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Abstract

This paper considers a multi-environment linear regression model in which data from multiple
experimental settings are collected. The joint distribution of the response variable and covariates
may vary across different environments, yet the conditional expectations of the response variable,
given the unknown set of important variables, are invariant. Such a statistical model is related
to the problem of endogeneity, causal inference, and transfer learning. The motivation behind it
is illustrated by how the goals of prediction and attribution are inherent in estimating the true
parameter and the important variable set. We construct a novel environment invariant linear least
squares (EILLS) objective function, a multi-environment version of linear least squares regression
that leverages the above conditional expectation invariance structure and heterogeneity among
different environments to determine the true parameter. Our proposed method is applicable
without any additional structural knowledge and can identify the true parameter under a near-
minimal identification condition related to the heterogeneity of the environments. We establish
non-asymptotic £2 error bounds on the estimation error for the EILLS estimator in the presence
of spurious variables. Moreover, we further show that the ¢y penalized EILLS estimator can
achieve variable selection consistency in high-dimensional regimes. These non-asymptotic results
demonstrate the sample efficiency of the EILLS estimator and its capability to circumvent the
curse of endogeneity in an algorithmic manner without any additional prior structural knowledge.
To the best of our knowledge, this paper is the first to realize statistically efficient invariance
learning in the general linear model.

Keywords: Least Squares, Endogeneity, Multiple Environments, Invariance, Heterogeneity, Structural
Causal Model, Invariant Risk Minimization.

1 Introduction

The development of statistical regression methods dates back to the least squares proposed in the early
nineteenth century (Legendre, 1805; Gauss, 1809). The ordinary linear least squares method, also known
as the combination of observations, uses observations (data) to fit a model predicting the response variable
as a linear function of several designated explanatory variables. At that time, the fitted models for specific
tasks, for example, determining lunar motion, were successfully deployed in the real world for predicting the
unseen future and were of great commercial and military significance (Stigler, 1986). For example, such a
prediction of lunar liberation helps determine the ship’s position and facilitates navigating the ocean during
the Age of Discovery. This kind of prediction requires only a strong correlation with the response variable.
Since then, one ultimate goal of fitting a regression model is to discover the law, which is invariant across
time and space or more broadly environments to some extent, from the data and then ground it in the real
world for prediction. The latter requires understanding causation.

With the rapidly growing amount of high-dimension data in the era of big data, there is a surge in
demand for making predictions based on numerous explanatory variables (Fan et al., 2014; Wainwright,
2019; Fan et al., 2020). Compared to the circumstances in the nineteenth century, in which the target is



to predict the response variable using fixed, carefully chosen explanatory variables, we are now in the stage
where the algorithms such as Lasso (Tibshirani, 1997), SCAD (Fan & Li, 2001), Dantzig selector (Candes &
Tao, 2007), to name a few, can automatically select tens of important variables responsible for the response
variable out of thousands or more of candidates. There is considerable literature on the theoretical analysis
of these methods regarding the estimation error and variable selection property (Zhao & Yu, 2006; Candes
& Tao, 2007; Bickel et al., 2009; Bithlmann & Van De Geer, 2011; Wainwright, 2019; Fan et al., 2020),
demonstrating their successes and promising prospects.

Let us use a thought experiment to illustrate the underlying risks and potential remedies when incor-
porating more candidate variables. Suppose our task is to fit a model to classify cows and camels based
on extracted hierarchical features from some “oracle” agent. We find a dataset D containing 10k images of
cows and camels from the Internet and use 70% of them to train a classifier on top of two features provided
by the agent: the back shape x1, and the background color zs. It is contemplated that cows often appear
on the grass while most camels appear on the sand. This indicates that we can use zo to build a classifier
that works well on the training data and the remaining 30% test data by classifying whether the background
color is green or yellow. Moreover, incorporating xo can also increase the accuracy of the classifier built
on x1. However, introducing xs is not what we expected: it may result in a disaster when we deploy it in
real-world applications, for example, a detector in a place farming camels and cows, in which the background
color is fixed. Problems of a similar nature arise readily in realistic applications (Torralba & Efros, 2011;
Geirhos et al., 2020) and easily in high dimensions (Fan & Liao, 2014). A natural question is whether there
are any purely data-driven methods to address such an endogeneity problem. Consider the case where we
have another dataset D in which an association between the background color and object label still exists
yet slightly perturbs; for example, 60%/90% of the camels stand on sand in the two datasets, respectively.
Intuitively, we can combine two different associations between the background color and the object label in
these two datasets and infer that xs may be a “spurious” variable for prediction or causation.

The above thought experiment demonstrates that we may suffer from the “curse of endogeneity”, that
the conditional expectation of the response given all the explanatory variables may diverge from the law of
interests, when including a lot of variables besides the true important variables before estimation (Fan et al.,
2014). Such a problem will deviate our route toward building a decent prediction model grounded in the real
world and yield non-robust predictions in other environments. Meanwhile, a potential data-driven strategy is
to utilize the heterogeneity across datasets. This paper implements the above intuition to the linear regression
model in statistical modeling, methodology, and theory. We propose a multi-environment version of linear
least squares, whose key idea can be summarized as the combination of combinations of observations under
heterogeneous environments: it combines the linear least squares (combination of observations) solutions
across different datasets and uses their differences to determine the true parameter B8* in a completely
data-driven manner.

1.1 The Problem under Study

In this work, we are interested in predicting the response variable y € R with a linear function of the
explanatory variable & € RP using data from multiple environments. Suppose we have collected data from
multiple resources/environments. Let £ be the set of environments. For each environment e € £, we observe
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niid. (xy, 9 ., (wﬁle), yﬁle)) ~ 1(®) | typically assumed from the linear model’

y© = (B5) T2+ with E[@2l)] =0, (1.1)
where the unknown set of important variables S* = {j : B; # 0} and the model parameters 3* are the same,
or invariant, across different environments, while p(¢), the distribution of (m(e),y(e)), may vary. We aim
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environments resemble and slightly relax the assumptions in this paper’s predecessors, for example, Peters
et al. (2016); Rojas-Carulla et al. (2018); Pfister et al. (2021); Yin et al. (2021).

to estimate B3* and S* using the n - |£| data {(33(-6) yge))}eeg,ie{lqu}. The model assumptions of multiple

1Our main theoretical results still hold if the conditional expectation is replaced by E[s(e)mge*)} =0, in which 8* is the best
linear predictor on important variables.



The main challenge behind identifying 8* is that the exogeneity condition (Engle et al., 1983) on all
predictors, i.e., E[g(®)|2(®)] = 0 or at least E[¢(®2(*)] = 0, no longer holds for each single e € £. This arises
easily in the high-dimensional settings as argued in Fan & Liao (2014) and Fan et al. (2014) where a different
data-driven strategy is proposed to solve the problem. Instead, for each environment e € £, the exogeneity
condition only holds on the important variables according to (1.1). The only assumption available now is

veef,  E9ly)]=(85) ), (1.2)

while E[y(®)|2()] is not necessarily equal to (8*)Tx(®) for each single environment e € €. This further
indicates that 8* may not be the best linear predictor for environment e € £, and the gap can be potentially
large. Recall when the covariance matrix E[x(¢)(2(®))T] is positive definite, the best linear predictor for
environment e € £ can be written as

IB(e) =B+ (E[w(e)(w(e))'r])_lE[w(E)E(e)}. (13)

This implies that when only one environment e € £ is taken into consideration, one can obtain a reduced
mean squared error by incorporating those linear spurious variables, defined as the variables z; satisfying

E[xg»e)a(@)] # 0, and other variables correlated to these variables. They help predict () and reduce prediction
error under this environment. An example is the variable measuring “background color” in the above
thought experiment. However, these variables are unstable because the corresponding association between
these variables and y may vary or even be adversarial in other or unseen environments, leading to biased
predictions.

Two ultimate goals of fitting a statistical model using data are prediction and attribution. Regarding

“prediction”, we hope our fitted model can make decent predictions on unseen data grounded in the real world
rather than only on the “demo” test data. Regarding “attribution” (Efron, 2020), we wish to attribute the
outcome/response variable to the significant variables of the fitted model such that the fitted model can lead
to true scientific claims. See also Chapter 1 of Fan et al. (2020). We illustrate that the goal of estimating 3*
and S* for the model (1.1) unifies the above two seemingly separate goals, thereby expounding the motivation
and importance of the multi-environment linear regression model.
Prediction. Consider the case where the potential distribution of the unseen data g may be different from
those {u(®}.ce yet shares the same conditional expectation structure Ez[y|zs-] = (8%5.) s~ as those of
observations in (1.1). Without informing of the unseen data distribution ahead, we can define the out-of-
sample Lo risk in an adversarial manner as

Roos(/@) = sup Eu [|ﬂTw - y|2] .
Eulyl@s«]=(B5) @ s
Varu[y\ws*]\/maxlgjgp]Eﬂ[aci]gaz

It follows from Proposition 2.1 in Section 2.1 that 8* minimizes Roos(3) though it may not be the best linear
predictor for a specific environment . This demonstrates that 3* is the optimal linear predictor robust to
all potential distribution shifts on the unseen data to some extent. Moreover, Proposition 2.1 also implies
that the ¢5 error |3 — B*||2 can be treated as an surrogate of the excess out-of-sample Ly risk. This connects
the estimation error of B* to the “adversarial” mean squared error on potential unseen data.

Attribution. Let us restrict the multi-environment linear regression model to a specific instance — data with
different experimental settings (Didelez et al., 2012; Peters et al., 2016) in the context of causal inference. To
be specific, suppose there exists an environment eg € £ with observational data, and the rest are environments
with interventional data (He & Geng, 2008), in which some interventions are performed on the variables other
than the response variable y. The distribution of the variables in each environment can be encoded as a
Structural Causal Model (SCM) (Glymour et al., 2016). Under the modularity (Scholkopf et al., 2012)
assumption for SCMs that the intervention on variable ; only changes the distribution of P(z|2,(j)) where
pa(j) is the set of direct causes of x;, we can see that S* in this instance is exactly the “direct cause” of
the response variable. In this case, inferring S* from data coincides with discovering the direct cause of the
variable y, while estimating 3* is exactly estimating the true causal coefficients characterizing the mechanism
P(y|@pacy)) = P(y|xs-). See Section 2.3 for additional details.



1.2 Related Works

Multi-environment regression is common in many applications (Meinshausen et al., 2016; Cuklina et al.,
2021). There is considerable literature proposing methods to estimate 3* and S* starting from the pioneering
work of Peters et al. (2016), in which they propose the “Invariant Causal Prediction” (ICP) to do causal
discovery. The key idea behind it is the modularity assumption of SCMs, which is also referred to as
invariance, autonomy (Haavelmo, 1944; Aldrich, 1989), and stability (Dawid & Didelez, 2010). To be specific,
Peters et al. (2016) considers the multiple environments setting, in which the intervention may be applied
to unknown variables other than y, leading to the following multi-environment linear regression model,

y© =(B)T2@ +e@  with £ ~p, @1 a:f;), and E[(®)] = 0. (1.4)

They exploit the conditional distribution invariance structure, i.e., (¢ \chge*), and propose a hypothesis testing

procedure which can guarantee the selected set S satisfies IP’(§ C 8*) > 1 — « for given Type-I error a > 0.
There is considerable literature extending this idea to other models such as Heinze-Deml et al. (2018); Pfister
et al. (2019). Though the Type-I error is guaranteed for their method, these procedures may collapse to
conservative solutions, such as S = (0, and there is a lack of guarantee in the power of the test.

The conservative nature of ICP methods has sparked the development of numerous optimization-based
methods. Built upon the invariance principle, there is also considerable literature (Ghassami et al., 2017;
Rothenhéusler et al., 2019, 2021) proposing provably sample-efficient regression methods for estimating the
causal parameter 3*. However, they rely on additional, restrictive structures that simplify the original
problem considerably. For instance, the Causal Dantzig (Rothenhédusler et al., 2019) presumes a linear SCM
model with the heterogeneity of environments resulting from additive interventions. Implementing these
methods in practical scenarios necessitates expert domain knowledge to validate these structures before
estimation. This requirement introduces potential risks of model misspecification, as these methods are
specifically tailored to the assumed structures.

There is also a considerable literature designing methods for the generic linear model (1.4), for example,
Rojas-Carulla et al. (2018); Pfister et al. (2021); Yin et al. (2021). However, these methods tend to be
heuristic, and finite sample guarantees are lacking. Inspired by the goal of achieving out-of-distribution
generalization, Arjovsky et al. (2019) introduced another heuristic and model-agnostic approach. Their
method, Invariant Risk Minimization (IRM), seeks a data representation such that the optimal predictors
based on it are invariant across all environments. The ideas of IRM and its variants are widely applied
in many machine learning tasks (Sagawa et al., 2020; Zhang et al., 2020; Krueger et al., 2021; Lu et al.,
2021). Nevertheless, the theoretical understanding of invariance learning remains sparse, and the performance
improvement of these methods over the standard empirical risk minimization is not clear (Rosenfeld et al.,
2021; Kamath et al., 2021).

Another critical issue associated with these invariance learning methods is the inadequacy of theoretical
insights into their identification conditions, which characterizes when it is possible to identify B* in the
model (1.4) using infinite data from finite environments. While Peters et al. (2016) delves into this issue,
providing sufficient conditions for specific intervention and SCM structure types, it falls short of offering
general criteria. Similarly, Arjovsky et al. (2019) also has some preliminary discussions on linear models,
yet it stipulates an impractical requirement: |£] > d. The understanding of the identification condition for
a developed method is of great significance because it elucidates the method’s sample efficiency in terms of
the number of environments |£| required: a stronger identification condition may necessitate a potentially
increased number of environments |E| to recover 3*.

It is worth noting that the invariance structure we can exploit depends on the perturbations we expect
in real-world scenarios. Due to its clear causal interpretation, the idea of invariance is also widely adopted
in domain adaptation, transfer learning, and out-of-distribution generalization. Numerous invariance forms
have been proposed based on various expected perturbations beyond the residual invariance (1.1). There
is also considerable literature designing methods to leverage these invariance structures (Muandet et al.,
2013; Gong et al., 2016; Heinze-Deml & Meinshausen, 2021) using data from multiple environments. A
notable example in classification tasks is the invariance of the label conditional distribution, expressed as



PE) (p(x)|y) = q(z, y), where ¢(-) is an unknown data representation. We refer readers to Chen & Biihlmann
(2021); Wang & Veitch (2023) for an overview.

1.3 New Contributions and Comparison with Predecessors

The significance of recovering S* and B* in the model (1.1), the sample inefficiency of previous methods
in terms of n and ||, and the lack of theoretical understanding in invariance learning raise the following
question:

Is provably sample-efficient estimation of 3" and S* in the model (1.1)

possible under a general, minimal identification condition?

This paper provides an affirmative “yes” to the above question. In this paper, we propose the environment
invariant linear least squares (EILLS) estimator that regularizes linear least squares with a focused linear
invariance regularizer which promotes the invariance or exogeneity on selected variables. In particular, the
population-level EILLS objective over the environments £ is defined as

Q(8) = L E[ls - 872 P] 4931485 £ 0} x T [Elw — 57| (L)

ec& eel

R(B) J(B)

with some hyper-parameter v > 0. From a high-level viewpoint, the introduction of the regularizer J(-)
leverages the invariance structure (1.2) while the sum of Ly loss R(:) requires a good overall solution and
prevents it from collapsing to conservative solutions such as 3 = 0. See also Fan & Liao (2014) for a similar
method to deal with endogeneity in high-dimensional regression. To get a crude sense of what J(-) imposes,
note that J(-) discourages selecting variables that have a strong correlation with the fitted residuals in some
environments and hence encourages the selected variables to be exogenous, uncorrelated with the fitted
residuals for all the environments in a sense that

Ve € 8,] with B_] 75 0 E[(y(e) —_ BTw(e))xg_e)] =0.

This can be seen when v — oo and has a similar spirit of imposing ]E[y(e)|w£i)pp(ﬁ—)] = BTz for all the
e € €. As for the empirical counterpart, given the n - |€] observations from |€| environments, the EILLS
estimator minimizes CAQA, (B) which substitutes all the expectations in (1.5) by their corresponding empirical
means. One can also use the EILLS estimator in high-dimensional case (p > n) by adding an ¢y penalty
with some pre-defined hyper-parameter A\ > 0 when needed.

We further develop theories in Section 4 characterizing when our proposed EILLS estimator can consis-
tently estimate 3* and S*. We show that our EILLS estimator can identify 3* with some large enough  in
the sense that 8* is the unique minimizer of the population-level objective (1.5) if

VS C{1,...,p} with ZE[E(e)w(Se)] £0 = Fe €& P £S5 (1.6)
ee&

where B(¢%) = argming, .. gycs E[ly'® — BTx()|?] is the best linear predictor constrained on S for envi-
ronment e € £. Such a general identification condition is minimal if only linear information is used. This
demonstrates that the EILLS objective can automatically circumvent the problem caused by endogeneity if
incorporating any pooled linear spurious variable, defined as the variable x; satisfying > . E[s(e)x§-e)] #0,
will lead to shifts in the least squares solutions among different environments, and it is sample-efficient in
terms of |€| required.

Under the general identification condition (1.6), a series of non-asymptotic results are presented for the
EILLS estimator when ~ is greater than some critical threshold -, illustrating the sample efficiency of
our proposed EILLS estimator. In the low-dimensional regime, the vanilla EILLS estimator can obtain the



optimal rate for linear regression. Moreover, the EILLS objective also embodies a variable selection property
that can eliminate all the linear spurious variables while keeping all the true important variables provided
n is large enough. In the high-dimensional regime where p > n, the o regularized EILLS estimator can
achieve the variable selection consistency {j : §; # 0} = S* with high probability in a similar manner to
the standard ¢ regularized least squares. Non-asymptotic upper bounds on +, for some concrete models are
calculated, illustrating the applicability of our general result.

This paper proposes a provably sample-efficient estimation method for the general model (1.1). To the
best of our knowledge, it is the first estimator with non-asymptotic guarantees in terms of |£| and n for the
general multi-environment linear regression model (1.1), or a slightly restricted version of it, e.g., (1.4). As
a comparison, previous provably sample-efficient estimation methods, like anchor regression (Rothenhéusler
et al., 2021) and Causal Dantzig (Rothenhéusler et al., 2019), have predominantly been confined to the linear
SCM with additive intervention case, that is, ((z(®) T,y T « B((x©)T,y)T + g(a'®,(®)) with some
invariant matrix B € R®TDx®+1)  These imposed structures not only restrict the scalable applicability
of these methods in practice but also hinder their potential for extension to nonlinear models. While our
method primarily addresses the linear model, it demonstrates promise for extension to nonlinear models; see
a discussion in Section 6.1. Our approach also shares a similar spirit to the ICP method but necessitates
a weaker identification condition to recover the true parameter B*. This implies that our method is more
sample-efficient than ICP regarding |£|. Furthermore, we conduct a numerical analysis to benchmark our
proposed EILLS estimator against various other invariance methods, demonstrating its superior performance
in Section 5.

2 Setup and Background

2.1 Multi-Environment Linear Regression

Suppose we are interested in uncovering the “scientific truth” between the response variable y and xg«, a
sub-vector of p-dimensional covariate vector & € RP. As S* is unknown, we collect many more variables,
but the collected covariates are easily correlated with residuals of y on xg« (Fan & Liao, 2014; Fan et al.,
2014). This gives rise to the following more realistic assumption: The distribution of  and y, p, satisfies

p: Eulyles-] = (85.) 2+, Varulylzs] < o, pras. w}

vj € lpl, Eyfa?] < o? 21)

ne Z”B*,a2 = {

Here, S* C [p] denotes the set of important variables that contribute to explain the “truth”, 8* is the
parameter of interest whose support set supp(3*) is S*, and o2 is any given positive number.

With only one environment, it is impossible to identify S*. Consider the data collected from mul-
tiple environments: in each environment e, the data (m(e),y(e)) follows from some law ,u(e) in Ug« 52.
Denote the set of environments by €. For each environment e € &, we observe n(®) iid. samples
(:cge),yie)), e (w;e(l),yfle(l)) ~ 1l with p(®) € Ug- ,2. Let D = {(:Bl(e),yz(e)) f:l) be the data collected
from environment e. Our goal is to use the data {D(9)}.ce collected from multiple environments to find
a linear predictor f(z) = @' that minimizes the out-of-sample Lo risk that is robust to all potential
out-of-sample distributions in Ug- 2. That is, find the minimizer of

Roos(ﬂ;uﬁ*,az) = Sup E(m,y)N,u Hy - ﬂ—rw|2] . (22)

HEUGx .2

The following proposition asserts that 8* is the unique minimizer of (2.2), whose proof is given in Ap-
pendix B.1.

