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Abstract

This PhD thesis contains a number of contributions on drawing causal inference from
observational data, with a particular focus on shifts in distribution. These contributions
fall within three categories: 1) Testing hypotheses in shifted distributions, 2) learning
predictive models that are robust to distribution shift and 3) inferring causal structure
and causal effects using exogenous variables.

First, we present a general framework which formalizes statistical hypothesis testing
under distribution shifts. We propose methods and prove theoretical results for con-
ducting such tests. We describe a number of different applications of testing under
distribution shifts, which includes policy learning and conditional independence testing.

Second, we outline ways of using causal methodology to learn predictive models that
are robust to shifts in distribution. We propose an algorithm for learning invariant
policies in bandit problems, and we show that, if certain assumptions are satisfied, this
allows for worst-case optimal prediction in unseen environments. In a regression setting,
we propose an estimator for learning linear predictors that are worst-case optimal over
a class of mean-shifts in an unobserved confounder, assuming that we observe proxies of
this confounder. We also propose a framework for specifying plausible parametric shifts
in distribution, and develop theory for finding the shift that has the worst-case impact
on the performance of a predictive model.

Finally, we provide methods for inferring causal structure and causal effects from het-
erogeneous observational data. We propose a procedure for identifying causal ancestors
of a given target variable by using ‘minimal invariance’ of sets of predictors across mul-
tiple exogenous environments (or distribution shifts). We develop instrumental variable
methodology for inferring causal effects in linear time series data, where we highlight
that past states are helpful for obtaining ‘more exogeneity’ but also that past states
confound the instrument and outcome, and needs to be adjusted for.
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Sammenfatning

Denne Ph.D.-afhandling indeholder en raekke bidrag vedrgrende kausal inferens draget
fra observationelle data, med et saerligt fokus pa skift i fordeling. Bidragene falder
indenfor tre kategorier: 1) At teste hypoteser i skiftede fordelinger, 2) at laere preaediktive
modeller der er robuste overfor skift i fordelinger og 3) at inferere kausale strukturer og
kausale effekter ved brug af exogene variable.

Forst preesenterer vi en generel formalisering af statistiske hypotesetest under skift i
fordeling. Vi foreslar metoder og beviser teoretiske resultater, der muligger sadanne test.
Vi beskriver en rackke forskellige anvendelser af test under skift i fordeling, hvilket inklud-
erer evaluering af strategier i beslutningsproblemer og test af betinget uathsengighed.

Dernaest beskriver vi hvordan kausale metoder kan bruges til at leere preediktive mod-
eller, som er robuste overfor skift i fordeling. Vi foreslar en algoritme, der kan leere invari-
ante strategier i ‘bandit’ problemer, og viser at denne, under visse antagelser, muligggr
worst-case optimale praediktioner i nye miljger. Vi foreslar en regressionsestimator til
at leere linezere modeller som er worst-case optimale over en klasse af middelveerdiskift
i en uobserveret confounder, under antagelse af, at vi observerer en proxy for denne
confounder. Og vi beskriver et system til at specificere plausible parametriske skift
i fordeling, og foreslar en metode til at identificere hvilket skift, der har den veerste
indvirkning pa en preediktiv models praestation.

Endelig fremlaegger vi metoder til at inferere kausal struktur og kausale effekter fra
heterogene observationelle data. Vi foreslar en procedure til at inferere kausale forfeedre
til en responsvariabel ved at bruge ‘minimal invarians’ pa tveers af adskillige miljger
(eller skift i fordeling). Og vi udvikler metoder der infererer kausale effekter i linesere
tidsraekker ved brug af instrumental variable. Vi fremhaever, at tidligere tilstande kan
bruges til at ¢ge ‘maengden af exogenitet’, men understreger ogsa vigtigheden af at
justere for tidligere tilstande som confoundere.






Contributions and Structure

This thesis contains an introduction in Chapter 1, which briefly reviews causal infer-
ence. The introduction is not intended to be a representative review of the literature,
but rather a highly selective summary of methods which the later chapters build upon.
It is followed by 3 chapters, each of which contains a small motivation for the problems
studied as well as one or more papers. For reference within this thesis, we give each
paper an acronym, for example [ShiftTest]. All theorems, etc., are numbered relative
to the paper they appear in.

Chapter 2 (Shifts in Distribution: Testing) discusses hypothesis testing in an unob-
served target distribution P using data observed from a different distribution ). The
chapter contains the following paper:

[ShiftTest] [Thams et al., 2021]. N. Thams, S. Saengkyongam, N. Pfister, and J. Peters.
Statistical testing under distributional shifts. arXiv preprint arXiv:2105.10821,
2021.

Paper status: Revision under review at JRSS-B.

Chapter 3 (Shifts in Distribution: Prediction) is concerned with prediction under dis-
tribution shift, where a model is trained in one distribution @, but will also be applied in
one or more different distributions. The chapter contains the following three papers:

[ShiftEval] [Thams et al., 2022a]. N. Thams, M. Oberst, and D. Sontag. Evaluating robustness
to dataset shift via parametric robustness sets. In Neural Information Processing
Systems (NeurIPS), 2022a. NT and MO contributed equally, order determined by
coin flip.
Paper status: Under review at NeurIPS 2022.

[ProxyAR] [Oberst et al., 2021]. M. Oberst, N. Thams, J. Peters, and D. Sontag. Regularizing

towards causal invariance: Linear models with proxies. In International Conference
on Machine Learning, pages 8260-8270. PMLR, 2021.

[InvPolicy| [Saengkyongam et al.; 2021]. S. Saengkyongam, N. Thams, J. Peters, and N. Pfis-
ter. Invariant policy learning: A causal perspective. arXiv preprint arXiv:2106.00808,
2021.

Paper status: Revision in progress for resubmission at IEEE TPAMI.
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Contributions and Structure

Chapter 4 (Shifts in Distribution: Causal Inference) considers estimation of causal
structure and causal effects from observational data with exogenous environments or
instruments. The chapter contains the following two papers:

[TimelIV] [Thams et al., 2022b]. N. Thams, R. Sgndergaard, S. Weichwald, and J. Peters.
Identifying causal effects using instrumental time series: Nuisance IV and correcting
for the past. arXiv preprint arXiv:2203.06056, 2022b.

Paper status: Revision in progress for resubmission at JMLR.

[AncSearch| [Mogensen et al., 2022]. P. Mogensen, N. Thams, and J. Peters. Invariant an-
cestry search. In International Conference on Machine Learning, volume 162 of
Proceedings of Machine Learning Research, pages 15832—-15857. PMLR, 2022.

During my PhD, I also worked on the following two papers, which however are not
included in this thesis.

1. N. Thams and N. R. Hansen. Local independence testing for point processes. arXiv
preprint arXw:2110.12709, 2021.

2. S. Weichwald, M. E. Jakobsen, P. B. Mogensen, L. Petersen, N. Thams, and
G. Varando. Causal structure learning from time series: Large regression coeffi-
cients may predict causal links better in practice than small p-values. In NeurlPS
2019 Competition and Demonstration Track, pages 27-36. PMLR, 2020
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1. Introduction

In this PhD thesis, we develop theory for drawing causal inference from observational
data, and we analyse several aspects of distribution shift and their relations to causality.
In broad terms, causal inference aims to learn a mechanistic understanding of how data
is generated; such understanding exceeds a simple description of the observed joint
distribution of the data, in that it also explains why the data behave as they do.

For example, and perhaps most famously, causal inference has been applied to remove
confounding effects, which we define as statistical dependence between two variables due
to a common cause. A frequently studied example of such confounding is the association
between the dose of a drug given to a patient, and the outcome observed in the patient;
among others, this is confounded by the severity of the disease. If we plainly considered
the observed association between the dose and the outcome, we may underestimate
the effect of the drug, because the patients that receive the largest doses may also be
the patients that are most sick and thus, in spite of the increased dose, suffer from
worse outcomes. Causal inference provides methodology for adjusting for confounding,
to obtain estimates of the ‘causal effect’ of the drug, which is to be understood as the
effect of the drug, if confounding was not present.

Yet, causal inference applies to other tasks than estimating causal effects through
removal of confounding. In this thesis, we explore ways of using causal methods in the
presence of distribution shift. The term ‘distribution shift’ broadly refers to a setting,
where we do not just train models and predict outcomes in a single distribution @,
but instead we may observe training data from several different distributions, or we
may observe training data from one distribution but want to predict in a different,
unobserved distribution. For example, in [InvPolicy]|, we observe data from a number

of different distributions (or ‘environments’), @1, ..., Qq, and aim to learn a model that
performs well, not only in Q1,...,Qg, but also in a number of unobserved environments
P, Py

A motivation for considering distribution shift in the context of causality is to use
‘causality’s mechanistic understanding’ to learn models that generalize better to test
distributions. This motivation relies on the assumption that causal dependencies be-
tween a predictor and an outcome is stable, and likely to be the same in both training
and test environments, whereas confounding and spurious correlations are less stable. As
a result, a model which relies too much on non-causal features, may fail in deployment.
While this is only an assumption (until we encode it into a concrete data generating
mechanism, in which case it may become an over-simplification), it is appealing to be-
lieve that causal effects are, if not perfectly stable across time and environments, then at
least more stable than confounding. For example, while the causal effect of a drug may
be roughly the same in different populations (e.g. from different health care systems),
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confounding factors, such as treatment allocation, may differ substantially between those
populations.

The remainder of this introduction contains a selection of existing results that this
thesis builds upon, and it is structured as follows. In Section 1.1, we discuss structural
causal models (SCMs). Throughout the thesis, SCMs will be the statistical framework
that we assume generates data, and in some cases also the target of inference that we
aim to partially infer from data. In Section 1.2, we discuss causal methodology when a
causal graph, that is a hierarchy of cause and effect, is known. Of particular interest to
us is instrumental variables (IV) regression as a method of learning causal effects despite
unobserved confounding. In Section 1.3, we discuss causal methodology when no causal
graph is known, and in particular we discuss invariant causal prediction (ICP) and how
to use causal exogeneity to learn causal structure. Finally, in Section 1.4, we discuss
shifts in distribution, how they relate to causal interventions and how to use importance
sampling to estimate means in shifted distributions.

1.1. Structural Causal Models

To describe causal relationships, the papers included in this thesis all utilize the frame-
work of structural causal models or SCMs [Pearl, 2009, Peters et al., 2017], which we
now review. An SCM € over variables X,..., X is given by the assignments

X; = fj(PAj,g5) (1)

where for each j, f; is some function, PA; C {Xi,..., X4} is a collection of variables
(which we call the parents of j), and €1, ..., £4 is a collection of jointly independent noise
variables each with distribution P;.

The assignments in (1) induces a joint distribution P% over X1, ..., X , which we refer
to as the observational distribution. However, assuming that variables X1,..., X, are
generated according to an SCM € is stronger than assuming that data follows a joint
distribution P, since the SCM also describes the mechanistic relationships generating
this data; for example, the SCM also induces interventional distributions.

Given an SCM €, we can form an intervened SCM, € := @do(xﬁ::fj(ﬁﬁéﬁ)), by changing
the assignment of X in (1) into X; := fj(lﬁj,éj) for some function fj, parent set ﬂj
and noise variable £;, and where we let the assignments of all other variables X, # 7,
in (1) remain unchanged. We call the intervention a hard intervention if 15:&]- = () and
fj(ﬁ&j,éj) “® 2 and simply write do(X; := ). The intervened SCM, €, induces a
distribution P€ over X 1,...,Xg4, which we call the interventional distribution.
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Structural Causal Model m
€Ly - Ed~P1® - QPy ‘/gi';\‘
X4 = fa(PAg,€q) @

. J

. J

Figure 1.: (Left) An SCM is a set independent error variables €;, parent sets PA; C
{X1,..., X4} that specify direct generative dependencies and functional as-
signments f;. (Right) An SCM induces a graph over the variables X1,..., Xy
(sometimes written 1,...,d), where an edge X; — X indicates that X; € PA;.

Example 1. Consider the following SCM:

Xo == é9,

X1 = 1o(x0)>e1}s
X3 =10 X1+ X9 +e3,
Xy = X3+ X1 +ey4,

where g1 ~ Unif(0,1), e2,e3,e4 ~ N(0,1), €1,...,e4 are jointly independent, o is the
logistic sigmoid function and 0 € R. Here X1 € {0,1} is a binary variable whose
probability of being 1 is 0(X2). In Fig. 1 (right) we draw a graph corresponding to these
assignments.

