are publicly available
upon completion of training and authentication. Users may begin their data access request
at https://eicu-crd.mit.edu/gettingstarted/access/.

Our analysis focuses on African American and Caucasian patients between the ages of
40 and 89 with body mass index (BMI) between 14 and 60 that were admitted through any
means other than another intensive care unit (ICU).
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