Proposition 2.1 (Properties of Roes). We have Roos (8% ;U 52) = o2, and for any B € R?,

Uz”ﬁ - /6*”3 < ROOS(B;Z/[B*,O’Q) - Roos(ﬂ*;uﬂ*,az)
<a’p*8 - B3 + 207p| By s+

2.



As a by-product, Proposition 2.1 also implies that |3 — 8*||2 can be seen as a surrogate metric for the
out-of-sample Ly risk (2.2). Proposition 2.1 motivates us to design methods to estimate the variable set
S* and the true parameter 8* using data from multiple environments £ which share the same structure
Ug~ »». Particularly, define the CE-invariant set as follows. We will take advantage of the fact that S* is
CE-invariant across €.

Definition 2.1 (CE-invariant Set). A wvariable set S C [p] is conditional expectation invariant (CE-
invariant) across environments & if there exists some 3 with support set S such that

vee€,  Eal)]=plzy). (2.4)

Necessity of heterogeneous environments. The following proposition argues that introducing multiple
environments, i.e., |€| > 2, with potentially different distributions is necessary to identify 3*. The proof is
given in Appendix B.2.

Proposition 2.2. Given fized 3*, for any B € RP such that supp(B3) \ S* # 0, there exists some large
enough 0% > 0 and pu € Ug- 52 such that

E,lylz] = 8 x.

Note that E[|E[y|z] — y|?] < E[|f(x) — y|?] for any measurable function f. Hence Proposition 2.2 implies
the population Ly risk minimizer f* = argmin, E,[|f(z) — y|?] for a specific p is not necessarily equal to
f*(z) = (B*)"x. Instead, the bias E[|(f* — f*)(z)|?] between the population Ly risk minimizer and the true
regression function f* can be arbitrarily large. It illustrates that running a linear regression on the data in
one environment may not be able to estimate 3* well. Instead, running a linear regression on data in one
sole environment may introduce some spurious variables even in a population aspect. These variables are
spurious since incorporating them in the prediction model can increase the prediction performance in one
environment. However, the associations between these variables and y are unstable and can lead to much
worse prediction performances in other environments.

To estimate B* well, we should use data from heterogeneous environments and exploit the invariant
structure (2.4). This is the main idea of this paper: we will take advantage of the underlying heterogeneity
and invariance to infer the important variable set S* and the true parameter 3*. Furthermore, we will
show later in our theoretical analysis that only two environments, i.e., |£| = 2, are enough to estimate 3*
consistently.

2.2 Notations

The following notations will be used throughout this paper. Let RT and N be the set of positive real
numbers/integers, respectively. Let |S| denote the cardinality of a set S. Define 25 = {A : A C S}. Denote
by [m] ={1,...,m}. Let a Vb = max{a,b} and a A b = min{a,b}. We use a(n) < b(n) or a(n) = O(b(n))
to represent that there exists some universal constant C' > 0 such that a(n) < C - b(n) for all the n € NT,
and use a(n) = b(n) or a(n) = Q(b(n)) if a(n) > c- b(n) with some universal constant ¢ > 0 for any n € N*.
Denote a(n) < b(n) if a(n) < b(n) and a(n) 2 b(n). We use the notations a(n) < b(n), or b(n) > a(n), or
a(n) = o(b(n)) if limsup,,_, . (a(n)/b(n)) = 0.

We use bold lower case letter & = (x1,...,24) " torepresent a d-dimension vector, let |||, = (Z?Zl |z 7)1/a
be it’s ¢; norm. We use supp(x) = {j € [d] : z; # 0} to denote the support set of the vector x. For
any S = {ji,...,J1s;} € [d] with j; < j» < -+ < jig|, we denote [x]s = (le,...,:zzjw)T be the |S|-

dimension sub-vector of & and abbreviate it as s when there is no ambiguity. We use bold upper case
letter A = [A; j]icin),je[m] to denote a matrix. Denote Agr = [4; ]ies,jer be the sub-matrix of A, and
abbreviate Ag s as Ag. We let ||All2 = max,epm |jv|,=1 [ AV||2.

For each e € &, suppose we have n(®) observations {(wge),yge))}?:l) C R? x R drawn i.i.d. from some

distribution p(®). Let E[f(z®),y)] = [ f(z,y)p'?(dz,dy) and ]E[f(w(e),y(e))] = 1 2?2(1) f(wl(-e),yge))

n(e)




for a measurable function f. Define the empirical Ly risk R® and population L risk R(®) as
RO@) =E[ly - T2l \2} and  R(8)=E [|y<e> ~ BT (2.5)

We also define £(¢) = y(©) — E[y(e)|a:(se*] =y — (8*) Tz and 5 = yl —(B*) Tz, (©) Let £ and £(©
denote the empirical covariance matrix and populatlon covariance matrlx for env1ronment e € &, respectively,
that is, 3(¢) = E [2(9)(2(®)T] and () = E [2(9)(2())T]. When X(¢) is positive definite, for any S C [p]
we can define the 3(¢%), the population-level best linear predictor constrained on S for environment e € £
as

B%) = argmin  R®(3). (2.6)
BERP ;supp(B)CS

It is worth noticing that though 3(¢5) € RP, the support set of 3(©5) is a subset of S.

2.3 An Example: Structural Causal Model with Different Interventions

We provide a generic statistical model of interest in Section 2.1. Here, we present an instance of the multiple
environments setting — structural causal models with different interventions. We will show in this example
where such heterogeneity of environments comes from and provide a specific meaning of S* and 3*. We
first introduce the concept of the Structural Causal Model (Glymour et al., 2016), also called the Structural
Equation Model (Bollen, 1989).

A structural causal model (SCM) on p+ 1 variables z = (21, ..., zp4+1) € RPT! consists of p+ 1 structural

assignments { f; }?i},
zj < [i(Zpats), uj) j=1,....p+1 (2.7)
where pa(j) C [p+1] is the set of parents, or direct cause, of the variable z;, and w1, ..., u,11 are independent

zero mean exogenous variables. We call an SCM a linear SCM if all the functions f; are linear, in which
the above assignments (2.7) can be written in a matrix form as z < Bz + u for some structured matrix
B c Re+D)x(p+1),

The above SCM naturally induces a directed graph G = (V, E), where V' = {1,...,p + 1} is the set of
nodes, E is the edge set such that (i,5) € E if and only if i € pa( /). We say there is a directed path from
i to j if there exists (v1,---,v;) with k& > 2 such that v; =4, vy = j and (v;,v141) € E for any [ € [k — 1].
We call a directed graph a directed acyclic graph (DAG) if there does not exist a direct path from j to j for
any j € [p+ 1]. Throughout this paper, the induced graphs of the SCMs we consider are all DAGs.

Consider the following || SCMs on p + 1 variables z = (z1,...,%p,y) € RPT! that for any e € &, the
following assignments holds

xE'E): (6)(7]0(6)( (6)])’ _ge))a J=1...,p 98
(e) .— ()<_(13) 2 4+ (28)

Y= 5 pa(p+1)Tpa(p+1) T Up+1s
where all the u(® = (uge), ey 1(:21) are independent across different environments and also have inde-
pendent, zero mean entries. Here the direct cause relationship pa : [p + 1] — 2P and the function
fp+1(wl(]?(p+1),uz()?1) = (/8*);(;;“)33;?@4-1) + u;jzl are both invariant across different e € £. The structural

assignments f](e) for variables z;”’ and the distribution of exogenous variables u;e) may vary among different
environments. We use the superscript (e) to emphasize this heterogeneity. We use z in the assignments

(2.8) to emphasize that y can be the direct cause of some variables z;. We can see that the heterogeneity

may come from performing do-interventions on variables other than y (which will result in different fj(e) or

distribution uge)). Fig. 1 provides an example of the model (2.8). Here we consider the case where there are
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Figure 1: Linear SCMs with different interventions when p = 4 and |E] = 3. Here z5 = y, S* = {2}, and we omit the

dependence on the exogenous variables ui, ..., us for a clear presentation. The arrow from mode i to node j is marked by Bj(-ei)

ifBJ(.Ei) # 0. We can treat e = 1 as the observational environment and e = 2,3 as interventional environments. One intervention

is performed to the mechanisms of variable x4 (gray shadowed) in environment e = 2, and simultaneously interventions on
variable T2, x3 (gray shadowed) are applied in environment e = 3.

no hidden confounders and the system is not anti-causal, since the model misspecification in either direction
cannot be addressed without imposing further structural assumptions.

It is easy to verify that the above model (2.8) is an instance of the problem formulation discussed in
Section 2.1 with the important variable set S* = pa(p+ 1) and the true parameter 3*. Moreover, the set S*
and the parameter 3* have precise meanings in the context of SCM. Specifically, S* is the set of direct causes
of the response variable. From a traditional viewpoint of causal inference, for each j € S*, the corresponding
coeflicient 87 measures how the outcome y will change if we only apply intervention on the variable z;.

3 Methodology

3.1 Focused Linear Invariance Regularizer

As discussed in Proposition 2.2 and Section 2.1, it is necessary to leverage the conditional expectation
invariance structure across heterogeneous environments. The straightforward idea is to impose a conditional
expectation invariance to the solution 8 we find. That is, we wish our solution 3 to satisfy

E {y(e)’ buppw)] =p"a

from a population perspective. To implement the idea efficiently, we consider the variational principle that,
for any e € £ and given 3 € R with support set S,

Ve € &,

Ey@el)] = Iz o E Ky(e) gw@)g(mg@))} =0 Vg with E[lg(z)?] < o0
W g [( —Bix (e)> (w(se))} =0 Vg linear
& E|(y9-8ia)a| =0 wjes
& V;REOB)=0 vjes (3.1)

where the statements connected by “<” are equivalent and R(¢)(3) is defined by (2.5), and we make a
relaxation in (a) such that the last statement VgR(®)(8) = 0 is a necessary but not sufficient condition for
Ely©ey’] = B3 .

Based on the above derivations, we propose to minimize a focused linear invariance reqularizer, whose
population-level form J(3;w) can be written as

Zﬂ{ﬁg#o}zflv REOB)P,

ecf

(3.2)



where w = (w(e))eeg € RI€l are pre-determined weights associated with environments £ satisfying Yoecs w® =
1 and w(®) > 0 for any e € £. Some typical choices of w can be w® = 1/|€] or w® =nl®) /(3 . n(e).
The word “focused” emphasizes that we only penalize the gradient in the direction of non-zero coordinates
due to the statement (3.1). See Fan & Liao (2014) for a similar idea for dealing with endogeneity.

We first analyze what it implies when J(3;w) attains its global minima. Since S* is CE-invariant across
environments £ according to our assumption, we have J(8*;w) = 0 and this implies the global minima of
the loss function J(B;w) is 0. Moreover, for a fixed ,@ with support set 5, it is easy to see that

JBiw)=0 & Yeec& VRO (B)=0

& Vee&, Be argmin R ().
supp(B)CS

Therefore, though J(E; w) = 0 (attaining its global minima) does not imply that the selected variables set S
is CE-invariant across environments &, we argue that J(3;w) = 0 indeed indicates that the select variable
set S is LLS-invariant across environments £, which can be defined as follows.

Definition 3.1 (LLS-invariant Set). We say a variable set S C [p] is linear least squares invariant
(LLS-invariant) across environments £ if there exists some 3 with support set S such that

Ve € &, B € argmin E [\y(e) - ,GT:B(E)|2] . (3.3)
supp(B)CS

LLS-invariance is weaker than CE-invariance because the CE-invariance of S* implies the LLS-invariance

of S* while the converse is false. In this paper, we only leverage linear information to facilitate LLS-invariance
on the solution we find. That is what the word “linear” in our regularizer’s name emphasizes. According to
the above discussion of the relaxation in (a), we can incorporate more hand-crafted nonlinear features other
than linear feature x; in the focused invariance regularizer to somewhat strengthen the degree of invariance.
For example, consider the following enhanced regularizer that includes another marginal nonlinear feature

h(-) in,

Z]l{ﬂj 0}y w® {‘]E

ecf&

+ ‘IE[g(;)h(w;e))]r} : (3.4)

where E(ﬁe) =yl — BTx(®). Specifically, we can take h(u) = u® or h(u) = cos(u).

Though LLS-invariance is weaker than CE-invariance, these two types of invariance are equivalent under
some specific models. For example, suppose u( ©) are all joint Gaussian distribution for any e € £. In
that case, it is easy to verify that if a set S is LLS—invarian‘c7 then S is also CE-invariant using the fact
that uncorrelatedness implies independence for joint Gaussian random variables. In this case, the enhanced
regularizer (3.4) would have no advantages over the most simple linear one (3.2).

3.2 Our Approach: EILLS

Given data {D()}.ce = {{(wg ,yl(p)) ?:(61)}665 from heterogeneous environments, the empirical-level focused
linear invariance regularizer with weights w can be written as

le{ﬁg #0}> w |E

ecf

9 © — T (3.5)

Recall that R(® (B) defined in (2.5) is the empirical Ly loss in environment in e € £. We also define the
following pooled empirical Ly loss over all the environments: for 8 € RP,

w) = Zw(aﬁ(@ Z w'®

ecé& 865

n(©

Z © gy, (3.6)
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The environment invariant linear least squares (EILLS) estimator BQ is defined by minimizing the following
objective function:

Q(B;7.w) = R(Biw) +11(B;w), (3.7)

which is a linear combination of the pooled empirical Lo loss ﬁ(ﬁ, w) and focused linear invariance regularizer
J(B; w) with weights (1,~) for some given hyper-parameter v € RT. We also define the population analogs
of the EILLS objective function as follows:

QB 7,w) = R(Biw) +7)(Biw)  with R(Biw) =Y wOE [|y© — 2 2], (3.8)

ecé

The focused regularizer J(3;w) can screen out all linear spurious variables when ~ is large enough.
This can lead to a low-dimensional problem and be sufficient for many applications. However, some linear
exogenous variables that do not contribute to explaining y can still survive after the screening. They can
be eliminated further by introducing an £y penalty. This leads us to considering the £y regularized EILLS
estimator B that minimizes the following objective:

L(B; X, 7, w) = Q(B; v, w) + AllBllo = R(B; w) +7J(B;w) + A||Bllo (3.9)

with given hyper-parameter A. This helps reduce variables that are uncorrelated to residuals and y.

At the methodology level, our method has a close connection to the FGMM estimator in Fan & Liao
(2014) and the invariant risk minimization (Arjovsky et al., 2019) framework; see detailed connections and
differences in Appendix D.

Practical Concerns The current estimator has some combinatorial nature in optimization of (3.5) and
involves an additional hyper-parameter «. For the first concern, we show that one can use the Gumbel (Jang
et al., 2016) trick introduced by a follow-up work Gu et al. (2024) to make variants of gradient descent
continue to work in practice; see how to adopt Gumbel approximation to transform (3.7) to a continuous
optimization program and some simulation studies when p = 70 in Appendix D.6. We also provide some
guidance on how to tune the hyper-parameter v in practice; see Appendix D.7.

4 Theory

To simplify the presentation, we consider the case of balanced data with equal weights, that is, n(®) = n
and w(®) = 1/|5|, and defer the results of varying (n(®),w(®)) to Appendix A. Define the pooled covariance

matrix ¥ = el 5| Yoece B >(€), We first impose some regularity conditions for theoretical analysis.

Condition 4.1. For each e € &, (wl ,yge))w (wgze),yr(L)) are i.i.d. copies of (£(®) y(®)) ~ pu®) where

1(e) belongs to U~ 52 for some 02 The data fmm different environments are also independent. We set
@ =1/l
w'® = .

Condition 4.2. There exists some universal constants ki, € (0,1] and ky € [1,00) such that
Ve € &, kpd, = 2 <k, (4.1)

Condition 4.3. There exists some universal constant o, € [1,00) such that
2
Vee &,v eRP, E [exp {vTE*UQm(e)H < exp ((72”” : ||v||§> . (4.2)

Condition 4.4. There exists some universal constant o. € Rt such that,

122

Ve £, A ER, E[e*] < )72 (4.3)
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Condition 4.1 is the basic setup of our multi-environment linear regression described in Section 2.1.
Condition 4.2—4.4 are standard in high-dimensional linear regression analysis. We focus on the centered
covariate case that E[ar:(e)] = 0, and it can be easily generalized to the non-centered counterpart. The lower
bound on the smallest eigenvalue, k1, is to establish non-asymptotic error bounds on £5 norm || 5 —B*|l2. To
simplify expressions in our results, we set ky A o, > 1 and k7, < 1, thus avoiding repeated use of (ky V 1),
(0, V1), and (/@Zl V1). We adopt simple sub-Gaussian conditions to convey our main message. It is possible
to relax the above conditions and derive a similar result. For example, one can replace the sub-Gaussian
condition of the noise £(®) with the sub-Weibull condition (Vladimirova et al., 2020). One can also substitute
the joint sub-Gaussian condition of the covariate with the marginal sub-Weibull condition and show that
the EILLS objective (3.7) with folded concave penalty function introduced by Fan & Li (2001) has certain
oracle property.

4.1 Pooled Linear Spurious Variables and the Bias of Pooled Least Squares

We first define pooled linear spurious variables and demonstrate that the vanilla pooled least squares method
is an inconsistent estimator in the presence of pooled linear spurious variables.

Definition 4.1 (Pooled Linear Spurious Variables). We let G be the index set of all pooled linear spu-
rious variables in environments £ concerning the uniform weights w(®) = 1/|€|, that is, G = {j € [p] :

Doece E[xge)s(e)] # 0}. We say x; is a pooled linear spurious variable if j € G.

The following proposition characterizes the properties of pooled least squares.
Proposition 4.1 (Properties of Pooled Least Squares). Assume Conditions 4.1-4.4 hold. Then, there exists
some BR € RP satisfying %Hﬁ >eee Ee@a(@]]ly < ||BR = B|; < é”ﬁ > oce Ee@x@]|5 such that, for
any B € RP,

R(B) = R(B%) = |=12(8 - BR)I5. (4.4)
Moreover, there exist universal constants ¢ and ca such that if n - |E| > c104(p +t), then the pooled least

squares estimator Br minimizing (3.6) satisfies

1/2/3. _ @R 1/2/3R _ g+ p+i
I132172(Br = Bz < ca0 (02 + all 228" = 7)) 4[4 g

with probability at least 1 — 2e™t.

From Proposition 4.1, we observe that & = [|B% — B*||2, which can be interpreted as the bias of the
pooled least squares, satisfies d, =< H|S\_1 Y oecs E[e(®)2(e)] ‘2. Proposition 4.1 thus indicates that, for large
enough n,

_ 1
Br — B"l2 =< iZ > Rz

ec&

2

Therefore, the pooled least squares can be a fair estimate of 8* only when the biases from each environment
happen to cancel: ) ¢ E[s(e)xée)] = 0o(|€|) for any j € £. Moreover, the strong convexity with respect to
BR (4.4) suggests that this issue persists for penalized least squares.

4.2 Local Strong Convexity for Population Loss

We first examine the population EILLS loss (3.8) when G # (. Specifically, we show that with a large
enough -y, the population EILLS loss satisfies certain strong convexity with respect to 8* under the following
identification condition.

12



Condition 4.5 (Identification). For any S C [p] satisfying S NG # 0, there exists some e, e’ € € such that
BeS) £ B9 where B(e5) is defined in (2.6).

Remark 4.1 (Near Minimal Identification Condition). It is worth noticing that the above identification
condition is minimal if only linear information is considered. To see this, consider the case where (z(¢),y(©))
are all multivariate normal distributions, a violation of Condition 4.5 implies that there erist some ,é with
support set S containing variables outside S* such that

Ve € &, E[y(e)|w§)] = (Eg)T:vgi)

In this case, it is impossible to determine which one among S* and S is the true important variable set
because they are all CE-invariant across £ and S\ S* # ().