When conditioning on X1 = 1, we have that Ep[X3| X, = 1] = 2Ep[Xa0(X5)] ~ 0.4,
so in the observational distribution,

Ep[X3|X1 = 1] = 0Ep[X1| X1 = 1] + Ep[Xo| X1 = 1] + Ep[es| X1 = 1] ~ 0 4 0.4,

where we use that Eples|X; = 1] = Eples] = 0, since e3 L Xy. Similarly Ep[X3]|X; =
0] & —0.4, and despite that X1 only enters the structural equation for Xs with a co-
efficient of 0, the difference of conditioning on X1 = 1 and X1 = 0 is approzimately
0+0.8, because the value of X1 carries additional confounded information, which change
the expected value of X3.

We can also consider the interventional distribution P = PEv=1 " [n this dis-
tribution the confounding between X1 and X3 is removed because X1 and Xo are now
independent, and

E[X3|do(X; =1)] = QEls[Xl] +E13[X2] + Els[&),] =0,

!This follows from Bayes rule p(z2|X; = 1) = p(X1 = 1|x2)p<’;§“1”2:)1) = 20(xz2)p(x2), where p is the

density (with respect to the product of a Lebesgue and a discrete measure).
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where we use the notation E[X3|do(X1 = 1)] == Ep[X3] and that Eg[Xo] + Eples] =
Ep[Xs] + Eples] = 0 because the intervention neither changes Xo nor e3. Similarly,
E[X3| do(X; = 0)] = 0, and the difference of intervening do(X; = 1) and do(X; := 0), is
0, which we call the causal effect of X1 on Xo. This example highlights that conditioning
differs from intervening, for example in that the conditioning includes correlation due to
confounders, while the intervention breaks this confounding.

An intervention setup like this can, for example, be used to describe a patient’s re-
sponse, X3, to a treatment, X7, when a confounder X5 affects both the treatment and
the outcome. Here we may consider the intervention do(X; := 1) to study what will
happen if everyone is given the drug, or the intervention do(X; := Bern(0.5)), which
corresponds to the distribution one will get in a randomized control trial (RCT).

Graph Terminology

We visualize the causal hierarchy of an SCM by drawing a directed graph G = (V, E)
over nodes V = {1,...,d} (or interchangeably over nodes V' = {X1,..., X;}) and edges
E, where an edge (i,7) € E if X; € PA; (we also denote this ¢« — j). It is common to
assume that the graph of an SCM is a directed acyclic graph (DAG), which ensures that
a causal ordering from ‘first’ to ‘last’ exists although we can define causal models without
this assumption, see Bongers et al. [2021]. We now review some graph terminology and
some basic concepts of graphical models for a DAG G.

If i — 5, we say that i is a parent of j and that j is a child of i. A path m between

vo and vy, is a sequence of vertices and edges m = (vg,e1,v1,...,€m, vy ) Where either
er = (vp—_1,vk) or ex = (vg,vk—1); we sometimes simply write 7 = (e1,...,ep). A
directed path from vy to vy, is a path ™ = (vg, e1,...,vy,) where e = (vg_1, vx), that is

all edges have the same orientation. A node i € V' is an ancestor of j € V if a directed
path from i to j exists, and similarly j is then a descendant of i. We denote the parents,
children, ancestors and descendants of j by PA;, CH;, AN; and DE; respectively. For a
set C' C V, we write AN¢c = Ujcc AN; (and similarly for PA¢, CHe and DE¢).

If a path m = (vp, e1,...,vy) contains a segment vi_1 K ok AR Ug+1, We say that v
is a collider on 7, and otherwise we say that vy is a non-collider. A path 7 from ¢ to j
is d-connected (or open) given a set C' C V' \ {i,j} if every non-collider on 7 is not in
C and every collider on 7 is in C U ANg. Otherwise we say that 7 is blocked by C. If
all paths between i and j are blocked by a set C' C V' \ {4,j}, we say that ¢ and j are
d-separated by C, in which case we write i L j|C.

For example, in Fig. 1, the path X; — X4 + X3 is d-connected given X4, but is
blocked by (). X; and X3 are not d-separated given any conditioning set, since for any
set C, the path X7 — X3 is open given C. On the contrary, Xo and X, are d-separated
by {X1, X3}, since all paths between Xy and X, use either X; or X3 as a non-collider.

The Global Markov Property and Causal Factorizations

Given a joint distribution P over variables X7, ..., X4, we write X; L X; | X¢ if X; and
X are conditionally independent given Xc. A joint distribution satisfy the global Markov
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property with respect to a graph G if for all ¢ # j and C' C V\{¢,j}, X; L X;|X¢ implies
that X; I X;|Xc. That is, d-separations in the graph imply conditional independences
in the distribution. The reverse property is called faithfulness: P is faithful with respect
to Gifforalli# jand C CV\{ij}, X; L X;|X¢ implies that X; L X;|Xc.

For example, in the graph in Fig. 1 (right), Xo L X4|{Xi, X3}, and if the global
Markov property is satisfied for the distribution then we can conclude conditional inde-
pendence Xo 1 X4|{X1,X3}. There exist several different conditions which ensure the
global Markov property, such as when data is sampled from an SCM where the observed
distribution has density with respect to a product measure [Peters et al., 2017], and
all the papers in this thesis uses the global Markov property, implicitly or explicitly.
On the contrary, faithfulness is in many cases not required to make causal statements,
though it often is required when learning causal structures — for example, we do assume
faithfulness in [AncSearch] to learn ancestral sets.

A consequence of the global Markov property is that the joint distribution P over
variables X1, ..., X4 that are generated by an SCM € factorizes according to the parent
sets. If pp is the density of P, then

d

pp(a1,... ) = [ [ pr(xjlepa,), (2)
j=1

which we call the causal factorization [Pearl, 2009]. When intervening on a variable X,

¢ = @dO(XJ“:fj(ﬁ\f i), all factors in (2) remain the same, except the one relating to X

d d
pp(x1,...,xq) = Hpﬁ(xileAi) = HPP(%!H?PAJ Pp(él?j\xpj].), (3)
=1

i#£]

where pp is the density of the intervened distribution P. There are several other ways we
can factorize the joint distribution, for example pp(x1,...,24) = Hle pp(il{z;}j<i),
but in such a ‘non-causal’ factorization, an intervention in most cases will change several,
if not all, factors in the product. In Section 1.4 we discuss how this factorization is useful
in distribution shifts when various distributions are generated from the same SCM but
with different interventions.

1.2. Causal Models when Graphs are Known: Effect
Estimation and Instrumental Variables

The graph of an SCM contains less information about a distribution than the full SCM,
for example because the graph does not specify the functional connections f;. Yet,
we can make different causal statements and use different methodology depending on
whether or not we assume that the graph is known. For example, if the graph is known
and all variables are observed and we additionally assume additive mean-zero noise, we
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can in principle consistently recover the functions fi,..., fg, by non-linearly regressing
Xj onto Xpa; for each j (and assuming that our model class is rich enough to capture
fj); effectively we have thereby learned the entire SCM.

This, however, does not mean that causal inference with known graphs is trivial,
and there are many questions to be studied, such as how to efficiently estimate causal
effects or how to do so in the presence of unobserved confounders. Many of these
questions can be addressed in the context of do-calculus [Pearl, 2009], which is a set of
rules for how to convert statements about interventional distributions into statements
about observational distributions. One classic application of do-calculus is computing
intervention effects using covariate adjustment.

Covariate Adjustment

Consider an SCM € over variables X,Y and C with the graph in Fig. 2 (left). Suppose
we want to compute the mean of Y in an intervention € = ¢4°(X:=%0) without observing
any data from P. We can use covariate adjustment, by adjusting for C [Robins, 1986,
Pearl, 2009]. If we assume that all variables are discrete, we have

EplY]=> y-Pp(Y =y,C =c, X = x)
Yy,C
:Zy-IP’p(Y:mC’:c,X:xg) Ps(C =c¢, X = x0)
Yy,Cc

:Zy-IP’p(Y:y]C:c,X:a:O)-]P’p(C’:c)

In the last equation, we use that the conditional distribution of a non-intervened vari-
able given its parents does not change between P and P. This calculation shows that
we can sometimes derive quantities about the interventional distribution P from the
observational distribution P alone.

Many other works in the literature have studied similar questions of how to reason
about intervention effects, without observing any data from P [e.g. Tian and Pearl,
2002, Pearl, 2009]. A related question is that of transportability, introduced by Pearl
and Bareinboim [2011]. Given a target distribution P that differs in some (known)
way from a training distribution @), they infer effects of interventions in P from the
observational and the interventional distribution of Q).

Instrumental Variables

Sometimes, adjusting for covariates may not be possible, for example if C' is not observed.
Instead, in some cases, we can rely on instrumental variable (IV) approaches to estimate
causal effects.

In Example 1, we considered a causal effect defined as E[X3|do(X; := 1)]—E[X3|do(X; =
0)]. If we consider continuous variables, we may instead define the causal effect of X on
Y as a%EdO(X =2)[Y]. While this is in general a function of z, it becomes constant if the
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Figure 2.: (Left) Graph where we can use covariate adjustment to reason about the
causal effect interventions on X have on Y. (Right) Graph where we can use

instrumental variables to reason about the causal effect interventions on X
have on Y. The dashed circle around C indicates that it is unobserved.

assignment of Y is additive and linear in X, because in that case E4°(X=2)[Y] = gz + K
for a constant K, and we call 8 the linear causal effect of X on Y. Instrumental vari-
ables, which we will discuss now, can be used for estimating such linear causal effects
(though non-linear functions can also be estimated [Christiansen et al.; 2021]).

When inferring the causal effect of X on Y, an instrumental variable, Z, is a variable
which satisfies the following graphical conditions [Pearl, 2009].

1. Z is d-separated from Y in the graph Gx sy where we remove any edge X — Y,
2. Z is not d-separated from X and
3. Z is d-separated from C.

For example in Fig. 2 (right), Z is an instrumental variable for estimating the causal
effect of X on Y: Z and X are not d-separated due to the edge Z — X, Z and C are
d-separated due to the colliders C — X < Z and C — Y < X, and when removing the
edge X — Y, the only path from Z to Y contains the blocked collider Z — X + C,
meaning that Z and Y are d-separated after removing X — Y.

Under some additional assumptions, IVs can ensure identifications of causal effects.
For example, assume that Y = fX + ¢g(C,ey), that is Y is linear in X and the contribu-
tion from (C,ey) is additive. It follows from IV assumption 3. and the global Markov
property that Y — X = ¢g(C,ey) is independent of Z. We can use this independence
to identify the causal effect 3, by finding vectors b which make Y — bX independent of
Z and we refer to such b as being invariant. It is common to use uncorrelatedness as
a proxy for independence, and solve the resulting estimating equations [Hall, 2005]. In
order to get a unique solution b that make Y — bX uncorrelated to Z, the dimension of
the instrument, Z, needs to be sufficiently high, typically higher than the dimension of
X, which is known as an ‘over-identified’ setting.

Example 2. A famous application of IV regression is that of Angrist and Krueger [1991],
who use instrumental variables to estimate the causal effect of the number of years of
schooling (X ) on earnings (Y ) in adulthood. The variables X and Y are confounded by
numerous unobserved factors (C), including for example how resourceful the parents are.
This means that simply regressing Y onto X and adjusting for observed confounders, will
likely not result in a good estimate of the causal effect of forcing every school student to
spend another year in school.
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Figure 3.: Graphical illustration of the dependencies in an idealized randomized control
trial, where a treatment X is made independent of confounders C' through a
randiomization R. Though this is not a formal graphical model, we can see
similarities to the IV graph in Fig. 2.

Instead, Angrist and Krueger [1991] use the quarter of birth (Z) as an instrument.
The variable Z correlates with X because of rules in the US school system which mean
that the length of schooling before a student can drop out depends on a students birth
day. Further, it is plausible that birth date is independent of the confounding factors C,
and finally, one could argue that Z does not influence Y in other ways than through X
(though this assumption is untestable).

Thus the assumptions for being a valid instrument are satisfied; Angrist and Krueger
[1991] estimate the benefit of an additional year of schooling and find that this has a
positive impact on future earnings.