Theorem 4.2 (Strong Convexity with respect to 3*). Assume Conditions /.1-4.2 and 4.5 hold. Then B*
is the unique minimizer of Q(B;~,w) for large enough ~y: for any € € (0,1) and any v > e 1v* with

N = (HL)_3 sup (bs/as) , (4.5)
S:5NG#0

Ee@z{]|3 and ds = Y,cp 189 — B2 with B = LS, B, we

ecf €] €]

where bg = ||ﬁ Zeef

have

Q(B;’yaw) - Q(/B*a’}/vw) 2 (1 - G)Hzl/Z(B - /6*)“% + H%(7 - 6717*)a5upp([‘})~ (46)

Note dg > 0 for any SN G # 0 under Condition 4.5. Theorem 4.2 provides a generic condition under
which 8* is the global optimal of the population-level EILLS objective (3.8) with a non-asymptotic critical
threshold for . Moreover, a detailed characterization of global optimality (4.6), which is slightly stronger
than strong convexity, is also established. The strong convexity with respect to the target function 8* lays
the foundation to derive faster convergence rate to 3* (van der Vaart & Wellner, 1996; Wainwright, 2019).

Remark 4.2 (Interpretation of the Quantities bg, dg). Observe that when S O S*, the bias of the least
squares solution in one environment e € € is Al®) = 3(&:5) — B* Here we refer to bg as bias mean because
bg is the bias of running least squares on Xg using all the data when S D S*, that is, ||Br,s — B*]|3 < bs by
Proposition j.1. At the same time, we have dg = Fll S A — (€71, e A2 provided S D S*.

Thus, the quantity dg can be interpreted as the variance of bias since it measures the variations of the biases
A©) among different environments.

Remark 4.3 (Interpretation of the Critical Threshold v*). Theorem 4.2 implies that the global optimality
of B* is guaranteed when v > v*. ~* is the ratio of bias mean to bias variance and will affect both the
forthcoming estimation error and variable selection property. As an intuitive example, for the previous
cow/camel thought experiment, a reasonable value for v* is expected when the fractions of cows on grass and
camels on sand are both 90% in ¢ = 0 and 60% in e = 1. Similarly, a moderate v* is anticipated when
fractions are 51% and 53%. However, with fractions 90% and 89%, v* is significantly larger, necessitating
more data for both accurate estimation and variable selection.

Remark 4.4 (Interpretation of Small ). In Theorem 4.2, we show that the invariant parameter 5* will
uniquely minimize the FILLS objective when v is larger than some threshold v*. Yet, it is unclear what is
the regularization effect of vJ when ~y is small. We provide some intuitions on the impact of the regularizer
when v is small in Appendiz D.8S.

We use the toy example below to demonstrate (1) when Condition 4.5 holds, and (2) how ~* scales in a
concrete model, and leave more examples and discussions in Appendix A.4.
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Example 4.1. Consider the following two-environment linear SCMs with p = 2:

2\ V052

y© 1.2 + V052

xé‘f) — syl 4 gy
Here ¢g,e1,e2 are independent, standard normally distributed erogenous variables. The linear model is
Y@ = (8*) T +£) with B* = (1,0) and £©) = \/0.5¢9. Note that]E[E(e)xée)] =0.55¢). When w(® =1/2,
the variable xo will be a pooled linear spurious variable if s + s(2) £ 0.

We focus on the case where the pooled least squares is not consistent, i.e., st + s(2) % 0. In the
well-conditioned regime where |s()| 4 [s(2)| = O(1), by some calculations, we have

bray |s() 4+ 5| 1 and b1z sV 4 52|
dgy 5@ —sD] 1 - sDs@)] day  |s®@ — s

First, the Condition 4.5 holds if s(!) # s(2) and s(Vs(®) £ 1. The first inequality is easy to understand,
without which the underlying distributions in the two environments are identical. The second inequality is

strange at first glance. However, we have E[y(e)|a:ée)] = Szilxée) when s() = s = 1/5(2). In this case, it
is impossible to identify which of {1} and {2} are the true important variable set because all the sets are
CE-invariant across £. This also demonstrates the necessity of taking the supremum over all sets S with
SNG#0in (4.5).

When s(Ms(?) is away from 1, the critical threshold ~* satisfies (y*)1/2 =< [s() + s®)|/[s(2) — s(D)|,
where the numerator quantifies the strength of spuriousness, and the denominator quantifies the strength of
heterogeneity. Hence, a constant-level v can be adopted when the strength of heterogeneity is of the same

order as the strength of spuriousness. ]

4.3 Statistical Analysis of the EILLS Estimator in the Low-dimensional Regime

Our statistical analysis of the EILLS estimator focuses on the regime where it is possible to identify 3%,
i.e., Condition 4.5 holds, and when our choice of ~ satisfies v > 37" V 1, where +* is the quantity defined in
Theorem 4.2. We let v > 1 to simplify the presentation. We are now ready to provide a statistical analysis
of the EILLS estimator Bq minimizing (3.7). The first result is about the sure screening with false positive
control.

Theorem 4.3 (Non-asymptotic Variable Selection Property). Define
B; |? and  s_ =

ds (4.7)

Sy = min min

jes SClp),SNG#D
Suppose Conditions 4.1—4.5 hold, and we choose v > 3~v* V 1 where v* is defined in Theorem 4.2. There
exists some universal constants c1—ca that only depends on (ky,o04,0.) such that for any t > 0, if n >
cr(v/w)(p+1og(|€]) + 1){s3™” + 57 + (vrrs—) 0%}, and n-[E] > ca(v/wr)*(p+ {3 + (ywrs—) ™" + 1},
then the EILLS estimator ,@Q minimizing (3.7) satisfies

P|S* C supp(,@Q) - GC] >1—"Te " (4.8)

Equation (4.8) reveals that all endogenous variables are screened out when + is sufficiently large. When
the choice of v and the curvature xj are both of constant order, Theorem 4.3 implies that with high
probability, the EILLS estimator Bq can eliminate all the pooled linear spurious variables while keeping all
the important variables, i.e., (4.8) holds, if

—1/2

n -1, —1/2 S_
—_— > 1v . 4.9
p+log(iE]) ~ S T < €] ) 9
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Here, the quantities s; and s_ defined in (4.7) can be interpreted as the signal of true important variables
and the signal of heterogeneity, respectively. One can expect more data to differentiate whether it is a signal
or noise when one of s_ and sy is small.

When the variable selection property (4.8) is satisfied, S does not contain any pooled linear spurious
variables while maintaining all the important variables. In this case, one can provide a good estimate of 3*
by running another least squares constrained on S = supp(Bq) without regularization. In this case, there
is no bias anymore. It then follows from Proposition 4.1 that, with high probability, we have the (-error
{1G<|/(n - €} /2 given S C G=.

When some weak spurious variables exist such that the corresponding absolute value of dg is small, the
EILLS estimator requires a large n to eliminate all these spurious variables. To see this, suppose there exists
a weak spurious variable x; such that \E[zge)s(e)ﬂ < € for all the e € £. Consider the set S = S* U {j}, it is
easy to verify that bg < e? and dg < 2. In this case, we require n > n. ge1 < pe (e 71 /|€] 4+ 1) to eliminate
variable z; by (4.9). The next theorem claims that a small ¢, estimation error || BQ — B*||2 can be obtained
in the regime where p < n <« n, se1 regardless of whether EILLS selects the correct variable.

Theorem 4.4 (Non-asymptotic o Error Bound). Assume Conditions 4.1—/.5 hold, and we choose v >
3v* V1 where v* is defined in Theorem 4.2. There exists some universal constants c1—c4 that only depend on
(ku,0oz) such that for any t > 0, if n > p+10g(2|E]) +t and n - |E] > c1(v/kL)(p +t), then Bq minimizing
(3.7) satisfies

IIﬂQ—ﬂH2<cz< p+t +p+1og<€|>+t>+Cg\/m_log<|5|5 )+t (4.10)

oc(v/kL) n- €| n n min e s+ |57

with probability at least 1 — Te™t. Moreover, when the additional conditions in Theorem 4.3 hold, then

IBa Al . ( Gel +t 1G] + log((€) “) (1.11)

oc(v/kL) n-[€| n

occurs with probability at least 1 — 14e~t.

In the well-conditioned regime where min;ecg-
constant-level hyper-parameter v such that

Bil 2 p~ Y2, kp > 1, and 4* =< 1, one can adopt a

2 * p p
L N
with high probability provided n 2 p. When the first term dominates (|€] is not too big), the EILLS
estimator achieves an optimal linear regression rate. This implies that the EILLS estimator can estimate
B* well in ¢5 error when there are some weak spurious variables and the number of data points is not large
enough to eliminate all the variables in G.

One technical novelty behind Theorems 4.3-4.4 and Theorem 4.5 later is to apply the localization argu-
ment in the analysis of the invariance regularizer to get a faster rate. To see this, we have ||Bq — B*||3 <
62 q =< (n-|€])7* + n~2 when p = O(1). The first term is faster than (n - [£])~"/? which directly applies
uniform concentration, and the second term is faster than n~" < sup|g,<; [J(8) — E[J(8)]|, the (uniform)
bias of the invariance regularizer. We use Lemma C.4, a novel one-side instance-dependent error bound for
J(B) — J(B) + J(B*) — J(B*) to obtain such a faster rate; see Appendix C.3.

4.4 Variable Selection Consistency in the High-dimensional Regime

In the high-dimensional regime, we further define s* = |S*|, Smin = min;ecg- ﬂ]*\ We need a condition
asserting that the sample size n should be large enough for the given hyper-parameter ~.
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Condition 4.6. Suppose that log(|€|) < C'logp and that
(1) n>ci(v/kr) {(s* + Brnin) 108D + (KLBmin) /(5% + log p)s* logp}

(2) n- €| > ca(y/wr)*(s* log p){1 + 1/ (k1 Boin)}
Here ¢1—co are positive universal constants that depend only on (C, 04, ky,0c).

Theorem 4.5 (Variable Selection Consistency in High Dimensions). Assume Conditions 4.1—4.6 hold, and
we choose v > 3v* V 1 where v* is defined in Theorem 4.2. Suppose further that the choice of \ satisfies

*1
c1 {(’y/,{L)an Cﬁf) + e(n)} <A< CgHLﬁrQnin,

where €(n) = (v/kr)?s*(logp)(s* + logp)/n? + (v/kL) log py/n=3(s* +logp), and c1,ca are some universal

positive constants only depends on (C,ky,o0,,0:). Then the £y regularized EILLS estimator B minimizing
(3.9) satisfies Plsupp(BL) = S*] > 1 —p~10.

We can see that e(n) is negligible when |£] < 1 and s* + logp = o(n) because

o fomr g} s {5 (fR2) -

Therefore, in the regime where v, k1, |€]| are fixed while n, p, s* may grow, the variable selection consistency
can be achieved when

<A< Bl

s*logp
n

Recall that for standard ¢y regularized least squares with sample size n, the variable selection consistency
can be obtained when n > (s* + 32 )logp and ) satisfies n~!logp < A < 2, (Zhang & Zhang, 2012).
Compared to the standard £y regularized least squares, the EILLS estimator needs n > s* B;fn logp in the
fixed number of environments setting.

Another question is how much can the ¢y regularized EILLS estimator benefit from growing |£]|? When
v =< Kk < s < 1, Theorem 4.5 implies that though achieving variable selection consistency still needs
(1+ B.2)logp = o(n) due to Condition 4.6 (1), we can choose a wider range of A\. To be specific, in this
case, the variable selection consistency can be achieved when X satisfies

1 1 121
I€] n n

Hence we can choose any (n-|€])"!logp < A < B2, in the regime (log p)|€|? = o(n). This is the same with

running £, regularized least squares on total n - |€] data when E[e|2] = 0.
With the variable selection consistency given in Theorem 4.5, we can then attain the optimal f-rate by
running the least squares on supp(3), as if assisted by an oracle.

5 An Illustration by Structural Causal Model

In this section, we use an example of a structural causal model (with potential interventions on covariates
x) to illustrate how different components of our proposed EILLS objective (3.7) and ¢y regularized EILLS
objective (3.9) contribute to either seizing the important variables S* or eliminating pooled linear spurious
variables and unrelated variables. Simulations further support intuitive claims?.

2Scripts to reproduce the simulation result in this section can be found in the supplemental material, see also
https://github.com/wmyw96/EILLS.
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Figure 2: (a) An illustration of the two-environment model, the SCMs in the two environments share the same induced graph,
which is also plotted in (b). The arrow from node x to node z indicates that x is the direct cause of z. (b) An illustration of
how EILLS works under the two-environment model. The double-circled nodes represent the pooled linear spurious variables.

Model. Consider a two-environment model (|€] = 2). The mechanism of (x,y) in each environment is
characterized by an SCM. As shown in Fig. 2 (a), the two SCMs share the same direct cause relationship and
most of the structural assignments, except that the mechanisms of x4 and x7 are different (gray shadowed);
see the detailed structural assignments in Appendix D.4. In this case, the set of important variables S* is
{1,2,3}, corresponding to the set of direct causes of y. The true parameter is 8* = (3,2, —0.5,0,...,0)".
The set of pooled linear spurious variables G is the subset of y’s offspring. In this example, G = {7,8,9}
(denote as double circled node in Fig. 2 (b)).
How EILLS rescues. First, although vanilla pooled least squares, which minimizing (3.6), can asymp-
totically eliminate some uncorrelated variables (for example, BR,H = op(1)), it will asymptotically select
some of the pooled linear spurious variables in G together with other variables related to these variables
(for example, some of their ancestors and offsprings) according to (1.3). For example, it may asymptotically
select variables Sg = {1,2,3,7,8,10} as shown in the . That is, |BR,j — B3| = op(1) with
some f3; # 0 will hold for any j € Sk.

As for our EILLS estimator that minimizes (3.7), if the inclusion of pooled linear spurious variables
leads to a shift of best linear predictor (Condition 4.5), then, with a large enough ~, our regularizer J will
eliminate all pooled linear spurious variables in red shadows for large enough sample size. We add a red “—”

in the red shadow to emphasize the regularizer J%s role in eliminating those pooled linear spurious variables.
Moreover, including the pooled Lo risk Re will prevent our EILLS objective from collapsing to conservative
solutions. Thus it will select all the important variables in blue shadows , in which we also use a blue “+”
to underline the pooled Lo risk ﬁg’S impact on keeping all the important variables. Finally, the objective
(3.7) can only guarantee that Sq ; = op(1) for unrelated variables j in orange shadows , the inclusion of
completes the last step towards the target of variable selection consistency: with a properly
chosen hyper-parameter A, we can eliminate (—) these unrelated variables through the and only
keep the important variables in .
Experimental Justification. We support the above intuition via simulations, in which the balanced data
setting (n(e) =n, w® =1 /2) is adopted. Detailed implementation and experimental configurations are
presented in Appendix D.4.
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Figure 3: The simulation results for the model in Fig. 2 (a). (a) depicts how the estimated coefficients for the EILLS estimator
vary across hyper-parameter v in one trial when n = 300: we use blue and red solid lines to represent the corresponding
coefficients for variables in S* and G, respectively; and use dashed lines to represent the coefficients for other variables.
The two gray vertical lines are v = 15 and v = 3 x 103, respectively. (b) depicts how the average £2 errors (based on 500
replications, shown in log scale) for different estimators (marked with different shapes) change when n grows: ‘LS S’ is the
estimator that runs least squares on ®g using all the data and ‘PLS’ is referred to ‘LS [p]’. (c¢) depicts the average number of
selected variables in S* (+) and G (x) for the EILLS estimator over 500 replications.

Let us first see how EILLS works in practice by visualizing how the estimates of coefficients change over
v € [0,10%] in one trial. As shown in Fig. 3 (a), the pooled least squares running least squares on all the
data (v = 0) will lead to a biased solution, which significantly selects variables in Sg. Meanwhile, the EILLS
estimator with proper regularization parameter v € [15,3 x 103] selects variables {1,2,3,5}: it screens out
all the variables in G and keeps all the important variables in S*. Fig. 3 (a) also demonstrates the necessity
of incorporating Ly risk: with a very large v (v > 4 x 10%) that the Ly risk is relatively negligible compared
with the invariance regularizer, the best (empirical) linear predictor on {1,2,3} is not preferred than that
on {1} by the invariance regularizer.

Fig. 3 (b) and Fig. 3 (c) further support the above claims using the average performances over 500
replications, in which we use fixed v = 20 for EILLS. As presented in Fig. 3 (b), the average square of ¢y
estimation error || B-pB* |3 for pooled least squares estimator (-~ PLS) does not decrease (remains to be = 4)
as n increases, indicating that it converges to a biased solution. At the same time, the average || 8- B*|3
for the EILLS estimator (¢) decays as n grows (is ~ 0.1 when n = 200) and lies in between that for least
squares on ge (V) and least squares on xg+ (A) when n > 700. This is expected to happen since the EILLS
estimator can not screen out all the uncorrelated variables. We also report the {5 estimation error for the
refitted EILLS estimator, which runs OLS on the variable set S EILLS selects. It is interesting to see that
its performance is slightly worse than the vanilla EILLS estimator; we provide a quantitative explanation in
Appendix D.5.

The variable selection property for EILLS is further demonstrated in Fig. 3 (c), where the average number
of selected variables in S* (+) and G (x) is plotted across different n. The “+” curve keeps increasing and
is almost 3 while the “x” curve decays and approaches 0, implying that the EILLS will select almost all the
variables in S* and screen out all the variables in G when n grows.

Comparison with Other Invariance Approaches. In addition, we compare our EILLS approach with
other invariance approaches, including invariance causal prediction (ICP) (Peters et al., 2016), anchor regres-
sion (Anchor) (Rothenhéusler et al., 2021), and invariant risk minimization (IRM) (Arjovsky et al., 2019),
using the data generating process above. The pooled least squares (PLS) method is also included for compar-
ative purposes. We use EILLS with hyper-parameter v = 20. For other invariance approaches, the invariance
hyper-parameters are chosen in an oracle manner — we enumerate all the possible hyper-parameters and pick
the one that minimizes the f5 prediction error ||£%/2(8 — 3*)||3. The implementation details can be found
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Figure 4: The simulation results for different methods using the data generated from the model in Fig. 2 (a). (a) depicts how
the average {2 prediction errors |E1/2(B — B*)||3 (based on 300 replications) for different invariance methods (marked with
different shapes and colors) changes when n grows. (b) and (c) visualizes the solutions of different methods in 60 replications

when n = 100 and n = 1000, respectively. The true parameter 3* and the population pooled least squares solution B are also
included using red for reference.

in the Supplemental Material.

The results are shown in Fig. 4 (a). It is apparent that among all the estimators evaluated, the EILLS
estimator stands out as the only one capable of consistent estimation. We also provide graphical visualizations
of the solutions found by different methods for n = 100 and n = 1000 in Fig. 4 (b) and (c), respectively. In
these plots, each point (x,y) with marker m represents a solution ,@ that the method m produces. Here, x
denotes the relative £5 norm restricted to the true important variables set S*, calculated as || Bs- || /185 2;
and y represents the relative £ norm restricted to the pooled linear spurious variables set G, expressed as
18cl2/1Bcll2 with 8 = 312,

As depicted in Fig. 4 (b) and (c), the ICP method demonstrates a very conservative nature, failing
to select variables in S* even when n = 1000. This reveals its lack of guarantees in power even when
the sample size is large enough. For other optimization-based methods, the solutions obtained by anchor
regression are similar to those found by the pooled least squares. Although the IRM method showcases a
slight divergence from PLS, with a tendency to push solutions toward the direction of “invariance”, this effect
remains marginal. In contrast, our EILLS method not only converges to the true parameter 8* when n is
large but also demonstrates commendable performance when the sample size is moderately large (n = 100).

6 Discussion

In this paper, we consider the multi-environment linear regression model. We propose the environment
tnwvariant linear least squares, an optimization-based method applicable under the generic multi-environment
linear regression model without additionally imposed structures. We provide a thorough statistical analysis
of the proposed method. Specifically, it is possible to identify the true parameter under a near-minimal
population-level condition Condition 4.5. Under such a condition, the EILLS estimator can obtain an
optimal linear regression rate in the low-dimensional regime, and the ¢y regularized EILLS estimator can
achieve variable selection consistency in the high-dimensional regime.