Example 2 shows that we can think of IV as a pseudo-randomization: No random-
ization is conducted by a practicioner, but an external source of randomness (here the
quarter of birth) still impacts the allocation of treatment; while we do not directly
observe unconfounded treatments, we can ‘deconfound’ the treatment by using the cor-
relation to the instrument. In Fig. 3, we visualize an idealized randomized control trial,
where the randomization R breaks the dependence on a confounder C.? This structure
is similar to the IV graph in Fig. 2 (right), with the difference that in the idealized RCT,
the edge from C to X is fully broken, whereas in the IV graph this edge is present, but
can be filtered out using IV methods. It is helpful (though not perfectly accurate) to
think about this as that the more variance in X is explained by the instrument, the
easier it is to break the confounding link, and that the idealized RCT represents the
extreme of a perfectly correlated instrument.

If the instrument Z is not sufficiently high-dimensional to identify a unique parameter
vector, a subspace of solutions M = {b € R | cov(Y — bX,Z) = 0} exists, which is
known as the ‘under-identified’ setting. To chose a single regression model from M, we
can search among all vectors b that (approximately) satisfy invariance, and select the
one which yields the smallest mean squared prediction error. Rothenhausler et al. [2021]
do this by minimizing a convex combination of an invariance loss and a predictive error,
whereas Jakobsen and Peters [2021] select the most predictive model among all those
that are not significantly non-invariant.

2We only draw this graph to highlight the similarity to the IV graph, but we should be careful in
interpreting this as a graphical model arising from an SCM; for example, if R and X are both binary,
they may essentially be the same random variable, which can be problematic in a graphical model;
we also have not defined what the crossed out edge means. One can draw more formal graphs for
this setup using the framework in Richardson and Robins [2013].
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1.3. Causal Models when Graphs are Unknown: Invariance and
Exogeneity

In many applications, a causal graph may not be available, and instead we only observe
data from an observational distribution P%. Various methods can be used to estimate
causal graphs from data; for example, constraint based methods use conditional inde-
pendences to learn an estimate of a graph [Spirtes et al.,; 2000, Chickering, 2002]. In
general we cannot recover the graph of ¢ from P¢, but only the Markov equivalence class
of the graph. Two DAGs are Markov equivalent if they have the same skeleton (i.e. the
same edges, when orientations are removed) and the same v-structures [Verma and Pearl,
1991]. Three nodes z,y, z in a graph G form a v-structure if the path z — y < z is in
G and neither x — z nor x < z is in G. Constraint based methods do not assume any
model class (though in practice, they require that data follows a model class for which
powerful conditional independence tests are available), but if we are willing to make as-
sumptions, such as non-Gaussianity [Shimizu et al.,; 2006] or non-linearity [Hoyer et al.,
2009], we can learn not just the Markov equivalence class, but the graph of the SCM.
Yet, estimating entire graphs from data remains a difficult task, and for many applica-
tions, it may be sufficient to learn parts of a graph, such as, if we only seek to learn
causal parents of a target variable Y.

Invariant Causal Prediction

Instead of learning the full graph, we can in some cases use limited graphical information,
such as exogeneity of a variable E (we say that E is exogenous if PAp = (), to learn
causal structure.

Example 3. Suppose we observe variables E, X,Y from an SCM where the only non-
trivial (conditional) independence relation between them is E L Y|X. From this we can
infer that the graph of the SCM must have the skeleton E — X —Y | and no v-structure,
but per the characterization of Markov equivalence classes above, we cannot distinguish
between the three graphs

F—-X-—>Y
F+~X—->Y
EF+ X <«Y.

Howewver, if we additionally know that E is exogenous, this not only tells us the direction
of the edge E — X, but also that X — Y.

Example 3 shows that we can leverage knowledge of exogeneity of one variable to
direct edges between other variables. A structured exploitation of this fact is used by
Invariant Causal Prediction (ICP) by Peters et al. [2016], who do not assume knowledge
of a causal graph, but only assumes the presence of exogenous environments, . They
consider a target variable Y and predictors X1, ..., X4, and assume that the conditional
distribution of Y given its causal parents does not change across environments; if the



1. Introduction

environments correspond to different interventions, this assumption corresponds to as-
suming that Y is not the target of intervention (see (3)). They then define that a subset
of predictors S C {1,...,d} is invariant if Y — X is identically distributed across the
environments F, where ( is the OLS regression coeflicient from regressing ¥ on Xg. The
output of ICP is

Sicp = ﬂ S. (4)

S: Xg is invariant

They show that Sicp € PAy (though the inclusion is in some cases strict), meaning
that Sicp can be used to learn causal parents. If SICP is the empirical version of (4)
estimated from data, where we use an invariance test with level « instead of ground
truth invariance, then IP’(SICP CPAy)>1-—qu

We can understand how ICP exploits exogeneity in the context of Example 3. In
[AncSearch|, we show that Sicp = (PAy NCHg) U (PAy NPA(ANy NCHg)). If
X; € PAy NCHg (in which case the parenthood to Y can be identified by ICP), then
the skeleton of the graph contains £ — X; — Y, and using exogeneity of E, one can also
use the reasoning in Example 3 to conclude that X; is a parent of Y. Similarly, for
every X; € PAy N PA(ANy NCHg), we could use the skeleton-and-v-structures charac-
terization similar to that of Example 3 to show that the assumption that E is exogenous
implies that X; — Y.

1.4. Causal Models in Distribution Shift

When dealing with a distribution shift, where data is generated from several different
distributions, we can use causal models to model those differences. In particular, we
may describe these distributions as originating from the same SCM, but subject to
different interventions. Though the intervened variable(s) can then change arbitrarily,
this encodes the assumption that all remaining parts of the SCM remain unchanged
[Haavelmo, 1944, Aldrich, 1989]. In particular, (3) states that the density factorizes into
a product of conditionals, where only the intervened conditional(s) change.

This invariance of non-intervened conditionals can be used in various ways. For exam-
ple, it can be used to draw inference about an intervened distribution using knowledge
of the original SCM. This is the case in [ShiftEval] and [ShiftTest]|, where we assume
that we know which conditional in an observed distribution @ is changing, and use this
to describe properties of the resulting intervened distribution P. Or, reversely, it can be
used to infer knowledge of the SCM, when we observe data from various interventions.
This is done in [AncSearch] and [InvPolicy], where we search for conditionals that
do not change across several observed distributions, and use this to infer parts of the
underlying causal structure.

10
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Importance Sampling

One way of estimating quantities under distribution shift is to use importance sampling
[Horvitz and Thompson, 1952, Shimodaira, 2000]. Importance sampling works by first
computing weights w(z) := p(z)/q(x), where p and ¢ are the densities (with respect to
the same background measure) of a target distribution P and an observed distribution
@ respectively.

If X is a random variable with distribution @ and T'(X) is any (reasonably well-
behaved) function, then

EQlw(X) - T(X)] = /(p(l‘)/Q(fL‘) T(x)) q(z)dx = /T(x)p(w)dl‘ = Ep[T(X)],

where Eg and Ep are expectations in Q and P respectively. This means that if we
observe n ii.d. samples X1,...,X, from @), we can use the law of large numbers to
estimate expectations in P by

Ep[T(X)] ~ + 3 w(X,)T(X,). (5)

n -
=1

When we consider an observed distribution ) and a target distribution P = Qdo(Xﬂ:f (PA; ;)
with densities ¢ and p respectively, the factorizations in (2) and (3) imply that ¢ and
p factorize in a way where only the conditional densities of X; given its causal parents

differ,

p(x) p(xj’%?];j)
Coq(@)  q(wjlzea,)

This means that in order to compute the importance weights w, we do not need to
know the entire distributions P and (), but only the conditional of the variable that is
intervened upon.

In order for the importance sampling weights w(z) = p(z)/q(x) to be well-defined, we
require that the support of P is a subset of the support of @, so the denominator ¢(x) is
non-zero. Even when this is in theory satisfied, importance sampling may face problems
in practice, if there are parts of the support of P where ¢(z) is close to zero, since this
can lead to the weights being enormous, and will make the variance of the estimate in
(5) be enormous, too.

Since importance sampling enables estimation of means in interventional distribu-
tions, we can use importance sampling as an alternative to the covariate adjustment,
discussed in Section 1.2. When estimating the effect of a hard intervention do(X = x)
on Y in Fig. 2, covariate adjustment requires estimation of the conditional Pp(Y =
y|C = ¢, X = xp); an importance sampling approach for the same intervention re-
quires estimation of the conditional Pp(X = x0|C' = ¢), in order to compute weights
w(zx,y,c) = %. Thus, the mean in the intervention distribution can be com-
puted in two different ways; Robins et al. [1994], Robins and Rotnitzky [1995], Cher-

11
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nozhukov et al. [2018] discuss ways of combining these two approaches to create an esti-
mator which is statistically efficient and doubly robust. Here double robustness means
that if at least one of the two conditionals is estimated consistently, then the overall
procedure is consistent.

12



2. Shifts in Distributions: Testing

This chapter contains the following paper:

[ShiftTest] [Thams et al., 2021]. N. Thams, S. Saengkyongam, N. Pfister, and J. Peters.
Statistical testing under distributional shifts. arXiv preprint arXiv:2105.10821,
2021.

The paper assumes that we have data from one distribution ) and that we want to
test a hypothesis in an unobserved target distribution P. The target distribution P
for example can be thought of as the result of ‘the world changing’ or the data being
sampled in environments different from the observed distribution @); this is typically the
motivation in the distribution shift literature [e.g. Quionero-Candela et al., 2009] and
in all the papers in Chapter 3. But, as we discuss in this paper, P can also be thought
of as the result of some fictional change introduced by the modellers, such as the act of
removing confounding between two variables that are confounded in Q.

We formalize the problem of testing under shifts and provide a number of applications
of this framework. These include not only cases where the hypothesis of interest is in
an unobserved distribution P, but also cases where the hypothesis of interest is in the
observed distribution ), but the hypothesis can more easily be tested by introducing an
auxiliary shifted distribution P, and testing the hypothesis there.

Unlike the importance sampling introduced in Section 1.4 in Chapter 1 and the papers
in Chapter 3, we do not estimate a mean in the shifted distribution, but instead conduct
tests. This implies that weighted-average approaches may not work. To to overcome
this, we propose a resampling methodology and provide a number of theoretical results
on resampling, which enable guarantees on finite and asymptotic level of tests applied
to resampled data.

13






Statistical Testing under Distributional
Shifts

NIKOLAJ THAMS, SORAWIT SAENGKYONGAM, NIKLAS PFISTER AND JONAS
PETERS

Abstract

We introduce statistical testing under distributional shifts. We are interested
in the hypothesis P* € Hy for a target distribution P*, but observe data from a
different distribution Q*. We assume that P* is related to Q* through a known
shift 7 and formally introduce hypothesis testing in this setting. We propose a
general testing procedure that first resamples from the observed data to construct
an auxiliary data set and then applies an existing test in the target domain. We
prove that if the size of the resample is of order o(y/n) and the resampling weights
are well-behaved, this procedure inherits the pointwise asymptotic level and power
from the target test. If the map 7 is estimated from data, we maintain the above
guarantees under mild conditions on the estimation. Our results extend to finite
sample level, uniform asymptotic level and a different resampling scheme, as well
as statistical inference different from testing. Testing under distributional shifts
allows us to tackle a diverse set of problems. We argue that it may prove useful in
contextual bandit problems and covariate shift, we show how it reduces conditional
to unconditional independence testing and we provide example applications in
causal inference.

1. Introduction

Testing scientific hypotheses about an observed data generating mechanism is an impor-
tant part of many areas of empirical research and is relevant for almost all types of data.
In statistics, the data generating mechanism is described by a distribution P* and the
process of testing a hypothesis corresponds to testing whether P* belongs to a subclass
of distributions Hy. In practice, observations from P*, for which we want to test the
hypothesis P* € Hpy, may not always be available. For instance, sampling from P* may
be unethical if it corresponds to assigning patients to a certain treatment. P* may also
represent the response to a policy that a government is considering to introduce. Yet,
in many cases, one may still have data from a different, but related, distribution Q*. In
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the examples above, this could be data from an observational study or under the policies
currently deployed by the government.

Although specialized solutions exist for many such problems, there is no general
method for tackling them. In this paper, we aim to analyze the above testing task
from a general point of view. We assume that a distributional shift 7 : Q@ — P be-
tween domains Q and P is known and, using data from @*, aim to test the hypothesis
P* = 7(Q*) € Hy. We propose the following general framework. We resample from
Q* to construct an auxiliary data set mimicking a sample from P* and then exploit the
existence of a test in the target domain. We assume that Q* and P* are absolutely
continuous with respect to the same background product measure' . Our method does
not assume full knowledge of @Q* or P*, but only knowledge of the (potentially unnor-
malized) ratio p*/q¢*, where ¢* and p* are densities of Q* and P* with respect to the
background measure, respectively. If, for example, the shift corresponds to a change in
the conditional distribution of a few of the observed variables, one only needs to know
these changing conditionals.

Our framework assumes the existence of a test ¢ in the target domain, i.e., a test
that could be applied if data from P* were available. This test ¢ is then applied to
a resampled version of the observed data set. Here, we propose a sampling scheme
that is similar to sampling importance resampling (SIR), proposed by Rubin [1987]
and Smith and Gelfand [1992] but generates a distinct sample of size m, using weights
r(X) o ¢*(X)/p*(X) where X is a random vector with distribution Q*. We prove that
this procedure inherits the pointwise asymptotic properties of the test ¢ if the weights
r have finite second moment in Q*, and m = o(y/n). In particular, the procedure holds
pointwise asymptotic level if the test ¢ does. We show that the same can be obtained if
r is not known, but can be estimated from data sufficiently well. The proposed method
is easy-to-use and can be applied to any hypothesis test, even if the test is based on a
nonlinear test statistic.

Several problems can be cast as hypothesis tests under distributional shifts. This in-
cludes hypothesis tests in off-policy evaluation, tests of conditional independence, testing
the absence of causal edges through dormant independences [Verma and Pearl, 1991,
Shpitser and Pearl; 2008], that is, testing certain equality constraints in an observed dis-
tribution, and problems of covariate shift. Our proposed method can be applied to all of
these problems. For some of them, we are not aware of other methods with theoretical
guarantees — this includes dormant independence testing with continuous variables, off-
policy testing with complex hypotheses, conditional independence testing with censored
data and model selection under covariate shift with complex scoring functions. The
framework also inspired a novel method for causal discovery that exploits knowledge of
a single causal conditional. For some of the above problems, however, more specialized
solutions exist, and as such, the proposed testing procedure relates to a line of related
work.

Ratios of densities have been applied in the reinforcement learning literature [e.g.

1We believe that most of the statements still hold if Q* and P* are absolutely continuous with respect
to the same non-product measure but make the assumption of product measures for simplicity.
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Sutton and Barto, 1998], where inference in P* using data from Q* is known as off-
policy prediction [Precup et al.; 2001]. One can estimate the expectation of X under
P* using importance sampling, (IS), that is, as weighted averages using weights r(X),
possibly truncated to decrease the variance of the estimation [Precup et al., 2001, Mah-
mood et al., 2014]. An approach to estimate means in P* based on resampling was
proposed by Schlegel et al. [2019]. However, they consider the size of the resample fixed
and do not consider statistical testing. Thomas et al. [2015] propose bootstrap confi-
dence intervals for off-policy prediction based on important weighted returns. Hao et al.
[2021] present a bootstrapping approach with Fitted Q-Evaluation (FQE) for off-policy
statistical inference and demonstrate its distributional consistency guarantee.

In the causal inference literature, inverse probability weighting (IPW) To estimate
the effect of a treatment X on a response Y, one can weight each observed response Y;
with 1/¢*(X;|Z;), where Z; is an observed confounder. For continuous treatments, it
has been proposed to change the numerator to a marginal distribution p*(x) to stabilize
the weights [Hernan and Robins, 2006, Naimi et al., 2014]. Both choices of weights
appear in our framework, too (e.g., the first one corresponds to a target distribution
with p*(z|z) < 1). In general, IS and IPW can only be applied if the population version
of the test statistic can be written as a mean of a function of a single observation, such
as E[Y;] or E[f(X;, Z;)], whereas our approach also applies to test statistics that are
functions of the entire sample, which is the case for many tests that go beyond testing
moments, such as several independence tests, for example.

SIR sampling schemes were first studied by Rubin [1987] and are often used in the
context of Bayesian inference [Smith and Gelfand, 1992]. Skare et al. [2003] show that
when using weighted resampling with or without replacement, for n — oo and fixed m,
the sample converges towards m i.i.d. draws from the target distribution, and provide
rates for the convergence. Our work is inspired by these types of results, even though
our proofs require different techniques.

Our paper adds to the literature on distributional shifts by considering hypothesis
tests in shifted distributions. In the context of prediction, distributional shifts, or dataset
shifts, have been studied in the machine learning literature both to handle the situations
where a marginal covariate distribution changes and when the conditional distribution
of label given covariate changes [Quionero-Candela et al., 2009]. If the shift represents
a changing marginal distribution and unlabelled samples are available from both train-
ing and test environments, Huang et al. [2006] propose kernel mean matching, which
non-parameterically reweights the training loss to resemble the loss on a target sample.
In settings where a generative model and causal graph is known, Pearl and Bareinboim
[2011], Subbaswamy et al. [2019] provide graphical criteria under which causal estimates
can be ‘transported’ from one distribution @) to a shifted distribution P, assuming knowl-
edge of both joint distributions ¢ and P. In contrast, we consider statistical testing,
and neither assume knowledge of the full causal graph nor availability of samples from
the target distribution, but instead knowledge of how the target data differ from the
observed data. Conformal prediction [Vovk et al., 2005] has been applied to covari-
ate shift [Tibshirani et al., 2019, Park et al., 2021] too, but its goal of constructing a
prediction interval for a new random observation is generally different than the one of
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Distributions on observed domain X;Distributions on target domain Z;
X1, X, Ko unobserved.
Figure 1.: Illustration of observed and target domains, Q and P, target hypothesis Hy C
P and pullback hypothesis 7! (Hy).

the proposed testing framework (see, however, the extension of our theory to general
inference problems, Section 4.6).

This paper contains four main contributions: First, we formally define testing under
distributional shifts, and define notions such as pointwise and asymptotic level when
using observed data to test the hypothesis in the target domain. Second, we outline a
number of statistical problems, that can be solved by testing under a shift, including
conditional independence testing and testing dormant independences. Third, we propose
methods that enable testing under distributional shifts: both a simple method based on
rejection sampling and a resampling scheme that requires fewer assumptions than the
rejection sampler. Fourth, we provide finite sample and asymptotic guarantees for our
proposed resampling scheme; contrary to the existing literature, where typically m fixed
and n — oo has been studied [e.g., Skare et al., 2003], we study the asymptotic behaviour
of our resampling test when both m and n approach infinity, and show that under any
resampling scheme, the requirement m = o(y/n) is necessary.

2. Statistical Testing under Distributional Shifts

2.1. Testing hypotheses in a target distribution

Consider a set of distributions P on a target domain Z C R? and a null hypothesis
Hy C P. In hypothesis testing, we are usually given data from a distribution P* € P
and want to test whether P* € Hy. In this paper, we consider the problem of testing
the same hypothesis but instead of observing data from P* directly, we assume the data
are generated by a different, but related, distribution Q* from a set of distributions Q
over a (potentially) different observational domain X C R€.

More formally, we assume that we have observed data X,, = (X1,...,X,) € &"
consisting of n i.i.d. random variables X; with distribution Q* € Q. We use superscripts
to denote the individual coordinates of X = (X!,..., X%) € X. We assume that Q* and
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P* are related through a map 7 : Q — P, called a (distributional) shift, which satisfies
P* = 7(Q*). We aim to construct a randomized hypothesis test 1, : X" x R — {0, 1}
that we can apply to the observed data X,, to test the null hypothesis

T(Q*) c H(). (1)

We reject this null hypothesis if 1), = 1 and do not reject the null if ¢, = 0. To allow for
random components, we let 1, take as input a uniformly distributed random variable U
(assumed to be independent of the other variables) that generates the randomness of 1),.
Whenever there is no ambiguity about the randomization, we omit U and write ¢,,(X,,);
unless stated otherwise, any expectation or probability includes the randomness of U.
For a € (0, 1), we say that 1, holds level a at sample size n if it holds that

sup  Po(¢n(X,,U)=1) <. (2)
Qer—1(Hp)

In practice, requiring level at sample size n is often too restrictive. We say that the test
has pointwise asymptotic level « if

sup limsupPo(¢n(X,,U) =1) < a. (3)
Qer—1(Hp) m—oo

We illustrate the setup in Fig. 1.

Remark 1. The map 7 : Q@ — P above represents a view that starts with the distribution
Q* of the observed data and considers the distribution P* of interest as the image under
7. Alternatively, one may also start with a map n : P — Q and say that the test holds
level a at sample size n if

sup Py p)(¥n(Xn,U) =1) < a. (4)
PeHy

This corresponds to a level guarantee for a test of the hypothesis n~1(Q*) N Hy # 0. If
7 is invertible, the two views trivially coincide with 7 := 77!, but in general there are
subtle differences, see Appendix A.1.1 for details.

2.2. Distributional shifts

We consider two types of maps 7 : @ — P, both of which can be written in product
form. First, assume that there is a subset A C {1,...,d} together with a known map
r:x? = r(z?) € [0,00) such that for all ¢ € Q the target density” 7(q) satisfies that

()=, ...,z ocr(@?) - q(2t, ..., z?) for all (z!,...,2%) € Z. (5)

2In the remainder of this work, we assume that X and Z are both subsets of R¢, that is e = d, and that
all distributions in P and Q have densities with respect to the same dominating product measure .
We refer to a distribution ) and its density ¢ interchangeably.
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Here, we assume that the factor r is known in the sense that it can be evaluated for
any given x4 (or at least on all points in the observed sample X2). This type of map
naturally arises in many examples, such as in off-policy evaluations with a known training
policy or when performing a conditional independence test with known conditional, see
Section 3.2.

Second, assume that there is a subset A C {1,...,d} together with a known map
rey ¢ (g, a?) = re(x) € [0,00) such that for all ¢ € Q, the target density 7(q) satisfies
that

7(q)(x ,...,xd)ocrq(xA)-q(xl,...,xd) for all (z*,...,2%) € 2. (6)
Here, we assume that the factor r() can be evaluated for any given (q,xA). This case
arises, for example, when the training policy or the conditional is unknown and needs
to be estimated from data. If, in any of the above two cases, the set A is not mentioned
explicitly, we implicitly assume A = {1,...,d}. In many applications 7 represents a
local change in the system, so even though d may be large, |A| will be much smaller
than d. In particular we do not need to know the entire distribution to evaluate r(z4).

In principle, this approach applies to any full-support distribution @, since for a given
target distribution P € P, P = 7(Q) is satisfied as long as we define r(x) = p(z)/q(z),
and in the case that we consider a change in a single conditional, this simplifies to
r(zlore2dy = p(z®|292) /q(2* |z%2). In practice, there may be regions of the support
where ¢(x) is much smaller than p(x), in which case the weights will be ill-behaved.
We address this issue in Assumption (A2) and analyze its impact in Theorem 4. For
some shifts and hypotheses, direct solutions are available that do not use the importance
weights (5): For example, when testing a hypothesis about X! under a mean shift in
the marginal distribution of X!, one could directly add the anticipated shift in mean to
every observation before testing. However, in most cases involving shifts in conditional
distributions or in variables different from those entering the test, such approaches fail. If
T is misspecified, in the sense that 7(Q*) # P*, then the guarantees for the methodology
below still hold, but for testing the distribution 7(Q*) € Hy instead of P* € Hj.

2.3. Exploiting a test in the target domain

In this work, we assume that there is a test ¢ for the hypothesis Hy that can be applied
to data from the target domain Z. Formally, we consider a sequence ¢y, : Z¥ x R — R of
(potentially randomized) hypothesis tests for Hy that can be applied to k observations
Z; from the target domain Z and a uniformly distributed random variable V', generating
the randomness of . For simplicity, we omit V' from the notation and write g (Zy).
We say that ¢ := (pp)r has pointwise asymptotic level a for Hy in the target domain if

sup limsupPp(pi(Zi) =1) < a. (7)
PeHy k—oo

To address the problem of testing under distributional shifts, we propose in Section 4 to
resample a data set of size m from the observed data X,, (using resampling weights that
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depend on the shift) and apply the test ¢, to the resampled data. This procedure is
easy-to-use and can be combined with any testing procedure ¢ from the target domain.

2.4. Testing hypotheses in the observed domain

The framework of testing hypotheses in the target distribution can be helpful even if we
are interested in testing a hypothesis about the observed distribution @Q*, that is, testing
Q" € HOQ for some HOQ cCQ. If T(H(?) C HP = Hy, any test v, satisfying pointwise
asymptotic level (3) for HJ' C P can be used as a test for Q* € H, 9 and will still satisfy
asymptotic level, see Section 4.4.5.