One key theoretical takeaway from this paper in the invariance field is that a statistically efficient es-
timation of 3* is viable under a general, near-minimal identification condition related to the heterogeneity
of the environments. This paper proposes an estimator with a non-convex objective function for the linear
model to realize statistically efficient estimation, which is the first in the literature. The understanding of
the invariance problem that this paper presents, together with this paper’s limitations on the linear model
and the computationally inefficient algorithm, opens up several interesting and promising future directions.
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6.1 Extension to Nonlinear Models

As illustrated above, one fundamental limitation of previously studied methods is their reliance on specific
structures, such as linear SCM with additive intervention. This nature not only restricts them into “structural
methods”, limiting their scalable uses, but also hinders them from generalizing beyond linear settings, even
for generalized linear models. On the contrary, our method can be naturally extended to generalized linear
models, and one can use a similar idea to develop approaches in a generic nonparametric setup. Here, we
only present a direct extension to the generalized linear model using a similar objective function and leave
the extension to the fully nonparametric setup as future studies.

Let « € RP be the covariate vector and y € R be the response variable of interest, and we collect data
from |€| environments. Following the setup in Section 2, we assume that there exists some unknown true
important variable set S* and true parameter 8* with support set S* such that

Vee&  El9)] = o((8s) =)

with some known invertible link function ¢(-) such as the logistic regression or log-linear model. The
population-level generalized EILLS objective analogy to (1.5) in this setup can be written as

ee&

STERBT2, 5 )] + 43 1{8; £ 0} ‘E[{y@) — (B2} 2
j=1

where £(y,v) = 1(v) — vy with ¢(t) = ¢'(t), and v is some hyper-parameter to be determined. Examples
include (1) ¥ (t) = 1t2, o(t) = t for linear regression; (2) ¥ (t) = log(1+e"), p(t) = h‘f—fet for logistic regression.
The high-level viewpoints for the two parts in the loss with general ¢ are similar to linear regression with
©(t) = t. One is expected to derive theoretical results analogous to Theorem 4.2—4.5; we leave this for future
studies.

6.2 The Computational Complexity Concern

Currently, we use an algorithm whose computational complexity scales exponentially with p to search for
the global minima of the EILLS objective function. It is natural to ask if we can design a provable algorithm
that is both computationally and statistically efficient under the same environment heterogeneity condition
Condition 4.5. Even if there are some fundamental limits to this problem and it is impossible to develop both
computationally and statistically efficient algorithms, it is still interesting to study if we can develop heuristic
search algorithms, like sure screening (Fan & Lv, 2008), forward-and-backward search (Zhang, 2011) and
mixed-integer programming (Bertsimas et al., 2016) for variable selection in linear regression, such that it
can offer a good solution within an affordable time limit.
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Supplemental Material

The supplemental materials collect the complete theoretical analysis (Appendix A), all the population-
level proofs (Appendix B), finite sample proofs (Appendix C), and omitted discussions in the main text
(Appendix D).

A General Theoretical Analysis

A.1 General Notations and Conditions

Define the pooled covariance matrix 3 =Y ¢ w@X(e) We first state the standard assumptions used in
linear regression, which are analogous to Condition 4.1-4.4. Condition A.2 and Condition A.4 are just copies
of Condition 4.2 and Condition 4.4, respectively. Condition A.1 allows for varying (n(e), w(e)). Condition A.3
replaces the ¥ in Condition 4.3 by 3.

Condition A.1. For each e € &, (:cl ,y%e)), . (a:fle()e),yx)e)) are i.i.d. copies of ({9, y(®)) ~ ul®) where

@ belongs to Ug~ o2 for some o2,

w® >0 for any e € €.

The data from different environments are also independent. We have

Condition A.2. There exists some universal constants kg, € (0,1] and ky € [1,00) such that
Ve €&, kpI, = 2 <k, (A1)

Condition A.3. There exists some universal constant o, € [1,00) such that
_ 0'2
Vee &, v eRP, E {exp {vTE_l/Qw(e)H < exp (2“” . ||’u||%> . (A.2)

Condition A.4. There exists some universal constant o. € Rt such that,

122

Ve € £, A ER, E[e*] < e?7?. (A.3)

We also define several quantities regarding sample size:

—1 —1
(e) (e) (e)
n _ w S . (e) o w
EWRLe T (Z n<e>> Pin =R M ZPEE oy - (Ad

ecf&

It is easy to see that n, > 7 > npyiy. In the case of balanced data with equal weights, i.e., n® = n and
w(® =1/||, we have n, = n - |E|, B = Nmin = n and ny = n®/2,
We also define the pooled linear spurious variable concerning the environment weights w.

Definition A.1 (Pooled Linear Spurious Variables). We let G, be the index set of all pooled linear spurious

variables in environments £ concerning the weights w, that is, G, = {j € [p] : D . cew E)E[ (@) g(e) ] # 0}.
We say a variable x; is a pooled linear spurious variable if j € G.,.

We need the following condition related to the heterogeneity of environments in the presence of pooled
linear spurious variables to recover 3*.

Condition A.5 (Identification). For any S C [p] satisfying SN Gy, # 0, there exists some e, e’ € & such
that B(&5) £ B9 where B(&5) is defined in (2.6).
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A.2 Strong Convexity with respect to the True Parameter

We are now ready to state the main population-level result, a generalized version of Theorem 4.2 with varying
environments coefficients w.

Theorem A.1 (Strong Convexity with respect to 8*). Assume Conditions A.1-A.2 and A.5 hold. Then
B* is the unique minimizer of Q(B;~,w) for large enough ~y: for any € € (0,1) and any v > e 1v* with

v =(kr)™® sup (bg/ds), (A.5)
S:SNG o, #£0D
where
2
e € 1 e e 2 2
Zw [e¢ )z )] and ds = Zw( )Hﬁ( 5) ,ﬁ(S)H2 (A.6)
ec& 2 ec&
with BS) = Yoerce W) BES) e have
Q(B;7,w) — Q(B*;v,w) > (1= )IZY2(B = B3 + 5L (v — €' )dsupp(a)- (A7)

It is easy to see that Theorem 4.2 is a direct corollary of the above Theorem A.1 with w(®) = 1/|&|.

A.3 Non-asymptotic Analysis

The first proposition characterizes the convergence of the pooled least squares.

Proposition A.2 (Properties of Pooled Least Squares) Assume Condz'tions A.1-A.4 hold. Then, there
exists some BR € RP satisfying - ||Zeegw E[e(®) g (e)] || < IBR =82 < n L3, ce w®E[e (e)az(e)]||2 such
that, for any B € RP,

R(B) - R(B%) = |='2(8 - BR)I3. (A.8)

Moreover, there exist universal constants c¢; and co such that if n* > c1o4(p+t), then the pooled least squares
estimator Br minimizing (3.6) satisfies

IS2/2 (Br = Bz < caoa (0 + 0 IB2(B° - 5 ) ot (A.9)

with probability 1 — 2e~¢

The following two theorems are generalized versions of Theorem 4.3 and Theorem 4.4 with varying n(¢)
and w(®).

Theorem A.3 (Non-asymptotic Variable Selection Property). Define

2 .
Sy = d S_ = d A.10
+= mnlgl SChSNG20 " (A.10)

Suppose Conditions A.1-A.5 hold, and we choose v > 3v* V 1 where v* is defined in Theorem A.1. There
exists some universal constants c1—co that only depends on (ky, 04, 0:) such that for any t > 0, if nyy >
p+Hlog(2IE]) +t, it > er(y/kp) (p+1og(1€]) + {7 +571 + (yrrs) 0%}, and e > ea(y/kL)*(p+){sy" +
(ykps—)~t 41}, then the EILLS estimator Bq minimizing (3.7) satisfies

P[5* C supp(Ba) € (Gu)| = 1-7e " (A.11)
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Combining Theorem A.3 and Proposition A.2, we can conclude that when (n,in, 72, 1. ) are large enough,
one can refit the solution found by the EILLS estimator to obtain a faster rate. To be specific, we can run
another pooled least squares on xg with S = supp(Bq) and obtain the fy-error {(G)¢|/n.}'/? given that

§*CSC(Gu).

Theorem A.4 (Non-asymptotic {2 Error Bound). Assume Conditions A.1-A.5 hold, and we choose v >
3v* V1 where v* is defined in Theorem A.1. There exists some universal constants c1—c4 that only depend on
(ky,04) such that for any t > 0, if nmin > p +10g(2|€]) +t and n. > c1(v/kL)(p+t), then Bq minimizing
(3.7) satisfies

||I6Q_16 H2 SCQ( /p:t+p+10g7(l|5| +t) \/|S 1Og |5||S +t (A.12)

o(v/kL) min;es- |57

with probability at least 1 — Te~'. Moreover, when the additional conditions in Theorem A.3 hold, then

||ﬁQ_ﬂ*||2 po+t po+log(|€])+¢t . B .
oG S (\/TJF 7 ) with po = [(Gw)"| (A.13)

t

occurs with probability at least 1 — 14e™
and (C.20) in Appendiz C.4.

. The dependency of (c1,c2,c3) on (ky,o0.) can be found in (C.19)

In the high-dimensional regime, recall that s* = [S*|, Bmin = minjes- |37 We need the following
condition regarding the sample size defined above in (A.4).

Condition A.6. Suppose that log(|€]) < C'logp and that

(1) Nmin > c1(s* +logp),

(2) n, > cQ(y/KL)2(S* logp) {1 + 1/(@6@“)},

(3) n > cs(v/kr)(logp) {s* +1/(B4)} and i > es(v/kL)\/(5* log p)(s* + logp) / (KLBmin),
(4) nt > ca(y/kL) (5% logp)V/s* + logp{l + 1/(\/@5min)}'

Here ¢1—4 are universal positive constants that depend only on (C, 0., ky,0c). See details in (C.23).

The above Condition A.6 matches Condition 4.6 in the case of balanced data with equal weights. The
following theorem claims that EILLS can attain variable selection consistency with proper choice of the
model selection hyper-parameter A.

Theorem A.5 (Variable Selection Consistency in High Dimensions). Assume Conditions A.1-A.6 hold, and
we choose v > 3v* V 1 where v* is defined in Theorem A.1. Suppose further that the choice of A satisfies

s*lo
C1 {(’Y/KL)Qngp + 6(ﬁ7 T)} < A < CQHLBmer (A14)

*

where e(n,ny) = (v/kL)*(logp)(s* +log p){n—2s* +ni 2(s*)2logp+ (niv/s* +logp) ' (v/kr) "}, and ¢, co
are some universal positive constants only depends on (C,ky,04,0:). Then the £y regularized EILLS esti-

mator By solving (3.9) satisfies
P [SUPP(BL) =S5 >1-p "

A.4 Examples of Theorem A.1
A.4.1 Linear SCM with Heterogeneous Variance

We start with a toy example similar to Example 4.1.
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Example A.1 (Toy Example, Heterogeneous Variances). Consider the following multi-environment linear
model with € = {1,2} and p =2,
)

.Z‘ge — /U1 €1

) (e)

¥ 1o o e

zge)eh':z:ge)+s~y(e)+\/v>2~€2

for some parameters s,h € R and vi,vo € RT that is invariant across different environments, and one
parameter v(()e) that will vary for different environments. Here €g,€1,€2 are independent, standard normal
distributed exogenous variables. We let w(®) = 1/2.

In the example, $* = {1}, B* = (1,0)T, and () = (v(()e))l/2 - g9. Hence G, = {2} whenever s # 0 since

E[E(e)xge)] = svée). In a well-conditioned regime where |h| + |s| < 1 and v; < vg < vée) = 1, we have

b{2} 1 1 b{172} 1
din D@ and TR (VRN ) T
digy  Jug? — v’ |[h(s + h)vr + va digy oy’ — vy |

Therefore, Condition A.5 holds if

v(()l) # v((f) and h(h+ s)vy + vz #0 (A.15)
and the quantity v* is of constant order if

) =Pl =0m) wa - (-2 0| <o), (A.16)
(%1

(1)

(()2) should not be close to v, ’, is easy to understand. This is because when v

(2)
0

The first condition, v is very

close to vél), the distribution of the two environments might be very similar, which will make it hard to
distinguish. The second condition, the direct effect of y on x5 must be apart from (—vy/(vih) — h), is strange
at first glance. Let us see what it implies when s coincides with (—ve/(v1h) — h). If s = (—vy/(vih) — h),
then the heterogeneity of the environments (from vél) to véQ)) will not affect the solution B(¢-{11:2}) — it will
be fixed as B(¢{12H) = (0,571)T. In other words, though the distributions of (z*,y)) and (x®,y(?)
differs a lot, the two identity equations hold

E[y(e)lxge)] =1. ,Ige) and E[y(e)lzzzge)] =1 .xge)_

This will be problematic since the two sets {1} and {2} are all CE-invariant. In this case, one can still show
that B* is the unique minimizer of (3.8) if and only if (v(()l) + véz))/Q < s72(h%v1 + v2) = vih?/(v1h? + va),
that is, whether the Ly risk of 8* is smaller than the Ly risk of the spurious solution (0,571)". But it is
beyond the scope of our discussion.

Moreover, the condition (A.16) is independent of |s| that measures the magnitude of spuriousness. In
particular, we do not need to use a very large v* when |s| is very small. This is because both dg and bg
grow linearly with s2 around s = 0, and the choice of v* is their ratio. ]

Given the intuitions of the above Example A.1, we are ready to present a clean condition for a general-
ization of the model in Example A.2 with p > 3.

Example A.2 (General Linear SCM with intervention on the scale of £(¢).). Consider the following two-
environment model £ = {1,2} for p-dimensional covariate  and response variable y,

w(e) — B:[:(e) + ay(e) + €,

. (A.17)
Y =BT +Eé)
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where B € RP, a € R? and (3* are the same across the two environments, the exogenous variables (&, E(()e)) €

RP xR are independent, and the covariance matriz of €., D = V[e,], is also fixed for the two environments.

The only heterogeneity comes from the variance of the noise 6(()6) : v((f) = V[e(()e)] is different for e € {1,2}.

We assume the induced graph is acyclic, and use W = (I — B —a(B*)7)~! to denote the total effect matrix
for the covariate x, that is, W; ; is the total effect of the variable x; on variable x;.

Proposition A.6. Consider the two-environment model in Example A.2, let w(®) = 1/2, suppose further
that

max Di; V [Wlja V[lalls < ¢ (A.18)

i€lp]

for some universal constant ¢y > 0. For any S, define
€8)=1—a Wy, (Ws.DWJ,)™ Ws.DW. 85 with T =5\
If €(S) # 0 for any S C [p], then Condition A.5 holds, and the property (A.7) in Theorem A.1 holds with

7 W (@2 (1) @) ?

* | () + o)1+ 6§0) (1 + o) |

Y =cCa <mlnDi7i> X u U ) ?2) 9 X sup m (Alg)
i€[p] lvg " — vy | SClpl

for some constant ca > 0 depends only c;.

When min,¢cp,) D;; 2 1 and vée) < 1, Proposition A.6 suggests the following requirements
) o =(1)  and  inf £(5)] = (1)
SClp]

are needed to get a constant order v*, here £(S) = 1if S* C S or SNG,, = 0. Compared with the conditions
in (A.16), the first condition is the same, and the condition infgcp, [£(S)] = Q(1) generalizes the second
condition of (A.16) to the multivariate case with complicated and arbitrary variable dependencies. Similar
to Proposition A.6, the choice of v* is independent of |||z when ||a|]2 < 1, which means one do not need

~

to use a large v* when the magnitude of spuriousness ||a||2 is small, i.e., ||a|2 = 0.

B Proofs for Population-level Results

B.1 Proof of Proposition 2.1
We first prove the equality Roos(8*;Ug: ,2) = o?. The definition of Ug- ,> implies that,

Roos(B";Ug~ »2) = sup E(e,y)~p Uy — ]E[y\azgﬂﬂ = sup var,fyles:] < 2.
HEUGs 2 HEUGx .2

Moreover, denote v ~ N(0,021,) as a Gaussian distribution on R?. Let u.(dz,y) = v(x)v,(dy|x), where v,
is also a Gaussian distribution with mean (8*) " and variance o2, it is easy to show that . € Ug« o2 and

E,.[ly—(8*) "z|?] = 02.Combining with the above upper bound, we can conclude that Roes(8*;Ug- ,2) = 0.

We next prove the upper bound part of (2.3). For any p, we have
Eegyn [ly = B72l?] =E [ (y— (8 T+ (8") - 8Ta)’]
=E|(y—(8)72)"| +E[((8) Tz~ Ta)"]
+2E [(y— (8 =) ((8") "= - BT )]
< 0% 1 e (B [z 7]) 18 — 8713
+ 20 Amax (E [227) (8 — 8% - 3
< Roos(B;Ug+ 02) + 1°0°|1B — B3 + 20°pl|(B — B") o) s+ Il2
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where (a) follows from the fact E[(y — (8*)")x|zs-] = 0 and Cauchy-Schwarz inequality. For the lower
bound part, Now that ¢ =y — (3*) T is independent of x under 1, yields, for any 3 € R?,

Roos(ﬁ;uﬁ*,az) > E(way)wl‘* [

y=B" 2] =Eyp. [(y - (8) @+ (8) - BTa)]]
= Egayn. (= (8)72)"] +0%18- 813
= Roos(ﬁ*;u,@*,o'?) + O'QHB - 6*”3’

which completes the proof. O

B.2 Proof of Proposition 2.2

Denote s* = |S*|. Without loss of generality, let S* = {1,---,s} and S,11 # 0. Consider the following
matrix

I, B B3
>=| B" I,.+B B «
(B5)" ol c

where I,, is ¢ by ¢ identity matrix, B € R* *(P~5") satisfies B, ), = 1{k = LB = B5)/(Br), a = B35 +
(Ip—s« + BTB)Br, c =1+ ||l + ||B%-]13. Tt is easy to verify that our constructed ¥ satisfies ¥ = Ip+1
We then argue that the distribution pu that (z,y) ~ N(0,X) satisfies p € Ug~ ,2 for some large enough o2
and E,[ylz] = BT2. To this end, we only need to verify that E[y|zs-] = (8*) "z and E[y|z] = BT z. For
the first condition, our construction of ¥ and the conditional distribution of multivariate Gaussian ensures
Ely|lzs<] = (Is+) 1 (B%.) Tz% = (B%.) "x%. Similarly, in order to show E[y|xz] = BTz, it suffices to verify
that

Is* B ﬂ ﬁs*
B" I, .+B'B ’
which can be validated by plugging in our construction of B and . This completes the proof. O

B.3 Proof of Theorem A.1
It follows from the definition of Q(83;~,w) and Condition A.1 that
Q(B;7,w) = Q(B% 7, w) = R(B;w) — R(B%;w) +7J(B;w) = T1(B) +7T2(B).

Denote A = B — B*, S = supp(B), T = S*\ S, and S = S U S*. it follows from the model y(¢) =
(B*)Tx(®) 4 £(°) that

B) =Y w (RO(8) —RE(8"))

ecé
=3 w® (E Dy(e) _ ﬁTm<e>|2] _E We) _ (5*)Tw(e>|2D
ecf
=3t (B8 = 8)Ta +12] —E[))
ec
=Y wOATEOA - 2ATE [g@w(e)}
ecé
=AT (Zw@z(@)) A-2AT (Zw<e>1E[a<e>a:<€>]) = ALZAg - 2A ag
ec& ec&
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It follows from the fact wyr = 0 and Cauchy-Schwarz inequality that
QA:gfﬂg =2 (\/gAgigm) (671/2251/2'&3) < €A—SIS§A§ + Eilﬁgi_lﬂg

Plugging (B.1) back yields

At the same time, we also have

T2(8) = 3wt [E [ - 67|

ecé

= Y0 [E [920] + (85— 89)E [2) @) 7] + (81 E 2 @) |

ec&
(e © A |7
=> w9 ag+ 2565 - g ASH2
ecé
2
= Zw(e) Ss(B%) — g — AS)H ]
ecé

Putting these pieces together with Condition A.2; we have

Ti(B) +1T2(8) > (1 - O)|=2Ag)5 — e ny asls +7 ) w@r8% - 8" — Asl3
ecé

> (1- S Ag)3 e Mrptbs + inf 4> w@R38ES — 85 — o3
vERIS] ec&
Define

e 675 *
L(v) =Y w985 - 85 — 3.

ecé

(B.3)

It is obvious that L(v) is of a quadratic form and is strong convex with curvature 1. So it has the unique

global minimizer v* =3 ¢ w(©gles) — B% with minimum value

. e,S * * 3
inf L(v) = >- w85 — 85— v7|f = ds.
vERIS| ecé

Substituting it back into (B.3) gives

Ti(8) +T2(B) = (1 - )|Z2 A5 — e 'k 'bs + yr7ds
=(1—e|=2A)3 — e 'k bs + e ' uidsy + (v — € 'y )kTds
> (1= oS2Al5 + (v — € 'y)rids.