Such an approach can be particularly interesting when it is more difficult to test
Q* € HY in the observed domain than it is to test 7(Q*) € HJ in the target domain.
For example, testing conditional independence in the observed domain can be reduced to
(unconditional) independence testing in the target domain. Here, we may benefit from
transferring the test into the target domain if one of the conditionals is known or can
be estimated from data. Also testing a Verma equality [Verma and Pearl, 1991] in the
observed distribution can be turned into an independence test in the target distribution,
too; but here, testing directly in the observed domain may not even be possible. Often
there is a computational advantage of our approach: In many situations, the resampled
data set, where the hypothesis is easier to test, is much smaller than the original data
set, see for instance the experiment in Section 5.4. When the hypothesis of interest is in
the observed domain, usually different choices for the target distribution are possible. In
practice, it is helpful to choose a target distribution that yields well-behaved resampling
weights (see (10)), which can often be achieved by matching certain marginals, see, e.g.,
Section 5.6 [see also Robins et al., 2000, Hernan and Robins, 2006].

The following Section 3 discusses the above and other applications of testing under
distributional shifts in more detail. Corresponding simulation experiments are presented
in Section 5. Section 4 provides details of our method and its theoretical guarantees.

3. Example Applications of Testing under Distributional Dhifts

3.1. Conditional independence testing

Let us first consider a random vector (X,Y, Z) with joint probability density function
¢* and assume that the conditional ¢*(z|z) is known. We can then apply our framework
to test

HE ={Q:X LY |Zand ¢(2|z) = ¢*(z|z)} (cond. ind. in observed domain)

by reducing the problem to an unconditional independence test. The key idea is to factor
a density ¢ € HZ as q(z,y,2) = q(y|z, 2)q* (2|z)q(x), replace’ the conditional ¢*(z|x)

3If the factorization happens to correspond to the factorization using a causal graph, this is similar to
performing an intervention on Z, see Appendix A.1.2. However, the proposed factorization is always
valid, so this procedure does not make any assumptions about causal structures.
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by, e.g., a standard normal density ¢(z) to obtain the target density p, and then test
for unconditional independence of X and Y. When X is a randomized treatment, Y
the outcome, and Z is a mediator, this corresponds to testing (non-parametrically) the
existence of a direct causal effect [e.g., Pearl, 2009, Imbens and Rubin, 2015, Herndn
and Robins, 2020].

Formally, we define a corresponding hypothesis in the target domain:

HFY :={P:X LY and p(z|z) = ¢(2)} (ind. in target domain)
with ¢ being the standard normal density. We can then define a map 7 by

9(2)
q*(z|x)

7(q)(z,y,2) == q(w,y,z)  forall (z,9,2) € Z.

Considering any q € HOQ and writing p := 7(q), we have

¢(2)
q*(z|r)

This shows” that conditional independence X I Y | Z in Q implies independence X 1. Y
in P and therefore 7(HZ) C HYF. Starting with an independence test @y, for HY, we
can thus test 7(Q*) € HJ', with level guarantee in (3). As we have argued in Section 2.4,
this corresponds to testing Q* € HOQ, and thereby reduces the question of conditional
independence to independence.

p(z,y,2) = q(ylz, 2)q" (z|z)q(z) = q(ylz, 2)q(x)B(2).

If, instead of ¢*(z|x), we know the reverse conditional ¢*(x|z), we can use the same
reasoning as above using the factorization ¢(z,y, z) = ¢(z)¢*(x|2)q(y|x, z) and a marginal
target density ¢(z) to again test X L Y |Z. When X is a treatment, Y the outcome,
Z is the full set of covariates, and ¢*(x|z) represents the randomization scheme, this
corresponds to testing (non-parametrically) the existence of a total causal effect [e.g.,
Peters et al., 2017] between X and Y.

If neither of the conditionals is known, we can still fit the test into our framework. To
do so, define the hypotheses H := {Q : X L Y|Z}, H :={P: X LY and p(z|z) =
q‘?i’lz),) cq(z,y, 2), for all (z!,...,2%) € Z;
estimate the conditional ¢(z|z) from data and may still maintain the level guarantee
of the overall procedure. There are other, more specialized conditional independence
tests but this viewpoint may be an interesting alternative if we can estimate one of
the conditionals well, e.g., because there are many more observations of (X, Z) than
there are of (X, Z,Y). Furthermore, conditional independence tests may not even be
available in some complex settings, while marginal independence tests may exist. For
example, we illustrate in Section 5.5 that our method can be applied to conduct a non-
parametric test for conditional independence with right-censored data. To the best of our
knowledge, there are no other non-parametric conditional independence tests available

¢(z)}, and the map 7 via 7(¢)(x,y,2) =

4The following statement holds because, clearly, p(z|z) = ¢(z) and if X 1L Y| Z in ¢, that is, q(y|z, 2) =
q(y|z) for all z,y, z yielding this expression well-defined, it follows p(z,y) = p(z)p(y).
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in this setting.

The assumption of knowing one conditional is also exploited by the conditional ran-
domization (CRT) and the conditional permutation test (CPT) by Candes et al. [2018]
and Berrett et al. [2020], respectively. These methods, however, require knowledge of
q*(z|z) and cannot exploit knowledge of ¢*(z|x). They simulate (in case of CRT) or
permute (in case of CPT) X while keeping Z and Y fixed and construct p-values for
the hypothesis of conditional independence. The approaches are similar in that they use
the known conditional to create weights. Our method, however, explicitly constructs a
target distribution and, as argued above, cannot only exploit knowledge of ¢*(x|z) but
also knowledge of ¢*(z|z).

Our approach can be modified to obtain a double robustness property. Suppose we
consider a map 7(q)(z,y,2) = q(z,y,2) - ox(@) oy W) g0 some density functions ¢x ()

q(z|z) a(yl2)”
and ¢y (y) and model conditionals ¢(z|z) and ¢(y|z). Then

ox@ovly) _ . ¢ (2.]2)
d@alylz) ~ ¢ P @y sy

(@) (2, y,2) = ¢ (2)¢" (2, yl2)

Suppose, for example, that ¢(z|z) = ¢*(z|z), but q(y|z) # ¢*(y|z). Then, it still holds
under the null hypothesis X I Y|Z in @Q* that 7(¢*)(x,y, 2) = ¢x(x)q*(2)dy (y) q;(g/'f)),
meaning that X 1 Y in 7(Q*). Similarly, if q(y|z) = ¢*(y|z), but q(z|z) # ¢*(z|z),
conditional independence in Q* also implies independence in 7(Q*). That is, as long as
one of the modelled conditionals ¢(z|z) and ¢(y|z) equals the corresponding one of ¢*
(we do not need to know which one), the hypothesis of conditional independence in Q*
can be tested as a hypothesis of marginal independence in P*. This is similar to the
doubly robustness guarantee in [Shi et al., 2021], where as long as one estimates at least
one conditional consistently, the overall test is consistent.

3.2. Off-policy testing

Consider a contextual bandit setup [e.g. Langford and Zhang, 2008, Agarwal et al.,
2014]. In each round, an agent observes a context Z := (Z',...,Z%) and selects an
action A € {ay,...,ar}, based on a known policy ¢*(a|z). The agent then receives a
reward R depending on the chosen action A and the observed context Z. Suppose we
have access to a data set X,, of n rounds containing observations X; := (Z;, A;, R;),
i =1,...,n. We can then test statements about the distribution under another policy
p*(alz). For example, we can test whether the expected reward is smaller than zero. To
do so, we define

Hy={P:Ep[R] <0 and p(alz) =p*(alz)}

and 7(q)(z) == r(z)g(x) with the shift factor r(z,a) = p*(a|z)/q*(a|z). Here, the func-
tion of interest can be written as an expectation of a single observation, so other, simpler
approaches such as IS or IPW can be used, too (see Section 1).

But it is also possible to test more involved hypotheses. This includes testing (condi-
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tional) independence under a new policy, for example. Suppose that one of the covariates
77 is used for selecting actions by an observed policy ¢*(a|z). This creates a dependence
between Z7 and R, but it is unclear whether this dependence is only due to the action A
being based on Z7, or whether Z7 also depends on R in other ways, for instance in that
Z7 has a direct effect on R. To test the latter statement, we can create a new policy
p*(alz) that does not use Z7 for selecting actions. Then, we can test whether, under
p*(alz), R is independent of Z7, given the other variables that the action is based on. If
not, we know that there must be a dependence between R and Z7 under ¢*(a|z) beyond
the action A being based on Z7. This may be relevant for learning sets of features that
are invariant across different environments, that is, features Z”7 such that R | Z7 is
stable across environments. A policy that depends on such invariant features is guaran-
teed to generalize to unseen environments [Saengkyongam et al.; 2021]. Another, more
involved hypothesis for off-policy evaluation compares the reward distributions under
two different policies. This can be written as a two-sample test, which we discuss in
Section 3.3.

This procedure extends to more general reinforcement learning settings, where for
example one repeatedly observes a Markov decision process [Sutton and Barto, 1998].
The weights then correspond to a product containing one factor for each decision. If the
decision process contains many decisions or the data generating policy is not sufficiently
close to the policy to be evaluated, off-policy evaluation becomes a difficult problem,
with weights not being well-behaved. This problem is well-known in the reinforcement
literature [Mahmood et al., 2014, Levine et al., 2020], where the ill-behaved weights
result in large variance of estimators; in the methodology we propose in Section 4, it
generally results in a loss of power.

3.3. Two-sample testing with one transformed sample

We can use the framework to perform a two-sample test, after transforming one of the
two samples. Consider the observed distribution ¢* over X = (X*',..., X%) € R? and
K € {1,2}, where the latter indicates which of the two samples a data point belongs to.
We now keep the first sample as it is and change the second sample with a transformation
T, ¢ — 7(q*). We can then test whether, after the transformation, the two samples
come from the same distribution, i.e., whether

¢ (zlk =1) = 7(¢")(z[k = 2)

for all . For example, assume that we know the conditional ¢*(z!'|2z?,k = 2) and
consider transforming this to p*(z!'|z?,k = 2). To formally apply our framework, we
then define

£ *
HO = {P :(X17~--7Xd)|K 1= (X17--~7Xd)\K=27 p($1|$2,k:2) =p (xl‘x27k:2)}
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and the shift 7(q)(z', ..., 2% k) := r(z', 2%, k) - q(2',. .., 2% k), where

1 ifk=1

1.2
r(z-, 2%, k) = (2|22 k=2) .
( ) { Z*EJ»’II$72:::§; if k=2.

In particular this approach can be used for off-policy evaluation (the setting described
in the previous section) to test whether the reward under the training policy ¢*(a|z)
has the same distribution as under a target policy p*(a|z). We first randomly split the
training sample into two subsamples (K = 1 and K = 2) and then test whether the
distribution of the reward is different under the two policies,

L * *
Ho:={P : Rjg—1 = Rjg—2, plalz,k =1) = ¢"(alz) and p(alz, k = 2) = p*(a|2)},

by using weights r(a, z,k) = p*(alz)/q*(a]z) when k = 2 and r(a, z,k) = 1 otherwise.
This is not confined to testing identical distributions: For example, we can also test,
non-parametrically, whether the expected reward under the new policy p*(a|z) is larger
than under the current policy ¢*(a|z). To do so, we define

Ho :=A{P : Ep[R|g—s] < Ep[Rix—1], plalz,k =1) = ¢"(a|z) and p(alz, k = 2) = p*(al2)}.

Section 5.3 shows some empirical evaluations of such tests.