This completes the proof.

B.4 Proof of Proposition A.6

We first calculate serval quantities of interests and determine the original curvature sy .
Tt follows from the model (A.17) that

z® = Bz + a(8*) 2@ + aE((Je) + €.
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Because the induced graph is acyclic, then there exists a permutation 7 : [p] — [p] such that
B+ a(ﬁ*)T]m =0 if =w(i) <7(4),
that is, there exists a permutation matrix P such that the matrix
V =P[B+a(3")"|P"

satisfies ‘7~ is a lower triangular matrix with all zeros on the diagonal. Hence, the inverse of the matrix
PIP" — V exists and is an upper triangular matrix with all ones on the diagonal, thus implying

W=(I-B+a(B)") ! exists with vpin(W) > 1.
Therefore, we can represent the covariate 2(¢) in terms of all the exogenous variables e, and e(()e) as
(e) _ (e)
' =W, +agy’). (B.6)

Therefore, denote u = W «r, we further have

2@ =WDW ' + v uu’, (B.7)
E [5<e>m(e>} = (P
Given these quantities, we can write down the bias for any S as
1 RN L & T RA N >
bs = 5 (BEOE1) 06 + )| = (52 ) - uslz (B.9)
2

The calculation of bias-difference term dg is more involved. Denote 7' = S* \ S, then one has
- By = (SY)TEEC Y] + (59) IS8 = T + T
Denoting Mg = WS’;DWS—': ., it follows from Sherman-Morrison formula that

Tge) = (Mg + vée)uSus)_lusvée)

{M§1 M5 usuf Mgt } )

usv,
1+usM§1usv(()e) 0

U(()e) 1
= 1 (e) MS us.
1+usMg usv,

Observe that wpr = 0. This yields

—1
Tge) = (MS + v(()e)usug> (Ws,:DW:/T,:)ﬁ;

M—l (e) .
( )S s U(() )u—Sngl(WS,:DW;:)ﬁ;“
1+ vy ud Mg ug ’

= Mg (Ws,DW; )8} —
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Putting these pieces together, denote tg = usMglus, we have

1,8 2,5
dg = Hg(e 5 _ B 4+ 49
66{1 2} 2 2
- HI@(LS) _ 13(275)H2
2 2
1 -1 2 Tas—1 T 2 U(()l) U(()Q) i
= §HM5 usl|3 |1 —ug Mg (WSﬁDWT,:)ﬁ;| 2)
1+ 191y 1+ 19y
> EC 2” ||2|U _UO |2’1_ TMS (WS DWT )IBT
Z 356
(1+st< N2(1 + 15082)2
-1 oV =@ R - ul M7 (Ws, DW]) 85| 1
> 02 I ||§| 0 | | s LW, T7.)/6T| {minD”} (B.10)

(1+057)2(1 + 0?2

where the last inequality follows from the fact
—1 -1
ts < [ Ms| " fus? < (W)} {min D} [WIBJa3 S {min Dy} .

Plugging the above quantities (B.9) and (B.10) into (A.5) completes the proof.

C Proofs for Non-asymptotic Results

C.1 Preliminaries

We first define some concepts that will be used throughout the proof.

Definition C.1 (Sub-Gaussian Random Variable). A random variable X is a sub-Gaussian random variable
with parameter o € RY if

2
VA € R, E [exp(AX)] < exp (202)

Definition C.2 (Sub-Exponential Random Variable). A random variable X is a sub-Ezxponential random
variable with parameter (v, o) € RT x RT if

2
VAl < 1/a, E [exp(AX)] < exp (21/2) )

It is easy to verify that the product of two sub-Gaussian random variables is a Sub-Exponential random
variable, and the dependence of the parameters can be written as follows.

Lemma C.1 (Product of Two Sub-Gaussian Random Variables). Suppose X1 and X5 are two zero-mean
sub-Gaussian random variables with parameters o1 and o, respectively. Then X1 Xs is a sub-exponential
random variable with parameter (c10102, ca0102), where c1,ca > 0 are some universal constants.

We also have the following lemma stating the concentration inequality for the sum of independent sub-
exponential random variables.

Lemma C.2 (Sum of Independent Sub-exponential Random Variables). Suppose Xi,..., Xy are inde-
pendent sub-exponential random variables with parameters {(v;,c;)}X.,, respectively. There exists some
universal constant ¢, such that the following holds,

N

Z(Xi - E[Xi])

=1

N

t x v+t x max o < 2e7t.
P 1€[N]

P >
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We also define the following quantity regarding sample size

(w2
nw=<z e ) . (C.1)

ecé

It is easy to see that ng,, > n..
We also define

B(S)={B R’ supp(B) = 5,82 =1} and B.= |J B(S) (C2)

SClpl,|S|<s

C.2 Proof of Proposition A.2
It follows from the definition of R(3) and R(¢)(3) that

B) =2 wIR(B)

ec€

=Y W@ {(B-B)T2O(B- ) 28 - 8 Ela)] + E |
ec&

=(B-8)"Z(B-8)-28-8)" D wIEeD]+> W EE)2

ec& ec&
We can see R(3) is of quadratic form of 8 — 8*. Since Apin(X) > 0, the minimizer of R(3) is unique and is
AR =p"+ ()" wOE@). (C.3)
ecf

Combining the above definition of BR together with Condition A.2 validates the upper bound and lower
bound on ||BR — B*||o. Moreover, plugging in above (C.3) into R(3) following by some calculations gives

R(8) —R(8%) = (B—8")"2(B - B,

which completes the proof of claim (A.8).
Moreover, for any 8 € RP, we have

=28 - BR)IIQ—R(B) R(B%)

We argue that

P[C1) = IP’{VB R, R(B) - R(A") - (

p+t

< Co, (o + 0|28 - BYR) |/ LIS 0- F) (C)

p+t

+Co;, ||§31/2(ﬁ ﬁR)Ilz} — 27"

for any ¢ € (0, n. — p|, which will be validated later. If such a claim holds, then under C; ; which occurs with
probability at least 1 — 2e~*, we have that, for any 3 € R?

I5/2(8 ~ B3 < R(8) ~ R(B%) + 0o [ 5728 - %) 3

p+t

+ Coy (00 +0a[2V2(8" = B ) |/ Fo 1228~ B
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Suppose further that n* > (p+t)4C?%02, we can apply the above inequality with BR which satisfies ﬁ(ﬁR) —
R(,B ) < 0 and obtain

IS1/2(Br — BB < 200, (0 + oa| V28" — B)z) /- 1522 (e — B9

This completes the proof. R
Proof of the Bound (C.4). It follows from the definition of R and the above identity that

When p + t < n,, define the following event

oo |
Koy = {

for some universal constant C1—-Cs to be determined. It suffices to prove that P[KCy ] AP[Ko,] > 1—e " for
any t > 0. If the two claims are verified, then we can conclude that under the event K; ; N K2 ; that occurs
with probability at least 1 — 2e~t, the following holds

[-512% @551/
ecé

t
§C10§ b }
n

2

Zw 1/2E[ (e) ((ﬁR) 206 _ e) H

ecf

*

_ L T
< Coo, (Ua+0w“21/2(ﬁ —ﬂR)||2) pn }

R(8) - R(8") — (R(8) —R(8Y))

o=,

-2y OS5z
ecé

=28 6%,
2

+2 Hf}l/z(ﬂ _ BR)H2 H;w(e)i—lpﬁ [w(e) ((BR)Tw(e) _ y(e))}

2

< C'o? p”nz”?(ﬁ %12

+ ', (00 +0u S8 = BY) |/ EE IS5 - Yl

which completes the proof of the claim (C.4).
STEP 1. HIGH PROBABILITY BOUND FOR Ki;. Let A =1 —S712% _ w@SES-1/2 gimilar to

the derivation in (C.35), we can construct N pairs of p-dimensional unit vectors (vy,u1),. .., (vy,uy) with
N < 81007 such that

|All2 <4 sup vy Au.
ke[N]
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For fixed (v, u), using the identity
I= Zw(e)g—l/zz(e)i—m’
ecé

we obtain

n(©

vl Au = ZZ

ecf i=1

(e)
n
w(®

= Z Z e (E[Xe,i] — Xe,i)

ecf i=1

(e)

w
n(@)

{UTS*UQE(@)E*/% _ uTifl/zmge) (a},ge))‘riq/zv}

for X.; = uTZ_)_l/zzcEe) (wge))TZ_)_l/2v. It follows from Condition A.3 that X, ; is the product of two zero-
mean sub-Gaussian random variables with parameter o,. Then it follows from Lemma C.1 and Lemma C.2
that the following holds

P [Iv;?Aukl > Cy0, ( = 4 ")] <2e
Ny  Na
for all the u > 0, where Cj3 is some universal constant. Applying union bounds further gives

P | sup |v} Auy| > Cso, ( Xy u) < 2Ne™™.
ke[N] Nw Ty

So it concludes the proof by setting u = t + log(2N) = t + Cyp with some Cy > 1 and observing that

t+C t+C t
jt+ Cup n + Cap <20, +p
N N Ny
provided p 4+ t < n,.

STEP 2. HIGH PROBABILITY BOUND FOR Kg ;.

Letb=) ¢ w©E-1/2F [w(e) ((BR)T:c(e) - y(e))], the proof is similar to the first part of STEP 5 in the
proof of Lemma C.4. To be specific, there exist NV = 90P p-dimensional unit vectors ui,...,uy such that
b2 < 2supgeqy) u/ b. The key here is to decompose u' b as the sum of zero-mean independent random
variables. Denote

Xe,i _ uTg—l/Qw(e) ((w(e))T(BR _ /6*) _ 5(e)) )

We have
2 ) 2
Tp— Y o xo — Y x— ) (e)
u b= Z Z n(e) Xe,z - Z Z n(e) (XE,Z ]E[Xe,z]) + Zw E[Xe,l]
ecf i=1 ecf i=1 ecé

(e)

n (e)

=33 (Xei —EIX.])
; n(e) ’ ’

ecf i=1

where the last equality follows from the definition of 3R (C.3) that

> WOEXe ] =uET2RER - g7) — 272 W IR[Rel)]
ee& ee&

=u' 2 <ﬂR SYCAHED Y Zw(e)E[az(e)g(e)]> =0.

ec
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Note that u" X ~1/22(¢) is a zero-mean sub-Gaussian random variable with parameter o, and ((®) T (8% —

B*) —£(¢) is the sum of two zero-mean sub-Gaussian random variables with parameter o, and o, ||3"/2(8R —
B*)|2, respectively. It then follows from Lemma C.1 and C.2 that

1/2 u o —u
[|ukb|>C5ax<UE+Ul||E (3R )||)<,/nw+n*>}z1 2.

Applying union bounds over all the k and setting u = t + log(2/N) completes the proof. O

C.3 Proof of Theorem A.3
C.3.1 Key Proof Idea

We will use the following decomposition in the proof of Theorem A.3.
Q(B:7.w) — Q(B"7,w) = R(B) = R(B") +7 (J(8) - J(87))
— {R(8) - R(8")} - {R(8) ~R(8") |
+{R(®) ++1(8) - R(8") —vI(8" } (€5)
+7 [ - 381 - {38 - I8 }]
= Tr(8,8") + T3(8.8") + Q(B;7,w) — QB"17,w).

The analysis of the first term Tg is standard. As stated in the following Lemma, we can provide an
instance-dependent two-side bound for it.

Lemma C.3 (Instance-dependent Two-side Bound for R). Assume Condition A.1-A.j hold. Define the
event

Avy = {Vﬁ €R’, |R(8)—R(8") ~R(8) +R(8")

(C.6)
< o1 (ruo20118 — B3 + wif*00eti]| 8 — Bl }
with 61 = ZZL—'H + pn—'tt and some universal constants ¢1. We have
P[-Al,t] Z 1-— 67t
for anyt > 0.
Proof of Lemma C.3. Tt concludes by applying Lemma C.7 with s = p. O

However, the analysis of the second term T is more involved. The following Lemma provides an instance-
dependent one-side bound because all the statistical analysis only cares about the upper bound of T,;(3, 3%),
or the lower bound of —T,(3, 3%).

Lemma C.4 (Instance-dependent One-side Bound for J). Assume Condition A.1-A.j hold. Define the
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event

Agy = {\w € R, é (308) -8 =18 +3(8")

p+t
<18 = Bull3 x riozy ) o
+1 + log(2|1&E]) +t
TR (SN AL C IR B

2 t
SpaEE Voo [P

1E[w§i)pp<m€‘@”H2 X Ry Tx0e\[ T
ec&

t + log(2|&]S* t
115\ supp(B)] x rpo2o? T IBCIEISTD | ap T }
n Ty

for some universal constant c;. Then we have
PlAz ] > 1—6e " (C.8)
for any t € (0, nmin — log(2|€|) — p].
Proof of Lemma C./. It concludes by applying Lemma C.6 with s = p and observing that n, > n.. O
We will use the following characterization of the population-level excess risk.

Proposition C.5. Under Condition A.1, A.2 and A.5. If v > 3v*, then

V

Q(B;v,w) — Q(B*; v, w) > %Hﬂ -85+ %J(ﬂ;w)

K:L * ’Y q ’Y
7”[3 -85+ gf@%dsupp(ﬁ) + EJ(ﬂ;w)

v

Proof of Proposition C.5. The proof is almost identical to the proof of Theorem A.1. From (B.4) we know
J(B;w) > K7 dsupp(s)- Following the notations in the proof of Theorem A.1, we have

2 _
%”6 - /6*”% - 2ﬁzlbsupp(ﬁ) + gf}/dsupp(,ﬁ) + %J(ﬁ7w)

S8 =B+ 5B w)

Y

v

This completes the proof. O

With the help of the above claims, we are ready to prove Theorem A.3.

C.3.2 Proof of the Variable Selection Property (A.11)

It follows from our decomposition (C.5) that, for any 8 € RP,

QB;v,w) = QB 7,w) = —Ty(B,87) — Tr(B,87) + QB; v, w) — Q(B™; 7, w). (C.9)

The rest of the proof proceeds conditioned on that nmyi, > log(2|€|) + p + ¢ such that the results of
Lemma C.4 is applicable. Recall that v > 1 + k1. Applying Lemma C.3 and Lemma C.4, we have that,
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under the event A; + N Az,

T)(B.67)+ Tr(B.8) < m{nﬂ—ﬁ*% oty
+ 1B = Bull2 x “U 020, (W+pr+10g(§|g|) +t)

. 1/2 p+t C.10
/2w ‘E T upp(B)E" ]‘2X"€U/ Tx0\ [ = (C10)
ecf
t + log(2|€]]S* t
+|S* \ supp(B)| x kv 0202—+ Og(n| [157]) +I£Uaxa?p;r }
= CV(H + |2 —|— |3 —|— |4>
Applying Young’s inequality gives
8Cy p+t p+1log(2lE]) +t\?
I —_— 42— — 2 (==Y . 11
2_160 5+ Iag{ . +UI( - (C.11)
At the same time, it follows from Lemma C.10 that
+
s < g/ 2,00 [ [20(8: ) + 26818 — B3
1 p+t 16C’fy - p+t
<—CJ(ﬁ; )+60/€U0'2 2 160 p Ky o2o? o
Using the fact that
* 2 2
|57\ supp(B)| min [5" = > min |5]]
]ES*,BJ'=O
< ¥ 5 /3*|2<Z|/3] BiP =118 - 873,
jES*,ﬁj:O
we obtain
. t + log(2|&]]S*
15\ supp(8)] x o2 T OBCIEISTD
2.2 %
. kyosoz  t+1log(2|€]15*)
=11S
<| \ supp(B )l néls,rl B ‘ ) {mlnjes* ‘18]'|2 a
2 2 *
kyozos  t+1og(2|€]15*)
<B = Bulf § —5 = : C.12
H ”2{mmj65* T (C12)
Putting these pieces together, if
_ 16C t +1log(2(€]|5* 16Ck%02 \°
,‘YK/UO- { + Og( | || |)} and Nk Z (p+t)( GOHUUIW> , (013)
anlnjes* ‘B | KT,

then we find that, under A; ; N Agy,

TH(B,87) + Ta(B,8") < L8 - "3 + 2I(B:w) + Cin{ Lioto?l D0

Ky, Tl
log(2/€]) + ¢ >
+ Ligoto? (LERERED 1) }
KT, n
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for another universal constant Cj.
Plugging the above inequality back into (C.9) and applying Proposition C.5 provided our choice of
v > 3v*, we establish that, if A; N A+ occurs, then for any 8 € RP,

Q(B) ~QB") = “HI1B — B + 23 deupnca)

2 log(2€]) +t\> A2 t
— Cz{ i Ky ala? (p—|— og(_| D+ ) + lfi‘;’]a:agp + .
KL KT, n

n *

The rest of the proof proceeds conditioned on the event A; ; N Az ;. We first argue that if

4 2 = 3/2 3
Ty > 1802/1(]0 and n > V18Caky "o, 057 (C.14)
p+i (K3 /7)s— (p+1log(2/€]) + 1) (K3 /v)s—
with s_ = mingng, ¢ ds, then for any 3 with supp(8) N G, # 0, the following holds,
O O Y
QB) - Q8" = LB BB+ (3 —2 % %) s >0,
which means 3 is not the empirical risk minimizer. This implies that supp(BQ) C G§,.
Meantime, denote s; = min;eg- 5;‘2 We then argue that if
4 2 = 3/2 3
Ty 12027 /QUO' o and n > V12Cvky "0, (C.15)
ert KRS+ (p +log(2[€]) +1) NG

then for any 8 with S* ¢ supp(8), the following holds

_émmw 1> >0,

Q) - QB 2 "L - 613 — 2 x =L min |57
which also means that 3 is not the empirical risk minimizer, hence implying the S* C supp(ﬁQ).
Combining the conditions on n, and 7 in (C.13), (C.14) and (C.15) together, we can conclude that if

n

. 1 1
- s 3/2453 1 2,2y 7 S S R 1
P Tos(EN 1 > (18Csky; “00.) V (16Ckyos0z) P s + (C.16)

YELS—) = Sy

c1

and

Ty 2 2 1 2
1 _— 1 1
P > (v/kL) 8Coky ot P E—— + (16C*)2 k0 (C.17)
C2 c3

then under A;; N Az, that occurs with probability at least 1 —e~7 due to Lemma C.4, Lemma C.3 and
union bound, the following holds

S* C supp(Bq) C GS,. (C.18)

This completes the proof. O
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C.4 Proof of Theorem A .4
C.4.1 Proof of the Rate (A.12)

The proof is very similar to that of Theorem A.3 but will use Lemma C.4 and the strong convexity of Q
around B* in a different way. The proof proceeds conditioned on A4; ; N Ag . It follows from Lemma C.4
and Lemma C.3 that the inequality in (C.10) holds. We will bound the term |4 differently.

For first term of ly, it also follows from the fact zy < 1 (22 + y?) that

|S5* \ supp(B3)] x HU020'2%

n
. [S*|kuozol  t+1log(2[€]|S*))
= (1/]5* \ supp(B)| min kL /16Cy | X n
< |S* \ supp(3) i L/ 7) { k1 /16Cy minjc - 37| n

16Cykg;0502|S™[{t + log(2£]]S™[) }*

< in |37]?
< 160 \ supp(8 )\;ﬁgg; 18517 + rip (minge g+ [87]2)n2
S*| [t +log(2|€1S*)\*
< 16C 4,2 (v/kL)|
= 160 2 + 160K, 030 “mingcg- |52 7 ’
At the same time, we also have |y < %£|8 — B%|3 if
> (16Cryol)(p+1) (v/kL)” . (C.19)
—_——

Cc1

Putting these pieces together with the error bounds we have for ls—l3 in the proof of Theorem A.3, the
following holds for all the 3 € RP,

TR(B.8)+Ty(B.87) < 4 x TEB =873 + LI(Bsw)
+01iKU 4 z{p+t+az (P+10g<2|5|)+t>2}

RL T« n

2 S t+log(2|€]15*)\ 2
+017 K2 oto? |1S5*| 2( + 0g(7| | |)>

KL “min;eg- |57 n

Plugging BQ into the decomposition (C.5), it then follows from Proposition C.5 that

SlBa — B3+ $I(Basw) + 0 < Q(Bai 7, w) — QlBai 7. w)
= Q(Ba:7.w) — QBa; 7. w) + Tr(Ba. B7) + T1(Ba. B7)
<0+ TR(ﬂQa )+TJ(BQ’ )

Combining it with the upper bound on Tr(3,8*) + T,(8, 8*) we derived, we conclude that

Bo — B*||2 2 t log(2|€]) + )2
18q — B3 §402H%0272<p+ +(p+ og(2|&]) + ))
KT,
2

o? Nk n2
“ , (C.20)
o (P/KD)[S*| ([t +1og(2(€]S*])
+ 40 HU T " 2 —
R,_/mlnjes* 851 n
3
under A; + N Ay ;. This completes the proof. O
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C.4.2 Proof of the Rate (A.13)

We assume that conditions (C.16) and (C.17) are satisfied. Thus, the variable selection property (C.18) also
holds. Now that we only focus on the case of no pooled linear spurious variables. The covariate dimension
is po = [(Gw)?|. Now we apply Lemma C.3-C.4 with x(g_)e. When A;; N Az N A N A2 , occurs, the

inequality (C.10) with p = pg also holds for 8 = BQ- Observe that |S* \ supp(8)| = 0 given the variable
selection property (C.18). The rest of the proof follows similarly to that for (A.12).
C.5 Proof of Theorem A.5
We first define some additional notations. Define s* = |S*|. Let
V(s,t) = slog(ep/s) + s* +t,

and define 0 x log(1/0) = 0. Similar to the low-dimension counterpart, we also need the following two
Lemmas.

Lemma C.6 (Instance-dependent One-side Bound for J, High-dimensional). Assume Conditions A.1 — A.}
hold. For any 1 < s < p, define the following event,

Asi(s) = {Vﬂ € By, i (408) =18 =38 +1(8")

<1883 x ,.;g,ag< @ n V(8t>>

w Ths

+118 - ,5'||2></<;3/20g2606< V(s,t>+v<s7t)>

New Ts

18 =Blls x Y2030 VV (s, t +1og(2[€])) - V(0,  + log(2[€]))

n
18— B x K080, LS LT 10BCIED) V (0, -+ 108(2[E]))

# [T

ecé

(C.21)

’E (e) /5]

[ x tfia, \/ V(supp(8) \ 5°1.1
T

2 2t+10g(23 [2)

n

oV ([supp(B) \ 5%, ¢) }

+ Kyogo;
T

+ 18 \ supp(B)| X kyoio

for some universal constant ¢1. Then we have P[Ag.(s)] > 1 —6e~* for any t € (0, nmin — log(2|€]) — s*].
Proof of Lemma C.6. See Appendix C.6. O

Lemma C.7 (Instance-dependent Two-side Bound for R, High-dimensional). Assume Conditions A.1 — A.}
hold. Define the event

Asals) = {\m ¢B.. |R(B)-R(B)-R@) +R(S)
(C.22)
< (HUUQQ;51||5 - B3+ “U Uer(slHﬁ B2 ) }
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V(S b4 (S Y and some universal constants c;. We have P[Ay(s)] > 1 — et for any t > 0.

Proof of Lemma C.7. See Appendix C.7. O

We start with a lemma stating that if we choose some large A, then the S = supp(,@._) will satisfy |§| < 2s*
with high probability.

Proposition C.8. Let 0 <t < nyin — log(2ep|€|) — s* be arbitrary. Assume Conditions A.1-A.5 hold, and
v > 3v* V1. Let ¢ =log(ep/s*) +t. Suppose further that log(|€]) < c1logp for some universal constant
c1 > 0. There exist some universal constants co—cs depending only on C such that if

n > cakpo2y(t +logp) {5* +02/(kL gnelgi |5j*|2)} :

e > eargog (v/kL)?Cs?,
ni 2 econy) 202 (v/RL)CsVCF 57,
and the choice of A\ satisfies

A= ego2o(y/kr)C {Hé%/ ki) | RYVEES ff%oiwmxus*)}.

Nx ny n2

Then the following holds
P {|§| < 25*} >1-3¢e .
Proof of Proposition C.8. See Appendix C.8. O
We are ready to prove Theorem A.5.

Proof of Theorem A.5. We prove the Theorem in a more general form, including the tail probability t.
Denote ¢ = log(ep/s*) + t. We first provide a detailed condition for different sample sizes presented in
Condition A.6,

T'min Z C*(S* + 1ng)
ne > C{rbob(n/mn) s b v {Rboto?cs (v/k0) (1 Bhn) }

(s C.23
> C* {kuoyy(t +logp) {s* + 02/ (kL Brsn) } } V {Hg/zozaewm)w} (C.23)

ny >C*I€U (T /FLL C\/ﬁ{l“v‘ge/ \/Eﬁmin)}

together with a detailed lower bound on the regularization parameter A

£) | £

T_L2

N Tx

> C*ryotol(v/kL)? { (HUC v
(C.24)

+ KES/ZGQQ(V/KL)_IC Gl + ("0 (s" + ) }

nt n%
Define the two events

Cry = {|§\ < 23*} and  Coy = Az s(25%) N Ay (25).
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We can see that the conditions in Lemma C.6, Lemma C.7, and Proposition C.8 are satisfied by (C.23)
and (C.24) with large universal constant C* > 0. Denote ¢, = s* + log(ep/s*) +t = s* + ¢ and ¢s =
s*log(ep/s*) +t < s*¢. We follow a similar strategy as that in Case 1 of Proposition C.8. Under Cy ¢ NCay,
it follows our choice of v and Proposition C.5 that, there exists some universal constant C; > 0,

Q(AL) — Q(B") = Q(BL) ~ Q(BL) + Q(BL) ~ Q(B") +Q(B7) ~ Q")
> TIBL— 8713 + §I(Biiw) + R(BL) — R(AL) +R(8") ~R(8")
— 7 (3B 3B - 4B +1(8")

a K N
z(; Cirgrog | = )Hm B3

Y (B - e
+ 5 JBLw) = Oy > we

ecf

~ CillBu — Bl x /2oy [ 2

_ CIH/B\L _IB*H2 « 'YﬁgU/ZUiUg (\/EL\/(ZTS + (bs\/(bi*)

nt

2

—~
=

\/§\S*| log(ep/s*) + s* +t

T

2
‘E ) (0)] ‘ k20,0
2

t+1 .
0118\ Slpo2o? TP  0g,02 0
n M«

=h+la+ls+1a+15

where (a) follows from the fact that Cq; N Ca; holds such that we can apply the result of Lemma C.6 and

Lemma C.7 with s = 2s* to 8. Denote { = 0.5(6C1) (/K1) k3 002, Following a similar strategy of lower
bounds on |} — |5 and using the fact that ¢, < 2s*¢ and

1S\ S*[¢

*

KT, *
9 2> —ﬁHﬁ—ﬁ 15 — 40
we obtain

Q(BL) — Q(B™) + AIBLllo — AllB* [lo
6<BL>—6< )+ AS\ S = A8\ S|
185 — (87153

BUg\s — 185513 = AS™\ 8

)\A * C ral *
+§|5\5 |—4<>'n**|5\5 |
)\A * * 1 ¢* 28*¢*C2
+2|S\S|—20'(25)<<n+ﬁz+ P )
> |S*\S|< mln |85 |> — )\)

Mo o LG, 2570 .
+ 515\ 57| - 4<>s<< tEt T ) (4<> )|S\S

Here (a) follows from the facts [|[Bl]5 — [8*15]3 > 0, [Blg-\5 — [B]5-\glI3 > |S*\ S| min;es-

Bil. We
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argue that if

KL . %12 * 1 ¢* 25*(15*4
— i > . - - .
36 jnellsg 18717 > 40 - s7C <n* + -2 + n? , (C.25)

which is satisfied by Condition A.6, and A < % minjcs- |3;]?, then [S*\S| = 0. This is because if |S*\ S| > 1,

we will have

AR A/ a* 2 * «\ al . *
Q(BL) = Q") + AlBillo = NB"llo > 5™\ |55 min 5[ > 0.

This is contrary to the fact that 8L is the minimizer of (3.9). Moreover, we also have |§\ S*|=0if

1 . 257y
>\29<>.5*§<+¢2+ “fC). (C.26)
Ne 7 nf
This is because if |\ $*| > 1, we will have
~ o~ ~ ~ N Ao « % 1 Ox 25" ¢4 (C
Q(BL) —Q(B") + MBLllo = AllB* o > SIS\ S*[ =40 - s™"C | — + =5 5 0,
2 Ny N ny
which also contradicts the fact that B minimizes (3.9). In conclusion, letting A < Z& minjeg- ,6’;-*|2 and

choosing some large enough constant C* such that (C.25) and (C.26) are satisfied by (C.23) and (C.24), we
can then argue that under the event C; ; N Ca, which occurs with probability 1 — 11e™*, one has |S \ S*| +
|S*\ S| =0, implying that S = S*. This completes the proof via setting ¢ = 10log(ep). O

C.6 Proof of Lemma C.6
Let S = supp(B), I = SN S*. It follows from the fact that J(8*) = 0 and the definition of J that

o

IB) =B -IB +IB) =) 2

ecf

{IVsROB)IE — VRO (B + [ Vs-RO (B3}
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Observe that, for any fixed e € &£,

5 (IVsRO@)3 ~ VRO @)1 + |V5-RO(3)3)
= {IVsROG)IE ~ VR () VsRO(B) + VsRO@)I3 + [Vs-RO (873}
= — {TRO@)T{VsRO(B) - VsR(B) } + £V sRO(8)]3
— S IVs\5-RO() ~ Visy5-RO(B) B

+ S {IVRO@BE - [V:R(8) - VRO (8)]3)

< (200~ 5) - Ble)) {Ew?’a(e)}—mw;ﬁ)a@)]

~{EBel @) T(B-8) - gﬁ?(ﬁ—ﬂ*)}}

+ (B “)e(eJ)T(E 2@ )T(8 - 3] - 32408 - 3) + 5 [Blald =)
:(ﬁ—ﬁ*)TZ(e){ £:©)] ~E[z <e>€<e>}}
~ o))" {E2)e] - Elz{)e)]}
+(B-p)= {Bel (@) <5—ﬁ*)172(;,?<ﬂfﬁ*>}
E[z§’e) {E [mé <m<6> (B8 -=()B-5"}
(H«:W <)) (Bl @) (8 - 6] - 28 - 8) + 5 [Ble o

TB) +TY(8) + TS (8) + T<e< )+ TB) +TY(8), (C.27)

where (a) follows from the definition of VR(3), Vﬁ(,@) together with the facts

IVRO ()3 - VRO () - VRO(@)]3}
{j( o e])” - (<Rl + Blal? (@) (8- 6] — B! (2 (6 - 67)])

= Z ( 6) .’I}(e) ,6 ﬁ*)} B E[Ige) (m(e))T(IB B ,3*)]) >

JEI
{2E[wﬁ>e<e>]—(E[ D@78 -] - Bl @ )T (8- 8))}
< SBE) x (Blal (@) (8 - 8] - Bl (29) (8- 87)))
jel

~ T /1~
— (Bl2{?e)) (Blal @ )T (8- 8] - =18~ 8"),
and —1||Vs\5-R(8) — Vi, 5-RE(B)[ < 0.

The rest of the proof will be divided into several pieces deriving the instance-dependent high-probability
upper bounds on ) ¢ w(e)Tgf) (B) for each k € [6].
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STEP 1. UPPER BOUND ON T\%. Define the event

Cro={vBeB., Y wOTY <Okl ozasm—ﬁw( W+”“) (C.28)

e€ef g Tx

for some constant C; to be determined. We will claim that P(Cy ;) > 1 — e~ ! in this step. We further assume
B # B* since the inequality holds trivially when 8 = B*. It then follows from Cauchy-Schwarz inequality
that

Eees @O B=B)" 5 @0x©  [F©
sup e = sup o E wOs . {E[w @] — E[m(e)g(e)]}
geB. B8+ |18 — B*[2 peB. Bz |18 — B2 Sus*,S s

ecé

< sup w(e)zgﬂy < {IE[:B(S@)E(@)] _ E[:L.(e)g(e)]}
IS|<s ecé ’ )
For any S C [p] with |S] < s, let ’UES)""’"J(\;SS) be an 1/4—covering of B(S U S*), that is, for any

v € B(S U S*), there exists some 7(v) € [Ng] such that

lo — ) 12 < 1/4. (C.29)

It follows from standard empirical process result that Ng < 9/595™I then

N = Z Ng < Z 9'SUS|<Z9”S (p)

|S|<s |S|<s
9psssz'p gpspsip (030)
<95 = Z < 95" it 2 .
= () 20 (=) 26) 6
s p s
< (3) () = (%)
s D s
At the same time, denote § = > ¢ w(e)E(;&S*’S {E[ccge)s(e)] —E[w(e)s(e)]}. For any S € [p] with |S| < s,

it follows from the variational representation of the £5 norm that

1
lelo= sup vTE= sup )T+ sup (v )Te< sup (wf)Te+ ZIIE],
veB(SUS™) kE[Ns] veB(SUS*) kE[Ns] 4

where the last inequality follows from the Cauchy Schwarz inequality and our construction of covering in
(C.29). This implies [|€]|2 < QSque[NS]('Uk )TE, thus

> w85 5 {Elee ] - Elz)=0]}

sup
ISI<5 |lece 2
e e Do C.31
<2 sup (UIES))TZW()Eggs*7S{E[mg)s()]*E[m()e()}} (€31
|S|<s,k€[Ns]

ecé

Z(S,k)

For given fixed v (5) ¢ B(S U S*), Z(S,k) can be written as the sum of independent zero-mean random
variables as

3 % (Xei —EXei])  with  Xeo= (@) 55 s28”) (+9).
ecf i=1
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Observe that £(¢) is a zero-mean sub-Gaussian random variable with parameter o. by Condition A.4, and
(Tl g+.5Ts is a zero-mean sub-Gaussian random variable with parameter

S e 1/2 3/2
o1 = |0 T2 5 s BY2 20, < 5320,

by Condition A.3. It then follows from Lemma C.1 and Lemma C.2 that there exists some universal constant
C' such that

(e)
v (©)
/ w —u
25K 2 C'or0e 4 4| DD ( (e)) u AR ] =%

ecf i=1

for any u > 0. Letting u = ¢ + log(2N) < 3 (¢t + slog(ep/s) + s*), we obtain

P | sup |Z(S,k)| >3C'o10. m + M < N x 2¢~08@N)—t < o=t
|S]<s,k ) Ty

Combining with the argument (C.31) concludes the proof of the claim with C; = 6C".
STEP 2. UPPER BOUND ON Tge). We claim that P(C2¢) > 1 — e~ " for any ¢ > 0, where

* t
Coy = {V,B, Zw(e)-rée) < C’Qn |S\5 1) Zw o) ‘IE (e)E(e ‘
eef ecE

|S\s*|t}

(C.32)

+ Caoky 0,02
N«

for some universal constant Cy to be determined. Note that L.H.S. and R.H.S. of the inequality in (C.32)
both depend on S, which is the support set of B and satisfies |S| < s. For a fixed S, we can write down

Y oecs w(e)Tée) as sum of independent random variables as

ne

Zw Tl ZZ n(e) E[X.;]) with X.;= (E[mg)5(e)]T[w§e)]s) (€19),

ecf ecf i=1

Observe that X; . are independent sub-exponential random variables because of Lemma C.1 and our as-
sumptions Condition A.3—-A.4. It then follows from Lemma C.2 that the following event,
o

;

< C'kyogoe w(e E :c(e)s(e X U+ max = B[z
)

E[ze()]

‘ +—maxHIE [(®)e(®)]
2 Ny e€€

()
< 'k op0.{ (Ju x reng — \/Z w(©)

ecé
< C’/@}/QUIUE {1 /x\/g wle
Ty
ecf

occurs with probability at least 1 — 2e™* for any u > 0, where the last inequality follows from Lemma C.11
and the definition of n, in (A.4). Now, define the event

Ku(r) = VS, S\ S*| =r, |2(5)| <20k} 040. ,/V(;’“)\/ZM@
* ec&
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for any r > 1. The total number of S satisfying |.S \ S*| = r can be upper-bounded by
N, =2° x (p o ) < 2% (ep/r)".
T

Applying union bound with z = u + log(2N,) < 2(u + rlog(ep/r) + s*) then gives P[K,(r)] > 1 —
2N,e~(uH1os(2N)) = 1 — e~ Therefore, we can argue that, under (\/_, K10 (), the following holds

* 2 *
¥8, Z(S) <4C'k/%0,0. \/LS\S L9 \/Zw(e) [Elz§ e b 2o LIS
T ecé 2 T

by the fact that

Vr>1, V(r,t+logp) =rlog(ep/r) + s* + (logp) +t < 2rlog(ep/r) + s* +t < 2V (r,t).

This completes the proof of via setting Cy = 4C".
STEP 3. UPPER BOUND ON T, We argue in this step that the event

(C.33)

w Ty

Cop= VB EB,, Y Ty < Canpo|B - ﬂ*|§<

ecf

Vis.t) | V(s,t))

occurs with probability at least 1 —e~* for any ¢ > 0, where C3 is some universal constant to be determined.
Without loss of generality, let 3 # 3%, then it suffices to establish an upper bound for

sup Mzw@)ggg( Ble) (29)T] - Blalf) (21®)T]) 2=

o 1B =Bz 18 = 813
(C.34)
< sup > w2l s (Bl @(ls) ] - Bl @505 7] H = sup [ As]l2
Sllece

We follow a similar strategy as STEP 1. For any S € B;, let {(vk ,uk )} 1 €BSUSY) xB(SUS*) =
B2(S U S*) be a 1/4-covering of B%(S U S*) in a sense that for any (u,v) € 82(5 U S*), there exists some
m(u,v) € [Ng] such that

1

(S)
H’LL uTr(u v)||2 + ||v - ’U ||2 = 4

It follows from standard empirical process theory that Ng < 925YS™| then
o ¥ wes 3 sy () < (M2
SCipl IS|<s Clvl ISl <s ! °

where the last inequality follows from the same procedure as (C.30).

At the same time, denote ul = uEFS(L v) and v’ = v( ) v) It follows from the variational representation
of the matrix /5 norm that
l1As]l2 = sup u' Agv
(u,v)eB2(SUS*)
< sup (uH T Agv’ + sup (u—u")" AgoT
(u,v)EB2(SUS*) (u,v)EB2(SUS*)
+ sup (u—u")"Ag(v —v') + sup (uh)T Ag(v — o)
(u,v)EB2(SUS*) (u,v)EB2(SUS*)

< sup (uﬁcs))TAgv,(CS) + <

++ )IIAsllz,
k€[Ns]

4
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which implies ||Ag|l2 < 4supke[Ns](u§€S))TAsvl(€S), thus

sup ||Agll2 < sup (u,(:))TAS(v,(:)) = sup  Z(S,k). (C.35)
IS|<s |S|<s,k€[Ns] |S|<s,k€[Ns]

For fixed k and S, Z(S, k) can be written as the sum of independent zero-mean random variables as

ne)

Z Z n(e E[Xc,]) with Xei = ((ui‘i))TE?&S*,sw?)) <(w§L)JS*)T”/(:)> :
ecf i=1
3/2 1/2

Here X, ; is the product of two zero-mean sub-Gaussian random variables with parameter x;/ "o, and Ky/ 04,
respectively. It then follows from Lemma C.1 and Lemma C.2 that, for any v > 0,

P DZ(S, k)| < C'k%o? ( 24 “)} >1- 27,
n

w T

where C” is some universal constant. Finally, we apply union bound with v = t+log(2N) < 6(t+slog(ep/s)+
s*) and obtain

Vist) | Vis)

New Ty

P sup  |Z(S,k)| < 6C'k{ 02 (

>1— N x 2 108@N)+t _ 1 _ ot
|S|<s,k€[Ns]

Set C3 = 24C". Combining the above inequality with the suprema arguments (C.35) and (C.34) completes
the proof.
STEP 4. UPPER BOUND ON T4 Our target in this step is to show that, for any ¢ > 0,

P(Cit) =P |VB € B, > wOTY < Cunyf?oo.|B - 5*||2< Vis.t) | M) >1—¢'. (C.36)

n n
ecf « *

The proof is very similar to that in STEP 1, we only sketch here and highlight the difference. Following a
similar strategy, it suffices to derive an upper bound for the quantity

(e)
n (o) .
sup  Z(S.k)  with Z(S.k) = Y (X.;,—E[X.,]) and N = Ng < 9% (9ep/s)®
p (7 ) 5 , , 7Y s
ne

[S|<s,k€[Ns] e€€ i=1 SC[p]

where X, ; = ((E[acg)s(e)])T[a:Ee)]s) ([ (e)]SUS*UIE:S)) is the product of two zero-mean sub-Gaussian random

7

variables with parameters kyo,o. and fi(l]/ 201, respectively. It then follows from Lemma C.2 that, for any

u > 0,
P {|Z(S, k)| < C'H?,}/Qazae ( LA uﬂ >1—2"

w Tk

So it concludes via applying union bound with u =t 4 log(2N) < 3V (s, ).