3.4. Dormant independences

Let us consider a random vector (X?,..., X d) with a distribution @ that is Markovian
with respect to a directed acyclic graph and that has a density w.r.t. a product measure.
By the global Markov condition [e.g. Lauritzen, 1996], we then have for all disjoint
subsets A, B,C C {1,...,d} that X4 1 XPB|XY if A d-separates’ B given C. If
some of the components of the random vector are unobserved, the Markov assumption
still implies conditional independence statements in the observational distribution. In
addition, however, it may impose constraints on the observational distribution that are
different from conditional independence constraints. Figure 2 shows a famous example,
due to Verma and Pearl [1991], that gives rise to the Verma-constraint: If the random
vector (X1, X2 X3 X% H) has a distribution @ that is Markovian w.r.t. the graph G

shown in Fig. 2 (left), there exists a function f such that, for all !, 23, 2*,

oo
/ q(z?|zh)q(zt|2t, 2%, 2%) da® = f(a3, 2%) (8)
—oQ

(in particular, f does not depend on z'). This constraint cannot be written as a con-
ditional independence constraint in the observational distribution ). In general, the
constraint (8) does not hold if @ is Markovian w.r.t. H (see Fig. 2, right). Assume
now that the conditional ¢(z3|2?) = ¢*(23|2?) is known (e.g., through a randomiza-

SWhether a d-separation statement holds is entirely determined from the graph; the precise definition
of d-separation can be found in [e.g., Spirtes et al.,; 2000] but is not important here.
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Figure 2.: If @ is Markovian w.r.t. graph G (left), then @ satisfies the Verma con-
straint (8). In general, this constraint does not hold if @ is Markovian w.r.t.
H (right). Such constraints can be tested for using the framework of statistical
testing under distributional shifts, see Section 3.4.

tion experiment). We can then hope to test for this constraint by considering the null
hypothesis
HE :={Q: Q satisfies (8) and q(2*|2?) = ¢*(2®]2%)}

and hence distinguish between G and H. Constraints of the form (8) have been studied re-
cently, and in a few special cases, such as binary or Gaussian data, the constraints can be
exploited to construct score-based structure learning methodology [Shpitser et al., 2012,
Nowzohour et al., 2017]. Shpitser and Pearl [2008] show that some of such constraints,
called dormant independence constraints, can be written as a conditional independence
constraint in an interventional distribution [see also Robins, 1999, Shpitser et al., 2014,
Richardson et al., 2017], and Shpitser et al. [2009] propose an algorithm that detects
constraints that arise due to dormant independences using oracle knowledge. The Verma
constraint (8), too, is a dormant independence, that is, we have

Xl i X4 in Qdo(XS::N)7 (9)

where N ~ N(0,1), for example. Here, Qdo(Xg’:N), denotes the distribution in which
q*(23]2?) is replaced by ¢(2%) see Appendix A.1.2 for details. Using the described
framework, we can test (9) to distinguish between G and H.

In practice, we may need to estimate the corresponding conditional, such as g(z3|z?)
in the example above, from data; as before, this still fits into the framework using (6),
see Section 5.6 for a simulation study. In special cases, such as binary, applying resam-
pling methodology to this type of problem has been considered before [Bhattacharya,
2019], but we are not aware of any work proposing a general testing procedure with
theoretical guarantees.

The problem of testing (conditional) independences under an interventional distribu-
tion has been shown to be relevant in real-world applications. One application is testing
direct effects in dynamic treatment regimes [e.g., Robins and Wasserman, 1997]. Con-
sider a two-stage dynamic treatment regime consisting of a sequence of two treatment
variables A%, A an intermediate covariate vector Z! (corresponding to X!, X3, and X2
in Fig. 2, respectively), and an outcome variable Y. To test whether there is a direct
causal effect of the first treatment A° on the outcome Y, one needs to test whether A is
independent of Y in the interventional distribution in which the conditional ¢*(z!|a') is
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replaced by some marginal ¢(z'). Here, one cannot disentangle the direct causal effect
of A% on Y and the total causal effect based solely on the (conditional) independence
constraints in the observational distribution; the problem is related to the g-null paradox
[Robins and Wasserman, 1997, McGrath et al., 2022].

Another application is testing front-door assumptions in causal effect estimation,
which has been proposed by Bhattacharya and Nabi [2022]. The front-door adjustment
[Pearl, 2009] is an adjustment strategy for identifying the causal effect of a treatment
X on an outcome Y in the presence of hidden confounders U. The main assumption
is that we observe an intermediate variable M that mediates the effect of X on Y and
is not confounded by U. Bhattacharya and Nabi [2022] consider the setup in which we
additionally observe an anchor variable Z which causes both the treatment X and the
mediator M, but does not directly cause the outcome Y. The anchor variable allows for
testing of the front-door assumptions by testing independence constraints under the in-
terventional distribution in which the conditional ¢*(m|z, z) is replaced by some marginal
¢(m). We follow Bhattacharya and Nabi [2022] and conduct a numerical experiment on
the Framingham heart study dataset [Dawber et al.; 1951] in Section 5.7.

3.5. Uncovering heterogeneity for causal discovery

For a response variable Y, consider the problem of finding the causal predictors XAy
with PAy C {1,...,d}, among a set of potential predictors X*,..., X?. assumes that
data are observed in different environments and that the causal mechanism for Y, given
its causal predictors PAy is invariant over the observed environments [see also Haavelmo,
1944, Aldrich, 1989, Pearl, 2009]. This allows for the following procedure: For all sub-
sets S C {1,...,d} one tests whether the conditional Y'|X* is invariant. The hypothesis
is true for the set of causal parents, so taking the intersection over all such invariant
sets yields, with large probability, a subset of PAy Environments can, for example,
correspond to different interventions on a node X7. Using the concept of testing un-
der distributional shifts, we can apply a similar reasoning even if no environments are
available and one causal conditional is known instead.

Assume a causal model (e.g., a structural causal model, SCM, see Appendix A.1.2)
over the variables Y, X', ..., X% and denote the causal predictors of X7 by PA;. Assume
further that there is a j for which the conditional ¢*(27]|2"4) is known. To infer the
causal parents of Y, we now construct a new distribution, in which the conditional
q*(27|2"47) has been changed to another conditional p*(x7|zPA5) — this corresponds
to a distribution generated by an intervention on X7. We then take the original and
the resampled data as two ‘environments’ and apply the ICP methodology by testing
whether the conditional Y | X is invariant w.r.t. these two environments. That is, in
the absence of ‘true heterogeneity’, we use the known conditional to artificially sample
heterogeneity. Formally, for a candidate set S C {1,...,d} and an indicator variable K
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indexing the two environments, we define the hypothesis

Hog:={P:Y| XS|K:1 £y | XS|K:2, P($j|l’PAj7k =1)= q*(fUPAj|$PAj) and

p(a? | k= 2) = p*(a™ 7))

and the shift factor (27, 274 k) similar to the one in Section 3.3. Naturally, the pro-
cedure extends to K > 2. The distributional shift corresponds to an intervention on X/
and it follows by modularity® that Hppa, is true. Therefore, the intersection over all
sets for which Hy ¢ holds trivially satisfies

ﬂ S c PAY>
S:Hy, s holds

where we define the intersection over an empty index set as the empty set. Our frame-
work allows for testing such hypotheses from finitely many data (that were generated
only using the conditional ¢*(x7|2PA7)) and prove theoretical results that imply level
statements for testing Hpg. Such guarantees carry over to coverage statements for
S = N$:Hy g not rej. S, that is, S C PAy with large probability.

3.6. Model selection under covariate shift

Consider the problem of comparing models in a supervised learning task when the co-
variate distribution changes compared to the distribution that generated the training
data. Formally, let us consider an i.i.d. sample D := {(X;,Y;)}"; from a distribution
q*, where X; € X are covariates with density ¢*(z) and Y; € ) is a label with conditional
density ¢*(y|z). First, we randomly split the sample into two distinct sets, which we call
training set Dyyq;n and test set Dyegs. Let fl : X — Y and fg : X — ) be outputs of two
supervised learning algorithms trained on Dy.qi,. In model selection under covariate
shift [e.g. Quionero-Candela et al., 2009], we are interested in comparing the perfor-
mance of the predictors fl and fg on a distribution p*, where the covariate distribution
is changed from ¢*(x) to p*(z), but the conditional p*(y|z) = ¢*(y|x) remains the same.
If we had an i.i.d. data set D%, from the shifted distribution p*, we could compare the
performances using a scoring function S(Dj%,, f) that for each of the predictors outputs
a real-valued evaluation score. However, we only have access to D;cst, which comes from
q*. Let us for now assume that the shift from ¢*(z) to p*(x) is known. Existing methods
use IPW to correct for the distributional shift [Sugiyama et al., 2007], which requires that
the scoring function can be expressed in terms of an expectation of a single observation,
such as the mean squared error. However, such a decomposition is not immediate for
many scoring functions as for example the area under the curve (AUC). The framework
of testing under distributional shifts allows for an arbitrary scoring function (as long as
a corresponding test exists) while maintaining statistical guarantees. To this end, we

SFormally, given an SCM, the statement follows from the global Markov condition [Lauritzen, 1996] in
the augmented graph, including an intervention node with no parents that points into X”7.
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define the hypothesis

HO,fth = {P : EngstN [ ( testafl) (Dfehshf?)] < 07 p(JI) :p*(x)7p(y‘x) = q*(y’x)}v

with the shift factor r(z) = p*(z)/q¢*(z). Using data Dies from ¢*, the methodology
developed below allows us to test this hypothesis H, Fife that is, whether, in expecta-

tion, f outperforms fs in the target distribution p*, which includes the shifted covariate
distribution. In practice, the densities p*(x) or ¢*(z) may not be given but one can still
estimate these densities from data and apply our framework using (6).

4. Testing by Resampling

In Section 3, we listed various problems that can be solved by testing a hypothesis about
a shifted distribution. In this section, we outline several approaches to test a target
hypothesis 7(Q*) € Hy, see (1), using a sample X,, from the observed distribution Q*.
We initially consider the shift 7 known, and later show that asymptotic level guarantees
also apply if 7 can be estimated sufficiently well from data.

Our approach relies on the existence of a hypothesis test ,, for the hypothesis Hy
in the target domain and applies this test to a resampled version of the observed data,
which mimics a sample in the target domain. We show that — under suitable assumptions
— properties of the original test ¢,, carry over to the overall testing procedure 1] (of
combined resampling and testing, as defined in (11)).

This section is organised as follows. First, in Section 4.1, we propose a resampling
scheme, which we show in Section 4.2 has asymptotic guarantees. In Section 4.3, we
discuss how to sample from the scheme in practice and we describe a number of extensions
in Section 4.4. In Section 4.5 we show that a simpler rejection sampling scheme can be
used if stricter assumptions are satisfied.

4.1. Distinct replacement (DRPL) sampling

We consider the setting, where 7(q)(z) o r(x)q(x) for a known shift factor r; see
(5). First, we draw a weighted resample of size m from X,, similar to the sampling
importance resampling (SIR) scheme proposed by Rubin [1987] but using a sampling
scheme DRPL (‘distinct replacement’) that is different from sampling with or with-

out replacement. More precisely, we draw a resample (X;,,...,X; ) from X,,, where
(i1,.-,im) € {1,...,n}™ is a sequence of distinct’ values; the probability of drawing
the sequence (i1, ...,0n,) is

w(il,...,im) X

T()(Xip) g /s SN e s
[0, r(X,) <TI0, —ax,) oy if (i1,...,1m,) is distinct and (10)
0 otherwise.

"We use ‘distinct’ and ‘non-distinct’ only to refer to the potential repetitions that occur due to the
resampling (i1, ...,%m) and not due to potential repetitions in the values of the original sample X,,.
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Algorithm 1 Testing a target hypothesis with known distributional shift and resampling
A).

Input: Data X,,, target sample size m, hypothesis test ¢,,, shift factor r(z
L (i1,...,%m) ¢ sample from {1,...,n}"™ with weights (10) (see Appendix A.4)
2: \I/B’I;;LL(X”) < (Xil? R 7Xim>

return ¢7,(Xy) = om(Vpp (X))

We provide an efficient sampling algorithm and discuss different sampling schemes in Sec-
tion 4.3. We refer to (X, ..., X;, ) as the target sample and denote it by Wip; (X,,, U),
where U is a random variable representing the randomness of the resample. If the ran-
domness is clear from context, we omit U and write Wpp (X,,). When m is fixed and
n approaches infinity, the target sample Wpzo; (X,,) converges in distribution to m i.i.d.
draws from the target distribution 7(Q*); see Skare et al. [2003] for a proof for a slightly
different sampling scheme. Based on our proposed resampling scheme we construct a
test ¢, for the target hypothesis (1) using only the observed data X,, by defining

U (Xn) = om(Pprpr, (X)), (11)

see also Algorithm 1.

We show in Section 4.2 that distinct sampling, Wpgpr, allows us to show guarantees
without introducing regularity assumptions on the test ¢,,. The motivation for resam-
pling without replacement comes from the fact that tests, as opposed to estimation of
means, may be sensitive to duplicates; an extreme but instructive example is a test of the
null hypothesis that no point mass is present in a distribution. A resampling test with
large replacement size and possible duplicates would not be able to obtain level in such
a hypothesis. Although we show in Appendix A.5 that under stricter assumptions, sam-
pling with replacement, that is using Wggpr, becomes asymptotically equivalent to using
Wprpr, this example highlights, that in the non-asymptotic regime, sampling duplicates
may be harmful.

The resampling scheme Wpgpy in (10) is similar, but not identical to what would
commonly be called ‘resampling without replacement’ (WUyg-gepr.), where one draws a
single observation Xj;, , removes X;, from the list of candidates for further draws and
normalizes the remaining weights to reflect the absence of X;, (see also Section 4.3).
Wpgrpr, and Wyg-gepr, differ in the normalization constants, and the normalization constant
in Wpgpr, is easier to analyze theoretically. This enables Lemma A.1 in Appendix A.8,
which describes the asymptotic behaviour of the mean and variance of (10) as well as
of the normalization constant of (10). We consider Wpppr a tool that enables simpler
theoretical analysis of SIR methods; in practice it is plausible that using Wyg-gepr, instead
of Wpgpr will yield similar results, though we are not aware of any theory justifying this.

4.2. Pointwise asymptotic level and power

We now prove that the hypothesis test v inherits the pointwise asymptotic properties
of the test ¢ in the target domain. To do so, we require two assumptions: m and n have
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to approach infinity at a suitable rate, and we require the weights to be well-behaved.
More precisely, we will make the following assumptions.

(A1) m = m(n) satisfies 1 < m < n, m — oo and m = o(y/n) for n — co.
(A2) Eqg[r(X;)?] < oco.

Assumption (A1) states that m must approach infinity at a slower rate than \/n. As-
sumption (A2) is a condition to ensure the weights are sufficiently well-behaved, and is
similar to conditions required for methods based on IPW, for example [Robins et al.,
2000]. If r(z4) only depends on a subset A of variables, and 24 takes finitely many val-
ues, Assumption (A2) is trivially satisfied for all Q). In the case of an off-policy hypothesis
test, such as the one described in Section 3.2, a sufficient but not necessary condition
for Assumption (A2) to hold for @Q* is that the policy ¢*(a|z) is randomized, such that
there is a lower bound on the probability of each action. For a Gaussian setting, where r
represents a change of a conditional q(z7 \xj/) to a Gaussian marginal p(z7), we provide
in Appendix A.9 sufficient and necessary conditions under which Assumption (A2) is
satisfied. If the hypothesis of interest is in the observed domain (see Section 2.4), we are
usually free to choose any target density, so we can ensure that the tails decay sufficiently
fast to satisfy Assumption (A2). In Section 5.1 below, we analyze the influence of As-
sumptions (A1) and (A2) on our test holding level in the context of synthetic data. We
now present the first main result which states that if a, = limsup,_,o Pp+(¢r(Zi) = 1)
is the asymptotic level of the test ¢ when applied to a sample Zj, from P*, then this is
also the asymptotic level of the resampling test in Algorithm 1 when applied to a sample
X,, from Q*. All proofs can be found in Appendix A.8.

Theorem 1 (Pointwise asymptotics — known weights). Consider a null hypothesis
Hy C P in the target domain. Let 7 : Q — P be a distributional shift for which a
known map r : X — [0,00) ewists, satisfying 7(q)(z) = r(x)q(x), see (5). Consider
an arbitrary Q@ € Q and P = 7(Q). Let ¢ be a sequence of tests for Hy and define
ay = limsupy . Pp(pr(Zi) = 1). Let m = m(n) be a resampling size and let 1), be
the DRPL-based resampling test defined by ¢! (X,,) = om (Ve (X5)), see Algorithm 1.
Then, if m and Q satisfy Assumptions (A1) and (A2), respectively, it holds that

limsup Pg(¢,,(X,) = 1) = a,.

n—o0
The same statement holds when replacing both lim sup’s with liminf’s.

Theorem 1 shows that the rejection probabilities of " and ¢ converge towards the
same limit. In particular, the theorem states that if  satisfies pointwise asymptotic
level in the sense of (7), and Assumption (A2) holds for all Q € 771(Hp), then also
1" satisfies pointwise asymptotic level (3). Similarly, because the statement holds for
P ¢ Hy, too, ¥" has the same asymptotic power properties as .

We show in Theorem 1, that Assumption (A1) is sufficient to obtain asymptotic level
of the rejection procedure. In fact, as we show in the following theorem, it is also
necessary: If, m,n approach infinity with m > n? for ¢ > %, there exists a distribution
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@, a shift » and a sequence of tests o such that Assumption (A2) is satisfied and
ay = limsupy_, . Pp(pr(Zi) = 1) < 1 but the probability of rejecting the hypothesis
on any resample of size m converges to 1. This applies for any resampling scheme,
including sampling with replacement.

Theorem 2 (In general, (Al) cannot be relaxed). Fiz ¢ € {2,3,...} and let ¥ be any
resampling scheme that outputs a (not necessarily distinct) sample of size m = n? with
q>({—1)/¢, and let ap, € (0,1). Then there exist a distribution Q € Q, a distribution
shift 7+ Q@ — P with a known map r : X — [0,00), a null hypothesis Hy C P and a
sequence of hypothesis tests oy, such that 7(Q) € Ho, limsupy_,. Prg)(pr(Zr) = 1) <
., Egr(X)*] < co and

: m
J’LII;OPQ(SOW(W (Xn)) = 1) =1

In particular, letting £ = 2 in Theorem 2 shows that Theorem 1 does not hold without
Assumption (Al). On the grounds of Theorem 2, it is tempting to think that if one
strengthens Assumption (A2) to Eq[r(X;)‘] < co, then one can relax Assumption (A1)
tom = o(nl_l/ %), which would enable larger resample sizes. Yet, so far, we have not
succeeded in extending the current proofs of Theorem 1 to this set of assumptions.
Remark A.1 after the proof of Theorem 1 provides a few details on the difficulty of
extending the current proof.

So far, we have considered the case in which the known shift factor r does not depend
on q. Next, we consider the setting in which the shift factor is allowed to explicitly
depend on ¢. This is relevant, for example, if the shift 7 represents a change of the
conditional of a variable X7 from ¢*(2/|z?) to p*(27]|2®), say, but the observational
conditional ¢*(z|z?) is unknown, corresponding to the setting in (6). If ¢* (27 |2B) is
unknown, we are not able to compute the weights p*(X7|X)/q*(X]| X ). However, we
can still try to estimate ¢*(x7|z?) (or even 7) and obtain approximate weights # oc p* /§*.
Assume we have two data sets X,,, and X,,, both containing samples from Q*, with ny
and mno observations respectively and the first one is used to estimate r and the second
one to perform the test, see Algorithm A.1. Then, if we make the following modifications
to Assumptions (A1) and (A2),

(A1’) m = m(ng) satisfies 1 < m < ng,m — co and m = o(min(n‘f,néﬂ)) for ny,nys —
007

(A2") Eqlry(Xi)?] < oo,

the following theorem states that even when estimating the weights, it is possible to
obtain pointwise asymptotic level for the target hypothesis (1) — if the weight estimation
works sufficiently well.

Theorem 3 (Pointwise asymptotics — estimated weights). Consider a null hypothesis
Hy C P in the target domain. Let 7 : Q — P be a distributional shift, satisfying
7(q)(z) x r¢(z)q(z), see (6). Consider an arbitrary Q@ € Q and P = 7(Q). Let vy
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be a sequence of tests for Hy and let o, = limsupy,_,. Pp(pr(Zy) = 1). Let 7, be an
estimator for rq such that there exists a € (0,1) satisfying

lim sup Eg ‘ (Tn(x)> -1

n—=00 pcx T‘q(l‘)

=0,

where the expectation is taken over the randomness of 7. Let m = m(ng) be a re-
sampling size and let Q,bflhm be the DRPL-based resampling test defined by vy, ,,, =

fnl ,m

Om(Ypehr (Xn,)) from Algorithm A.1 in Appendixz A.3. Then, if m and Q satisfy As-
sumptions (A1°) and (A2’°), respectively, it holds that

limsup Pg (¢, (X,) = 1) = .

n—o0

The same statement holds when replacing both limsup’s with lim inf ’s.

Theorem 3 shows that v converges to the same limit as ¢. In particular, as for the
case of known weights, if ¢ satisfies pointwise asymptotic level and Assumption (A2’)
holds for all Q € 77 1(Hy), then also v" satisfies pointwise asymptotic level for the
hypothesis 7(Q*) € Hy and 1" inherits asymptotic power properties, too.

4.3. Computationally efficient resampling with Wpzp

In Section 4.1 we propose a sampling scheme Wpgpy,, defined by (10), and in Section 4.2
we prove theoretical level guarantees when we resample the observed data using Wpgpr..
In this section, we display a number of ways to sample from Wpgp;, in practice.

To do so, let Ugepr, and Yyg-pepr, denote weighted sampling with and without replace-
ment, respectively, both of which are implemented in most standard statistical software
packages. Though Wpgpr, and Wyg-gepr. both sample distinct sequences (i1, .. ., 4y), they
are not equal, i.e., they distribute the weights differently between the sequences (see
Appendix A.4). We can sample from Wpgp by sampling from Wggpr and rejecting the
sample until the indices (i1, .. .,4,,) are distinct, see Appendix A.4.1. In Proposition A.1
we prove that under suitable assumptions, such as m = o(y/n), the probability of drawing
a distinct sequence already in a single draw approaches 1, when n — oo.

In some cases (though these typically only occur when Assumption (A1) or Assump-
tion (A2) are violated, and our asymptotic guarantees do not apply), the above rejection
sampling from Wgep; may take a long time to accept a sample. For these cases, we pro-
pose to use an (exact) rejection sampler based on Wyg-ggpr., which will typically be faster
(since it has the same support as Wpgpr). We provide all details in Appendix A.4.2.

If neither of the two exact sampling schemes for Wpgpy, is computationally feasible, we
provide an approximate sampling method that applies a Gibbs sampler to a sample from
Wyo-repr; We refer to this scheme as Wpgpr-grees. Finally, one can simply approximate
Wprpr by a sample from Wyg_gepr, — this is computationally faster, and leads to similar
results in many cases. The details are provided in Appendix A.4.3. In practice, our
implementation first attempts to sample from Wyg-gepr by (exact) rejection sampling,
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and if the number of rejections exceed some threshold, sampling without replacement is
used instead.

Proposition A.1 (mentioned above) has another implication. We prove that we can
obtain the same level guarantee, when using Wggpy, instead of Wpgpr, (see Corollary A.1 in
Appendix A.4). This result, however, requires an assumption that is stronger than As-
sumption (A2). Intuitively, stronger assumptions are required for Wggpr, because sampling
with replacement is much more prone to experience large variance due to observations
with huge weights.

4.4. Extensions

In this section, we discuss a number of extensions of the methodology and theory pre-
sented in the preceding sections.

4.4.1. Heuristic data driven choice of m

Resampling distinct sequences requires that we choose a resampling size m that is smaller
than the original sample size n. If m is too large when sampling distinct sequences, it
can happen that eventually there are no more points left that are likely under the target
distribution. Consequently, the resampling procedure disproportionally often has to
sample points that are very unlikely in the target distribution. This leads to the target
sample being a poor approximation of the target distribution. Our theoretical results
show that choosing a resampling size of order o(y/n) avoids this problem, see Theorem 1.

However, this result is asymptotic and does not immediately translate into finite sam-
ple statements. Furthermore, in many cases also the requirement m = o(y/n) is too strict,
and asymptotic level can also be obtained by setting m = o(n®) for some a € (1/2,1]
(with the most extreme case being P* = Q*, where a = 1 can be applied). Since a larger
m typically results in increased power of the hypothesis test, we want to choose m as
large as possible while maintaining that the target sample still approximates the target
distribution.

Consider the case where 7 corresponds to changing ¢*(z7]2%) to p*(27|2?). We can
then test the validity of the resampling by testing whether the target sample matches the
theoretical conditional. Specifically, for a fixed m, we can verify whether the conditional
X7 | X in the resampled data Wpyp (X,,) is close to the target conditional p*(z7|2?)
by a goodness-of-fit test x(Wppor (X)) € {0,1}. If m is chosen too large, the resampling
is likely to include many points with small weights, corresponding to small likelihoods
p* (27| XP), which will cause the goodness-of-fit test to reject the hypothesis that the
target sample has the conditional p*(z7| X B).