STEP 5. UPPER BOUND ON Tée). In this step, we claim that the following event

. . log(2 t
Cs¢ = {Vﬁ € RP, Zw(e)Té ) < 055?]/2057057%”ﬁ _ ﬂ*Q} (C.37)

ecf

occurs with probability at least 1 — e™" if s* + ¢ + 10g(|2€]) < Nmin. Define the event K5 ,(e) as
(e) (e) ‘ ;) 1/2 s* +u s +u
Ks u( {HE ] , S Ciry 030”6( 5 R 05
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for some universal constant C. Observe that H]E[wse,?s(e)] 2 = SuPyers* ofa=1? TElx (e *)E(e)] and 'UTJE[w(SE)s(e)]

with given fixed v € R®" is the sum of independent (centered) products of two zero-mean sub-Gaussian ran-

dom variables with parameter /Q}/ 20,6 and o, respectively. Then it follows from Lemma C.1 and Lemma C.2

that, for any fixed v € R®" and z > 0
7 1/2 xr z —z
Z C K/U Urge< ’I’L(e) + n(p)>‘| S 2e .

Following a similar argument as that of STEP 1 and applying union bound gives P [C5 ,(e)] > 1 —e
At the same time, let

~ (e . e Vis,u Vis,u
fule) = {v,e eB, |[Eefl@)T-=(| < Oéfmoi< e, 1 )> }

P

’ E[ (6) (e)]

—Uu

n(e)

for some universal constant Cj > 0. It is easy to verify that P(C5 ,(e)) > 1 — e~ for any given fixed u > 0
and e € £.
Under the event K., = [, c{Ks5,u(e) N K5 ,(e)}, which occurs with probability 1 — 2|€[e™, we obtain

VBeB,, S wOTY = Zw (& <e)s<e>]) (Bl @) - =) (8- 8Y)

ec&
szm Blai=@]| B @) - =2 18- 81
2

ec&

<> [Blelle ], Bl -2 | 18 - 81
ecé

a n 3/2 3 €) ‘S*|+u (S u) V(s,u) T
L et S V& ) Vi) 15 g,

ec

1882
Vis,u)/V(0, .
+C"nyf 202%—(5 “>nT O 15 - 5|,

(b) D o 3/2 3 V(s,u)V(0,u)
n

provided s* +u < npin. Here (a) follows from the definition of the events K5 ., (e) and Kj ,(e) and the fact
that < \/z when x € [0, 1], (b) follows directly from and the definition of 71 in (A.4) and the definition of
nt in (A.4). This completes the proof via letting u = log(2|€]) + t.

STEP 6. UPPER BOUND ON Tée). The goal of this step is to derive a high-probability bound for the event

t + log(2 *

C6t—{V5€Rp S wOTE < Corpo? 2+"“§(|"5|5)|s*\5|} (C.38)
ee& n

for any ¢ € (0, nmin —log(2|€]15*])]. Note that both the L.H.S. and R.H.S. of the inequality in (C.38) depends

on 3, or more precisely, S = supp(3). Denoting § = Csryo2o2{t + log(2|€||S*|)}/7, we have the following
decomposition

o= U {VﬂeRP,S*\supp@T, wag@gm}

TCS* ec&

= |J {VBeR, S* \supp(B) =T, DY > wE el <)
TCS* JET ec&

= J k@
TCS*
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At the same time, given fixed j € S* and e € &, it follows from Lemma C.2 that,

< (12 z z S 1 9.7
< C'kyy "oz0¢ O + el >1—2e ",
for some universal constant C’. We claim that

K(T) < U Ko, 1410825+ €]) (€5.7) (C.39)
JES*,e€&

P[Kﬁ,z(67j)] =P ‘E[zge)s(e)]

by choosing Cg = (C’)2. This is because under Ujes~ cee Ko t+10g(25%|€]) (€, 1), one has

~ 2 *
5 3B < et (ZEE2ED )
n

JET el JET ee&

t + log(2s*|E
< [T Pryoo? THIOBTED

provided ¢ + log(2s*|€]) < Nmin, this validates the claim (C.39). Therefore, we have

]P)(C&t) =P U IC(T) > P U ’Cﬁ,t+log(2s*\5\)<eaj)
TCS* JES* ec€

>1-— Z (1 —P [Kﬁ,t+log(2s*|5|)(e’j)])
ecf,jeSs*
> 1 — 25%[E|etT08TIED > 1 ot

STEP 7. CONCLUSION. We are now ready to conclude the proof by combining results (C.28), (C.32),
(C.33), (C.36), (C.37), (C.38) we obtained from STEP 1 to STEP 6. Plugging these upper bounds back
into our decomposition in (C.27), we have that, under the event ﬂgzl Ck,t, which occurs with probability
at least 1 — 6e~ ", the inequality in (C.21) holds provided nuyi, > (s* + log(2|€]) + t) V (log(2|€||S*|) +t) =
s* +log(2|€]) + t. This completes the proof. O

C.7 Proof of Lemma C.7
It follows from the definition of the pooled Lo risk that

R(B) - R(8*) - R(B) + R(8")
=YW@ {RO(B) - RO - (R¥(8) -RW(8") }

ec&

=Y W= )T (20 -20) (8- 8) - 28~ 8T (Elel)=)] - E[z)=)

ecf
=(B-6)"AB-B)-2B-8")"b.

Vi(s,t)

M

Recall that & = /¥ 4

Nw

, we argue that the following two events

(z,Y)EBs X Bs, ||z 2=[|y[l2=1

Cit= { sup :cTAy < ClmUJiél}

zeBs,[|z2=1

Cot = { sup z'b< 02511]/20300551}
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satisfies P[Cy (] AP[C2¢] > 1—0.5¢~" for any ¢ > 0, where C', Cy are some universal constants to be determined.
If the two claims are verified, then we have, under the event C; + NCa ; which occurs with probability at least
1 — e, the following holds

R(8) ~ R(8") —R(8) +R(6")|
<[(B-B)"AB-B)|+2|(8-6)b|
<{C1V (200)} (ruo?aillB = 8713 + wif 0000118 — B2
for some universal constant C’. This completes the proof of Lemma C.3.
Now, we prove the two claims separately.

Proof of the Claim P[C1:] > 1 — 0.5e~*.  The proof strategy is very similar to STEP 3 in the proof of
Lemma C.4. To be specific, similar to the derivation in (C.35), there exist N < 81° (8lep/s)® pairs of

p-dimensional unit vectors (vy,u1), ..., (vy, uy) such that
sup x' Ay <4 sup v,;rAuk.
(z,y)€Bs X Bs, ||lz|[2=]lyll2=1 ke[N]

For fixed (vg,uy), it follows from Conditions A.1, A.2 and A.3 that v, Auy, is the sum of independent

variables X, ; — E[X.;], and X.; is the product of two zero-mean sub-Gaussian random variables with

parameter Iillj/2dz. Then applying Lemma C.1 and Lemma C.2 gives

P ||v] Auy| > C'/{,lj/Qam < Xy u)] < 2e
n

w s

for any u > 0 and some universal constant C’. Using the union bounds over all the k, we have the following

event
U u
sup <4 sup v,;rAuk < 40/“%/20 (\/74_ )
(z,y)EBs xBss ke[N] Ne Nk

will occurs with probability at least 1 — 2Ne™*. Letting u =t 4 log(4N) < 6V (s,t) completes the proof.

Proof of the Claim P[C2] > 1 — 0.5¢*. The proof strategy is also similar to the first part of STEP 5 in
the proof of Lemma C.4. To be specific, there exist N = 90P p-dimensional unit vectors uq,...,uyx such
that supmeB Nwlla=1 x'b < 2supgen }u;b Moreover, for fixed uy, it follows from Conditions A.1 — A.4

such that u, b is the sum of independent variables X, ; — E[X, ], and X, ; is the product of two zero-mean

sub-Gaussian random variables with parameters /@}/ 2096 and o, respectively. Following a similar procedure
of applying Lemma C.1, Lemma C.2, and the union bound as above concludes the proof.

C.8 Proof of Proposition C.8

We need the following lemma.

Lemma C.9. Assume Conditions A.1-A.j hold. Define the following event

A = {Q(ﬂ*;%w) < o? (1 teny Lt empoty EETED t))} (C.40)

for some universal constant, we have P(As ;) > 1 —2e™t.

Proof of Lemma C.9. It follows from the definition that

Q) = Yl {BOP +y Y (Blal e )

ec& jes*
=3 WOEEEP + Y w® (@‘5<e>|2 _ E|€<e>|2) 7Y w® ( (e) (e)})
ec& ecé ecé
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It follows from Condition A.4 that

Zw(e)]E|€(e)|2 < Zw(e)af =02, (C.A41)
eef ec&

and for any ¢ > 0,

P [Zw(e) <E|E(6)|2 _ ]E|€(e)|2> < (o2 ( t + t>‘| >1—e @ (C.42)
n

ecé « e

for some universal constant C’ > 0. At the same time, for any fixed e € &, it follows from Lemma C.1 and
Lemma C.2 that, for any = > 0 and j € [S*],

P[Ky(e, )] = P [‘@[x§e>€<e>] B

’1/2 T —9e "
> C'kyy Uzag( n(e)+n(e)>}§1 2e %,

Note E[x§-e)5(e)] = 0. Then under K; = ijS*,e€5 Kt t10g(25+|)) (€, 3), which occurs with probability at least
1 — e, we have

=R 2 * *
Z Zw(e) (E[xge)f:‘(e)}) < (C/)2K:U03035 (IOg(Q{ I€]) +1) (C.43)

n
JES* ec&

provided ¢ 4 log(2s*|€]) < nmin. Putting the three bounds (C.41), (C.42) and (C.43) together completes the
proof. O

Now we are ready to prove Proposition C.8.

Proof of Proposition C.8. Observing that
{181 < 25} < {8 with supp(8) > 25", Q(B) + AllBllo > Q(B") + MB" [l } = Cr.

it remains to show that P(C;) > 1 — e~*. To this end, we use a peeling device. Let ay = 2¢s*, then

[log, (p/s*)] -1 R R [loga (p/5*)] -1
= U {vBeBuii\Bay QB+ AIBI> QB+ NS )= U G
=1 =1

We claim that if \ satisfies the conditions presented in the statement, then

[log,(p/s™)1—1 [logy(p/s™)1—1
Ci(0) C As4 U U Asw(eeiis™) Udi, (e1s®) ¢ (C.44)
=1 =1

with uy = t + log([logy(p/s*)]) < t+ log(ep/s*). Denote ¢, = s* + log(ep/s*) + t and

2
1 K1 n
- Ny 12C, 'y/{% o2 * nt

® 7 2loglep/s®) 11} loglep/s*) + ¢ A{1og(ep/s*)+t}¢¢t(7/mL)n3U/%g’

where (' is some universal constant to be determined. We prove this claim by considering the following two
cases.
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Case 1, agy18* < 5. Let S = supp(B). Denote ¢ = ayy15*log(ep/s*) + t. In this case, there exists some
universal constant C; such that if Az ., (cp415™) N A, (pg15*) occurs, then we have, for any 8 € By, ,,

Q(B) - Q(B*) = Q(B) — Q(B) +Q(B) — Q(B*) + QB*) — QAB*)
R B2 + + 23(8:w) +R(8) —R(8) + R(B") —R(8")
—7 (4B = 3(8) - 48 +1(8")

b)
z(”; Cl/’vum[ ) 18- 81

+ 3 (Biw) — Cry, [3 -

ec&
QB ~ Bl x 2020 [ 2

— 1|18 - B2 x vk %00, (\/a\/@ [)

~L
2

—~

2 172 Os
Kyl T0poey [ —
2 .

[Elz§e)

t + lo, B
— C1y|8*\ S|kpaio QTgp Cl’}/I{UUIU?%

*

=l +la+Il3+1s+1s5,

where (a) follows from Proposition C.5, (b) follows from the bounds in Lemma C.6 & C.7 together with
the facts that log(|€]) < logp, ¢s/n. < S(log(ep/s*) +t)/n. < 1, and |S \ S*|log(ep/|S \ S*|) + s* <

2|5\ S*|log(ep/s*) because |S\ S*| > s*. For Iy, we have I; > 2 k|3 — 8*||3 whenever

9 9 /gi) s{log(ep/s*) +t} kL
< < —=.
Cikp oLy . C’an $fy\/ . <13

Denote ¢ = 0.5(6C1)?(v/kL)?KkE 0202, For la, it follows from Lemma C.10 that

2> 1(Biw) = Con 25 18— 573 + 2 (B a0 | 2
zgmw)—%nﬁ—ﬂ*n%—4 L)
1 s 4o (@025 o)) )
> "Lig g3 - g0 e

For I3 and ly, it follows from the fact zy < %(mQ +9?) that

(a5 {log(ep/s%) + 1)

Ty

R, «
- g3 -0
and

Lz -ty g - 2o (o) o Losler/sh) £ 1)

20 - (avgy15™) - ¢*§{l(2)g(ep/s*) + t}Q.

Ty
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For I, it follows from (C.12) that

Kyo2o 2 t + log(es* agr15*){log(ep/s*) +t
15> —ClB - Bl { 0020 LEBETDIR 6y g, g2 (1T loBlep/sT) 2 1)
min;e g« \18| n T
K N apq15%){log(ep/s*) +t
> BB - B3 - Crymya,o? CertsHOBlP/ST) £ 1)

if n > 1201 (v/kL)kuoio(t + logp)/ minjeg- B; |2. Recall that ¢ = t + log(ep/s*). Putting all the pieces
together and plugging ¢ in, we obtain that, for any 8 € Ba,., s \ Bays*

NIBllo = AllB*[lo + Q(B) — Q(BY)

(a) ~ ~ A
2 Nar—1)s* +Q(8) — A(B") > %aeﬂs* +Q(8) - Q8"

—_

> 5 (=5 x5) 18- 8713

. ~0 2
e[ (£ 02
Ty n 7’?,1_

where (a) follows from the fact that 8 ¢ Ba,s+. Recall our choice of . We can conclude that if

[\)

)‘24326125%'0—;1(’7/"‘@)20'? (nC Cqﬁ*) _’_432012,{?]/2 2(7/}? ) 2C\/n¢*
* T
¢ [ de-C ¢5-C (C.45)
Ty n ’n,Jf

then
{78 € Baruros \ Barsr. QUB) +AIBlo = QB7) = AIB o > 0} € gy (@r415) U As (r15).

C:(£)

Case 2, ayp18* > 's. Observe that ays* > %auls > % in this case. Hence the following holds

* A A * ~ A * * )‘~ A *
AllBllo = A8 +Q(8) = Q(B") = 55 = Q(B") = As™ = 75 = Q(B")
provided 4s* < 3. At the same time, if t < n, and 7 > kyo2vys*(log(2s*|€]) + t), then it follows from

Lemma C.9 that under As 4,

N | >

Q(B) < (2+ Co)a?,
where Cy = ¢1 is the constant in Lemma C.9. At the same time, it follows from our construction of s that

%

L

()7 < (20 ot /w220 )

Therefore, we can argue that C,(¢) C A5, when

A > 8(2+ Cy)(16C) )%k 002 ('y//fL)2— +8(2+4 o)k 20202 (v /K1) >8(2+ Cy)o?5 ! (C.46)
Now, we combine the two cases. According to the above discussion, we find that under the conditions

3> 4s* and 7> C'kyoiy(t +logp) {s* +02/(kr jrrensn |,Bj*2)} :
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we have (C.44) holds if our choice of \ satisfies (C.45) and (C.46). It then follows from the union bound
that

[log, (p/s*)1—1

Pleil< Y {P[Asu(er1s™) T+ PlAau, (aeas™)]} + P(AS,) < 3¢

{=1

This completes the proof.

O
C.9 Technical Lemmas
Lemma C.10. Under Conditions A.1 and A.2, we have
VBER 3wl [Blely, e, < 208:) + 263118 - 53
ecf
Proof of Lemma C.10. Let S = supp(8), it follows from the definition of J that
Zw(e)”E BTz (e) ) ES‘E)]”? _ Zw(e) ‘E [(E(e) + (ﬂ*)Tw(e) _ ﬂTx(e))mf;)} H2
ee& ec&
Denote S = S* U S. Then it follows from the fact (a + b)? < 2(a? + b?) and Condition A.2 that
2 2
Zw(e) [mg)g(e)] ‘2 - Zw(e) [.’I}g)é"(e) —|—.’1}( (x ( )) (B* B) ] — 25;7)@(5* _6)§H2
ec& ec&
2
<2) "0 [Ele® + 2l @) (8" - B)s| + 26218 - 87113
ecf
< 2J(Biw) + 26318 - B*|3-
This completes the proof. O

Lemma C.11. Under Condition A.2 and Condition A.4, we have that, for any e € &,

1/2

H]E[é«e)m(e)] ‘ < ool
2

Proof of Lemma C.1. Let z = (((®))7,e(¥))T be a p + 1-dimensional random vector. Define the matrix
A =E[zz"], we have

A— E(C) E[m(e)g(e)]
a {(E[w(e)f(e)])T E[|e“)]?] }

The matrix is positive semi-definite. Combining this with the fact that X(¢) is invertible indicates that the
Schur complement is non-negative, that is,

B[] <E[6<e>x<e)])T (g(e))’l (E[ge)w(e)}) > 0.
Hence we have

2
HE[s(e)w(e)} ‘ K

‘E BRES

Al (2) )
< (E[E(e)w(e)]) (E(e)>_1 (E[E(E)w(e)]) < E[|e®?] (2 o2,

where (a) follows from Condition A.2 and (b) follows from Condition A.4. This completes the proof. O
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D Omitted Discussions in Main Text

D.1 Comparison with Fan & Liao (2014)

Both Fan & Liao (2014) and our work aim to deal with the problem of endogeneity from a technical per-
spective. Our constructed focused linear invariance regularizer is similar to their developed FGMM criterion
function from the view of the over-identification idea they proposed.

Briefly speaking, we say a parameter 3 is over-identified if there are more restrictions than the degree of
freedom. When |€| = 1, there will be exponential number of distinct 3 satisfying J(3; w) = 0. To see this, for
any S C [p], one can find some 3 with supp(83) C S satisfying | S| constraints that E[(y(*) — B;—w(sl))xgl)] =0
for any j € [S] because the degree of freedom and the number of constraints are both |S|. However, things
may be different when |£] > 2. In this case, for a given S C [p], one need to find some 3 with a degree of
freedom |S] satisfies |€| - |S| constraints

vee&,jels), E|a9® —gial)| =0

simultaneously to let J(3;w) = 0, which does not hold in general.

According to the above discussion, the focused linear invariance regularizer shares a similar spirit with
their proposed FGMM from a technical viewpoint since the over-identification of our regularizer comes from
multiple environments. In contrast, theirs come from two instrumental variables or two marginal features of
the covariate, for example, z; and xf However, the statistical models the two papers work on are different.
We briefly remark on the differences between our method and theirs using marginal nonlinear features as
follows:

1. We are working with multiple environment settings. The necessity of heterogeneous environments and
the potential violation of their identification condition are illustrated by Proposition 2.2. In particular,
if two marginal features of the covariate are used in their method, the corresponding identification
condition is a sufficient condition of the condition that S* is the only CE-invariant set among & = {1}
other than 0.

2. We use a linear combination of invariance regularizer and the Lo loss to avoid collapsing to conservative
solutions. At the same time, theirs will suffer from the case where two groups of important variables
are independent.

3. We provide a more explainable identification condition in the context of multiple environments and a
non-asymptotic upper bound on the critical threshold of the regularization hyper-parameter ~; see the
intuition explanations in Appendix D.3 and a formal presentation in Section 4.2. While Fan & Liao
(2014) has few discussions on the population-level conditions.

4. The finite sample analyses are completely different because (1) the objective functions are different;
and (2) we establish the variable selection consistency for the global minimizer while they only show
that some good local minimizer satisfying the variable selection consistency exists. We should carefully
deal with the dependence on the number of environments and apply a novel localization argument to
obtain a fast rate or a weak condition for variable selection consistency.

D.2 Comparison with IRM

Our constructed EILLS objective is similar to the invariant risk minimization criterion (Arjovsky et al.,
2019) by letting v — oo. To see this, when v — oo, the population-level EILLS objective becomes

gné%?p R(B;w) s.t. J(B;w) = 0.

This optimization problem finds the most effective solution in the sense of small Lo risk among all the LLS-
invariant solutions as discussed in Section 3.1. However, it is unclear (1) what it implies when J(8; w) = 0;
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and (2) how large v must be to estimate $* consistently. Such two concerns are important for the non-
asymptotic analysis because of finite-sample data and finite choice of v. We provide an intuitive explanation
in Appendix D.3 addressing the above concerns, which can be treated as an informal presentation of our
theory in Section 4.2.

D.3 Debiasing by Regularizer via Bias Differences

Section 3.1 and Appendix D.2 provide a sketchy glimpse at the effects of two losses J and R on the solution.
The following concerns remain: (1) we only analyze the implication of focused linear invariance regularizer
J(B;w) on the solution when J(B;w) = 0, but we can not expect J = 0 in practice especially when it comes
to the analysis of its empirical analogs with finite sample data; (2) the above paragraph characterizes that
property of proposed EILLS estimator in v — oo, while it is still unknown how large « is enough. In this
part, we will provide a different perspective. In a high-level viewpoint, the Lo risk will have some bias in
the presence of the pooled linear spurious variables satisfying ) ¢ w(e)]E[ e)x(e | # 0. This is where our
proposed regularizer J comes into play: it debiases the pooled least squares loss usmg the difference of biases
between heterogeneous environments, as illuminated below. Such insight also answers the question of how
large ~ is enough.

We illustrate the phenomenon of debiasing at the population level by considering the simplest case of
|€] = p = 2 and defer a thorough and rigorous analysis to Section 4.2. Here we let wl =@ = 1/2 and
B* = (1,0) such that the first variable x; is an important and invariant variable and the second variable
T9 i a linear spurious variable. Moreover, suppose )\(E(e)) = 1 where A\(S) represent the eigenvalues of the
symmetric matrix S.

Under the above toy model, the population-level excess pooled Lo risk is given

R(B)~R(B)=(B-8)"S(B-B")-2x(B-6")"b

where ¥ = 2(2(1) +3®) and b = (0,by) with by = Q{E[E(l)mél)] + E[5(2)xg2)]}. This indicates that 3* is
not the minimizer of R(3) when by # 0 and one can further decrease the loss in the direction of (X)~'b.
Furthermore, the decrease in R(3) by moving towards this direction is bounded from below by

R(B) —R(B*) > C; 1B — B*|13 — C4|b]|3

for some constant C; > 0. Let us see how the invariance regularizer J(3) can compromise the bias. Denote
b = (0, E[e(e)zge)]) be the bias vector in each environment e. When 3 is supported on {1, 2}, we find

3B) () = 5 IZV B~ 57 bV 3+ IS8 - 87) b3

> 205 {18- 8" = (D) bW+ |8 - 8" - (2@) 16?3}
> O3 |(B0) 760 — (22) @,

for another constant Co > 0. This demonstrates that one needs to pay an extra cost of bias-difference
> 4Oy (M)~ — (=) =1p32)||, when adopting pooled linear spurious variables. Such a cost can
compromise the gain of the decrease in R(3) when a large v is used. Formally, we have

ve with [Bllo =2,  Q(8) —Q(B") > C'IB - B3
provided
1b]3 _BY = B%) + (B - 843
[(ED)-161) — (Z@)-1p@) ||, ~ [[(BD - B*) — (B® — 8|33

where 8(¢) = argmingpe R(€) (B) is the population risk minimizer for environment e € £. The R.H.S. of

(D.1) follows from the fact that 3(¢) — 8* = (2(¢))~1p(¢). We present a geometric illustration of the above
discussion and how the bias and bias-difference jointly affect the critical threshold +* in Fig. 5.

727" =010 (D.1)
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Figure 5: A geometric illustration of the bias-difference debiasing idea. We consider the same case where |E| = p = 2, x1 s the
important variable, and x2 is the pooled linear spurious variable. In each subplot, 3* is the true parameter and B(®) with e €
{1,2} is the population risk minimizer in each environment. Following the discussion in the text, de = ||B* — 8()]|2 < |b(®)||2
quantifies the bias of each environment and A = || — B2 ||y represents the bias-difference. The four plots demonstrate four

2
cases in which the magnitudes of bias and bias-difference vary, leading to different thresholds v* satisfying v* < +d2 )",

The above two plots (a) and (b) are the cases where v* is of reasonable, constant order. We can see when both bias and bias-

difference are relatively small in plot (a) or relatively large in plot (b), and the ratio of the two quantities is within constant

order that + d2 < A, the choice of v* is also of constant order. However, when the bias is much larger than the bias

difference that , +dz2 > A in (c), one needs to use a large v* to accommodate the gain in loss decrease from selecting pooled

linear spurious variable 2. (d) present a case where the variable set {1,2} is also LLS-invariance across the two environments

because and B2) coincides. In this case, our proposed EILLS approach will fail and converge to the spurious solution
= B®@ instead of recovering 3*.
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D.4 Implementation Details of Simulations in Section 5
The structural assignment of the SCM in e =1 and e = 2 are as follows

(e) (e)

—uy

xil) — u(l) :L'f) — (uf))2 -1
xée) < sin(zy (e )) + uée)

( ) cos(acfl )) :(36)

(e) + sin(z :()) o4 uée))
x%) — 2.5:6&6) + 1.533;6) + u:(l%)

Y Sx(e) + 290(6) 0. 53:%8) + uge)

( ) 0. 8y u (e)

( ) 0. 53:(1) y 4+ ugl) xgz) — 4335,) )+ tanh(y?) + g )

(e) 0. 51‘(6) (e) + J?g%) + Uée)

(e) < tanh(x (e)) +0.1cos(z{) + ul®
wﬁ) 047" +af) » uff
3 g

Here uge), .. u13 ~ N (0, I13x13) for all the e € £.

Implementation. We use brute force search to calculate BQ. To be specific, we enumerate all the possible
support set S € 2Pl for each fixed S, the EILLS objective (3.7) is a quadratic function of 3]s, whose
minimum value 3¢%) can be found by setting the first order condition to be held, that is,

~ e 2
B = argmin 3 WORY - AT+ 4 30 [[Bi(y — 872 )2l
supp(B)CS c¢ e€& ?
]
—1
_ {ZW(E)EF‘;) +,yzw(e)(2f;))2} {ZW(E)E[wge)y(e)] +sz(e)ES]E[wg)y(e)}} ,0
ecé ec& ec& ec&

Then BQ is assigned to be B(S) with the minimum empirical objective value Q. The total computational
complexity is O(2Pp® + Y .o n(@p?).

We argue here it is possible to do some relaxation on the objective (3.7) such that it may be efficiently
solved via gradient descent or other methods. However, minimizing CAQ is still a non-convex problem. We
leave an efficient implementation as future work since this paper focused on a thorough statistical analysis
for the multiple environment linear regression.

Implementation for Other Invariance Based Methods. It is noteworthy that all the invariance-
based methods have hyper-parameters related to “invariance” besides. For example, the hyper-parameters
balancing least squares and invariance regularizer in IRM and Anchor regression, and the Type-I error
threshold « in ICP. The criterion for choosing this type of hyper-parameter is fundamentally different from
that for hyper-parameters controlling the statistical complexity, such as Ly /Ls regularization. We can use a
train/valid split for the latter and choose the hyper-parameters using the validation dataset. On the contrary,
the optimal hyper-parameter for the former should be tuned using the “test dataset”. In the comparison
experiment, the choice of hyper-parameters for ICP, IRM, and Anchor regression are picked in an oracle
manner, that is, we enumerate all the possible hyper-parameters and choose the one that minimizes the (5
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Figure 6: Visualization of solutions EILLS and EILLS with refitting produce in 100 replications when n = 100.

prediction error | £1/2(3 — 3*)||2. We set the candidate set to be {0,1e—5,1e —4,1le—3,1e—2,1e—1,1} for
IRM, {0, 1,2, 4,8, 10, 15, 20, 30, 40, 60, 80, 90, 100, 150, 200, 500, 1000, 5000, 10000} for Anchor regression. For
ICP, we try the Type-I error parameter in {0.9,0.95,0.99,0.995}. We use the dummy variable 1{E = 1} as
the anchor variable for Anchor regression. R

Configurations for figures. Fig. 3 (a) plots the estimated coefficients 5; over v € {0,1,2,3,8}U{bk : k €
[19]} U {10075 : j € [9]} U {1000¢ : £ € [10]}. Fig. 3 (b) (c) enumerates n in {100k : k € [10]} U {1500, 2000}
and all the plotted quantities are the average over 500 replications.

D.5 A Diagnosis on Why Refitting is Worse than Vanilla EILLS

In Fig. 3 (b), we see that the performance of EILLS with refitting is slightly worse than that of the vanilla
EILLS estimator. Here, we provide a possible explanation for why there is a noticeable gap when n = 100
from the observations in simulation studies and leave the finer analysis for future studies. Fig. 6 visualizes
the solution EILLS and EILLS with refitting produced in 100 replications when n = 100. In the plot, each
point (z,y) with marker m represents a solution 3 that the method m produces. Here, 2 denotes the relative
{5 norm restricted to the true important variables set S*, calculated as || ,@S*

2/|1B%l2; and y represents
the relative /5 norm restricted to the pooled linear spurious variables set G, expressed as ||B¢||2/]|Bc |2 with
B = B{12D . The solutions in each trial are connected by an arrow from EILLS to EILLS with refitting,
indicating that the latter is the refitted version of the former.

As shown in Fig. 6, some solutions falsely select variables in G = {7,8,9}. For these cases, the EILLS
solutions tend to be more dependent on the variables in S* and less dependent on the variables in G than
the EILLS with refitting solution. In other words, the EILLS method yields a more robust solution when
the variable selection property fails to hold. We guess that will contribute to the ¢ estimation error gap
between the two methods.

D.6 EILLS by Gumbel Approximation

In this section, we briefly describe how to use stochastic approximation and Gumbel approximation to
handle the combinatorial nature of optimization and let a variant of gradient descent continue to work. This
is supported by simulation results when p = 70. We follow the notations in (Gu et al., 2024).
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The original EILLS objective can be written as

(Ba)e argmin S E[V® - (Boa) XOP) HZ ] (Y@ - (BoaTxO1x,), D2
BERP,ae{0,1}? S5 =
Q, (8.a)
where ® is the point-wise multiplication, i.e., [z ® y]; = x;y; for any x,y € R? This step is used to

disentangle the effect of variable selection and parameter estimation, but the combinatorial nature remains.
To avoid this, we first rewrite the optimization as a “continuous” optimization:

~

(ﬂ7ﬁ}>€ argmln E’B Qy(ﬁa ( )) )

BERP wERP

where the j'* component of B(w) € {0,1}¢ follows an independent Bernoulli with probability of success
o(wj) = exp(w;)/(1 + exp(w,;)). This is easily seen by taking @ = logit(a) = log(lfa) (taking values

00). Note that Bj;(w;) = I(logit(U;) < wj) is discontinuous in w; where U; ~ Uniform[0,1], but can be
approximated as

1
= +
Bj(wj) =~ [ o oan@) —w/r = V:(Uj,w;) as 71—07, (D.3)

for which its gradient can be taken. Let
Ar(Uyw) = (Ve (Ur,wn), ..., Ve (Ug, wa)) " € RY

with {U;}?_, being i.i.d. uniform random variables. One can approximate the original objective (D.2) by
JJ5=1

~

(B, %) argmin Ey QW(B,AT(U,w))]. (D.4)
BERP weRP

Since logit(Uj;) 4 Uj1 — Ujp with {Uj1,U; 239, being ii.d. Gumbel(0,1) random variables, the approxi-
mation (D.3) is also referred to as the Gumbel approximation. Given (D.4), one can adopt the following
variants of gradient descent in Algorithm 1.

Algorithm 1 Scaling EILLS to High-dimension by Gumbel Trick

1: Hyper-parameter: number of iterations 7', hyper-parameter -y
2: Gumbel parameters: initial/final temperature (79, 7r), anneal rate p, anneal iteration 7.
3 Input: data {(X”, V) }icpn) cee
4: Initialize 8, w
5: Set 7 = 19
6: fort e {1,...,T} do
7: 7 = max(7r, T X p) if t mod T, = 0.
8: Sample {Uj 1, Uj2};_, from Gumbel(0,1).
9: Update 3B, w by descending its gradient
Vs [@(8, A (U, w))]
10: end for

11: Output: estimate 5 © o(w).

62



1.0

0.8

sigmoid(logits)

S

r
<

\\‘*\\\,\

0 100 200 300 400 500
iters (100)

(a) (b)

0.0

Figure 7: The visualization of (a) the SCM and (b) the o(w) during training in one trial for the FAIR-Linear estimator. We
use different colors to represent the different relationships with Y : blue = parent, red = child, = offspring, =
other.

D.6.1 Simulation Results

This section is to illustrate the performance of the above Gumbel-trick optimized EILLS estimator under
moderate high dimension p = 70, where brute force search is not feasible. The data-generating process and
the experimental setting are the same as Section 5.2.1 in Gu et al. (2024).

Data Generating Process. We consider the case where |£| = 2 and the data (X(¢),Y(¢)) in each en-
vironment e € {0,1} are generated from two SCMs sharing the same causal relationship between vari-
ables. For each trial, we first generate the parent-children relationship among the variables. We enumerate
all the ¢ € [p + 1]. For each ¢ € [p + 1], we randomly pick at most 4 parents for the variable Z; from
{Z1,...,Z;—1}, this step ensures that the induced graph is a DAG. We use fixed p = 70, and let the variable
Z3e be Y and the rest variables constitute the covariate X, that is, we let (Z1, ..., Z35, Z36, Z37,- -, Z71) =
(X1,...,X35,Y, X36,...,X70). We also enforce that Y has at least 5 parents and at least 5 children by
adding parents and children when needed. The structural assignment for each variable Z; is defined as

(e e) p(e) e e
79 S o z) + e,
kepa(y)

where (e1,...,e71) are independent standard normal random variables. For j # 36, f](ek) are sampled ran-
domly from the candidate functions {cos(z), sin(z), sin(rz),z,1/(1 + e *)}, Cj(ck) are sampled from the uni-
form distribution on [—1.5,1.5] with |Cj(ej)| > 0.5. For j = 36 and k < j, we have fég)k(x) = z and

Cég)k = C’éé)k for linearity and invariance. The above data-generating process can be regarded as one ob-
servation environment e = 0 and an interventional environment e = 1 where the random and simultaneous
interventions are applied to all the variables other than the variable Y, while the assignment from Y’s parent
to Y remains and furnishes the target regression function f*(z) = Ekepa(%) C’ég?kxk in pursuit. In this

case, we let S* = pa(36) and 5* with support set S* be such that B; = Cég?k = C’éé)k for any k € S*.

We also let the noise variance be different for the two environments, i.e., C’ég?gﬁ # C’éé?%. Now, the model

only has conditional expectation invariance rather than the full conditional distribution invariance. Fig. 7
(a) visualizes the induced graph in one trial. The complex cause-effect relationships in high-dimensional
variables make the problem of estimating 8* very challenging.
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Figure 8: The simulation results for linear models with p = 70. It depicts how the median estimation errors (based on 50

replications, shown in log scale) for different estimators (marked with different shapes and colors) change when n varies in
{200, 500, 1000, 2000, 5000} respectively.

Implementation. For the EILLS estimator realized by gradient descent with Gumbel trick, we run gradient
descent ascent using Adam optimizer with a learning rate of le-3, batch size 64 for 50k iterations. We adopt
a fixed hyper-parameter v = 10 and report the performance of the following estimators using the median of
the estimation error |3 — 8*||3 over 50 replications and varying n € {200, 500, 1000, 2000, 5000}.

(1) Pool-LS: it simply runs least squares on the full covariate X using all the data.

(2) EILLS-GB: Our EILLS estimator with Gumbel approximation that outputs 8 ® o(w).

(3) EILLS-RF: it selects the variables x; with o(w,;) > 0.7 of the fitted model in (2), i.e., S={j: o(w;) >
0.7}, and refits least squares again on Xz using all the data.

(4) Oracle: it runs least squares on Xg» using all the data.

(5) Semi-Oracle: it runs least squares on X - using all the data, where G is the set of all the descendants of
Y. Compared with the ERM, it manually removes all the variables that will lead to a biased estimation,
but it will also keep uncorrelated variables compared with the full Oracle estimation.

Fig. 7 (b) visualizes how the Gumbel gate values for different covariables o(w) evolve during training in
one trial. We can see that o(w;) for j € S* quickly increases and dominates the values for other variables
like children/offspring of ¥ during the whole training process.

Results. The results are shown in Fig. 8. We can see that the square of the {5 estimation error ||B\— B*13
for the pooled least squares estimator (<) does not decrease and remains to be very large (=~ 1.5) as n
increases, indicating that it converges to a biased solution. At the same time, the estimation error for
EILLS-GB/EILLS-RF (¢ /M) decays as n grows and lies in between that for least squares on Xge (Semi-
Oracle V) and least squares on Xg« (Oracle A).

D.7 Choice of 7 in Practice

We argue that the EILLS estimator is not very sensitive to the choice of v when the true causal signal is
strong enough, thus one can, for example, adopt v = 36, or v = 100. Such insensitivity is attributed to the

64



discontinuity nature of the loss discussed in Appendix D.8. For example, in the simulation considered in this
paper where there exists weak signal 83 = —0.5, EILLS discards correct variables only when ~ is relatively
large v > 3 x 10% and it works pretty well in a wide range of v € [15,3 x 103] as shown in Fig. 3 (a).

When the target is to produce the best predictions on unseen future data, we can choose a proper v from
a set of candidate y-values that has the best out-of-sample performance in certain validation environment(s).
To be specific, we consider the two cases, for the first case, we have some training environments Eqin and
also some validation environments &,4;;,4 Whose associations between y and @ are similar to those to be
confronted in the future by our belief. We can adopt the following procedure in this case:

Step 1 Set candidate hyper-parameter set I.

Step 2 For each v € T', run EILLS estimator using data in &4, with v and get the estimated 37, calculate
the worse-case out-of-sample empirical Loy risk among the validation set as

n(e)

EW = max L Z {yge) - (ﬁ“/)Tgcl(.e)}z.

e€€yalid n(e)

Step 3 We choose 7 from I' that corresponds to the minimum out-of-sample empirical Ly risk, that is, 7 =
argmin, .p R,.

For the second case, suppose we only have &4, we can adopt the following leave-one-out procedure.

Step 1 Set candidate hyper-parameter set I'.

Step 2 For fixed v € T, enumerate all the e € Eyqin. For each e € Etrgin, run EILLS estimator using data in
Etrain \ {€} with v and get the estimated 37, calculate its out-of-sample empirical Ly risk in e as

n(®

D 1 e av.e e 2
R,.= e Z {yl( ) _ (B )ngi )} 7
=1

~

and get its maximum value R, = maXeee,, ;. fiv,e-

Step 3 We choose 7 from I' that corresponds to the minimum out-of-sample empirical Lo risk, that is, 7 =
argmin, . R,.

D.8 The Interpretation of Small ~

When ~ is not large enough, i.e., v < v*, the EILLS objective is somewhat similar to running (penalized)
pooled least squares on variables excluding some spurious variable whose spuriousness to heterogeneity ratio
is smaller than . We use the following variant of the thought experiment to illustrate the idea. Suppose we
still do the cow/camel classification using three features 21 = shape, x5 = backgrouond, and xz3 = whether
the object stands or not. In the two-environment training dataset, 95% camels/cows on sand/grass, and 95%
camels/cows sit/stand in D;. Moreover, 90% camels/cows on sand/grass, and 70% camels/cows sit/stand in
Ds. Under mild conditions akin to Condition 4.5, the regularization path of the population-level minimizer
of EILLS B, = argmingcg, Q(B3;7,w) can be interpreted as follows. There are change points 2 > 71 > 0.
When v € [0,71), 8, will be similar to regressing Y on (x1,z2,x3) using all the data; it will threshold X3
and thus be similar to regressing y on (z1,x2) using all the data as v € (v1,72); it will finally recover the
ground-truth causal parameter 8* with supp(8*) = {1} when v > ~o.
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