We can use this to construct a data-driven approach to selecting m: For an increasing
sequence of m’s, perform the goodness-of-fit test for several resamples x(Vpap (X5)1),

oy KT (X)) k). T & o0 w(Wpaes (X )k) is smaller than some predefined cutoff
qt, we accept m as a valid target sample size®. We then use the largest accepted m

8Concretely, since under the null hypothesis, x(¥pm (X»)x) is uniform, we chose qt to be the a.-

quantile of the mean of K uniform distributions for some a. € (0, 1), see Appendix A.6. Doing so,
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as the resampling size in the actual test for the hypothesis of interest. We summarize
the procedure for finding m in Algorithm A.2 in Appendix A.6 and call this the GOF-
heuristic for choosing m.

To avoid potential dependencies between the tuning of m and the hypothesis test, we
could use sample splitting. In practice, however, we use the entire sample, since the
dependence between the tuning step and the final test in our empirical analysis appears
to be sufficiently low such that the level properties of the final tests were preserved, see
e.g., the experiment in Section 5.1.

If the target conditional p* (27| X P) is a linear Gaussian conditional density (i.e., X7 |
XB ~ N(BTXPE,0?) for some parameters 3,0 under P*) the goodness-of-fit test can
be performed by using a linear regression and testing the hypothesis that the regression
slope in the resample is 5. For more complex conditional densities, one should prefer a
test that has (pointwise asymptotic) power against a wide range of alternatives. Here,
we propose to use the kernel conditional-goodness-of-fit test by Jitkrittum et al. [2020]
to test that the resampled data Wipp (X,,) has the desired conditional.

4.4.2. Combining different resamples

The proposed procedure draws a random resample and hence a different conclusion of
the test may be drawn if the procedure is repeated. To reduce this randomness, we may
wish to repeat the resampling and testing several times, and combine the tests into a
single test.

Repeating the procedure can also have a positive impact on sample efficiency: While
Theorem 1 shows that m = o(y/n) suffices for any distribution shift satisfying Assump-
tion (A2), this choice of m is in many cases too strict. An extreme case is when P* = Q*,
where one could as well test the hypothesis in the n observed points instead of the m
resampled points; here, using a single subsample of size less than y/n is not optimal in
terms of power.

By repeated sampling, a larger part of the information contained in the data can be
exploited. A difficulty in combining tests from several resamples is that the test statistics
are dependent, since they are computed on random subsets of the same data set. Here,
the strength of the dependence needs to be taken into account. Considering the following
two corner cases may help for building intuition. If there are m weights that are much
larger than the remaining ones, the draws and the test statistics of different draws are
mostly identical. In this case, repeated draws do not contain additional information
about the null hypothesis. If all weights are equal, however, the test statistics are less
dependent and thereby the different draws contain partially complementary information.

Several procedures exist for combining dependent tests or statistics [e.g., Liu and
Xie, 2020, Vovk and Wang, 2020, Riischendorf, 1982]. Here, we propose to use the
procedure proposed by Hartung [1999] that considers tests for a single hypothesis and
only requires access to p-values p1, ..., pg that are uniformly distributed under the null
hypothesis. The procedure then transforms the p-values using the inverse Gaussian

ensures that for a fixed m, under the null hypothesis of the resample having the intended conditional,
the test has level a..
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CDF t; = & !(p;), estimates the (pairwise) covariance’ of t1,...,t, and, taking these
covariances into account, considers a weighted average of the probits ¢;. Under the null
hypothesis, this weighted average follows a standard normal distribution, which can be
used to construct a combined p-value for the null hypothesis.

Conducting repeated tests can be combined with the heuristic in Section 4.4.1: We
apply the heuristic to chose a resample size m which holds level, and repeatedly test the
hypothesis using this resample size, which we then combine into a single p-value. As
we demonstrate empirically in Section 5.2, this often increases power compared to only
testing the hypothesis once.

4.4.3. Finite-sample level guarantees

In addition to the asymptotic results presented in Section 4.2, we now prove that the
hypothesis test 1], inherits finite-sample level if the test ¢ in the target domain satisfies
finite-sample guarantees.

Theorem 4 (Finite sample level — known weights). Consider a null hypothesis Hy C P
in the target domain. Let 7 : Q — P be a distributional shift for which a known map
r: X — [0,00) exists, satisfying 7(q)(x) = r(x)q(x), see (5). Consider an arbitrary
Q € Qand P = 7(Q). Let m be a resampling size and let ¢, be a test for Hy and
define ay = Pp(om(Zm) = 1). Also let 1, be the DRPL-based resampling test defined
by U1 (Xy) = @om(Yoee (Xn)), see Algorithm 1. Then, if Q satisfies Assumption (A2),
it holds that

o' V(n,m) > 7 (12)

Po(uh,(X,) = 1) < infroy (1255 + s

where V(n,m) = (%) S0y (7) (5%) (Eolr(X1)? - 1).

Thus, if Eg[r(X1)?] is known, one can evaluate the finite-sample level of the DRPL-
based resampling test for any choice of m. We show in Appendix A.2 that the term
V(n,m) can be computed efficiently and such that numerical under- or overflows is
avoided, even if n and m are so large that evaluating the individual terms (:1) and
(") (%) (Eg[r(X1)?)* — 1) may cause under- or overflows. Given V(n,m), the mini-
mization problem on the right hand side can easily be implemented in numerical opti-
mizers or solved explicitly for the minimal 6. Appendix A.2.1 contains plots of the
upper bound for various values of the parameters.

9This assumes that the pairwise covariance cov(t;,t;) is constant for all i # j. This is satisfied in our
case, since each p; is a result of the same test.

0Taking the derivative with respect to § and equating it to 0, the resulting equation can be rewritten
to a polynomial equation of degree 4. One can then evaluate the right hand side of (12) at the (at
most 4) roots and additionally the boundary point 6 = 0, and use the one that yields the smallest
bound.

If 7 is the identity mapping, i.e. Q* = P*, then Eq[r(X1)?] = 1, and for all m, V(n,m) = 0. As
one would expect, in that case Theorem 4 states that for any m, Pg« (5, (Xrn) = 1) < a, that is, the
probability of rejecting when applying ¢ to the resampled data is upper bounded by the probability
of rejecting when applying ¢ directly to target data.
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4.4.4. Uniform level

The asymptotic level guarantees implied by Theorem 1 are pointwise, meaning we are
not guaranteed the same convergence rate for all distributions Q@ € 771(Hy). How-
ever, as the following theorem shows, if a uniform bound on the weights exists, i.e.,
SUPQer—1(H,) EQ [7(X;)?] < oo, and the test o has uniform asymptotic level, the overall
procedure can be shown to hold uniform asymptotic level.

Theorem 5 (Uniform asymptotic level). Assume the same setup and assumptions as in
Theorem 1. If additionally supge, -1y Eqlr(X:)?] < oo and limsupy,_, o, sup pe pr, Pr(ox(Zy) =
1) < ay, then

limsup sup Po(¢n(X,) =1) < ay,
n—oo Qer—1(Hyp)

i.e., Uy, satisfies uniform asymptotic level a, for the hypothesis T(Q*) € Hy.

4.4.5. Hypothesis testing in the observed domain

In Section 2.4, we argue that one can use our framework for testing under distributional
shifts to test a hypothesis in the observed domain, too. Indeed, the results in Section 4.2
directly imply the following corollary (see Corollary A.2 in Appendix A.8.8 for a more
detailed version).

Corollary 1 (Pointwise level in the observed domain). Consider hypotheses HOQ cQ
and HY C P and let 7: Q — P be a distributional shift such that T(HZ) C HY. Under
the same assumptions as in Theorem 1, if ¢ is a test that satisfies pointwise asymptotic
level z'thhe target domain, 1 satisfies pointwise asymptotic level for the hypothesis
Q" € Hy.

This corollary for example applies to the test in Section 3.1, where we test a hypoth-
esis of (marginal) dependence in a shifted distribution 7(P) although the hypothesis of
interest is conditional independence in ). While the requirement in Assumption (Al)
that m = o(y/n) implies that we are testing the hypothesis in a smaller sample size, the
hypothesis of marginal independence is also statistically simpler to test than a hypoth-
esis of conditional independence. This also means that our approach may come with
computational benefits: We can resample the data into a smaller data set, where the
signal of interest is more concentrated. For example, applying a kernel conditional inde-
pendence test such as the one proposed by Zhang et al. [2011] can be computationally

If P* # Q" then V(n,m) > 0, and for any m the right hand side of (12) exceeds «,. To control
the level of the resampling test, say at a rate o, one can set the resample size m small enough such
that the right hand side of (12) is smaller than a.,;,. We propose to use the largest m such that the
right hand side of (12) is bounded by .

In practice, we find that in many settings, the inequality (12) is not strict: the largest m such
that the right hand side (12) is bounded by ay is not close to being the largest m such that the left
hand side is bounded by «y. Hence, for practical purposes, the scheme for choosing m proposed in
Section 4.4.1 often returns larger values m while retaining level o, under the null hypothesis; we
explore this further in Section 5.
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Algorithm 2 Testing a target hypothesis with known distributional shift and rejection
sampling

Input: Data X,,, hypothesis test ¢,,, shift factor r(24) and bound M.
1: fori=1,2,...,n do

2: Sample U; uniform on (0, 1)
3 if U; > "X then
4: Discard X

return ¢ (X,,) == o (Xiy, .., Xi,,)

expensive when n is large. On the contrary, using a (marginal) kernel independence test
such as the one by Gretton et al. [2008] is computationally simpler and for the proposed
procedure only needs to be applied to a resample of size o(y/n). In our experiments in
Section 5.4, we employ both these tests and find that the procedure of resampling and
testing for marginal independence is indeed orders of magnitude faster.

4.5. An alternative for uniformly bounded weights

In Section 4.1, we propose the ‘distinct replacement’ resampling scheme and show in
Theorems 1 and 4 that this has finite and asymptotic level. The procedure requires
Assumption (A2), that is that the weights have finite second moment.

We now consider the stricter assumption that the weights are globally bounded. Al-
though this assumption is not met for most distributions that are not compactly sup-
ported, this is satisfied for example by distributions on finite state spaces. We show that,
under this assumption, one can use a rejection sampler with finite sample guarantees.

Suppose that 7(q)(z) o< r(z)g(x) and there exists a known M € (0,00) such that
sup, r(z) < M. Given a sample X,, = (X1,...,X,,) of size n from Q*, we can use a
rejection sampler that retains observations X; with probability r(X;)/M (and otherwise
discards them) to obtain a sample from P* = 7(Q*), and apply a hypothesis test ¢,, to
the rejection sampled data; see Algorithm 2.

If ¢, has level guarantees when applied to data Zj from P*, we can test the hy-
pothesis 7(Q*) € Hy with the same level guarantee, since the rejection sampled data
(Xiy, ..., X;,,) are ii.d. distributed with distribution P*. We state this as a proposition.

Proposition 1 (Finite level - bounded weights). Consider a null hypothesis Hy C P
in the target domain. Let 7 : Q — P be a distributional shift for which a known map
r: X — [0,00) ewists, satisfying for all x: T(q)(z) x r(x)q(x) and r(z) < M. Consider
an arbitrary Q € Q and P = 7(Q). Let @i be a sequence of tests for Hy and assume
there exist o, € (0,1) such that for each k € N: o, = sup, Pp(pr(Zy) = 1). Let ¢, (Xy,)
be the rejection-sampling test defined in Algorithm 2. Then it holds that

Po(in,(Xn) = 1) = ay.
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4.6. Statistical inference beyond testing

In this paper, we mainly focus on statistical testing in the target domain. However,
by choosing Hj as a singleton and properly defining ¢ (which is not required to be a
test), the result of Theorem 1 is strong enough to imply that other types of statistical
inference remain valid after resampling, too. We formulate this as a corollary.

Corollary 2 (Confidence intervals, consistency, asymptotic distribution). Let 7: Q —
P be a distributional shift for which a known map r : X — [0,00) exists, satisfying
7(q)(z) < r(z)q(z), see (5). Consider an arbitrary @ € Q and P = 7(Q). Let gk
be an estimator or a confidence region in the target domain for a parameter 6(P). Let
m = m(n) be a resampling size and evaluate the estimator on the resampled data set, that
is, 01 (X)) = gm(VUpppr(Xn)). Then, if m and Q satisfy Assumptions (A1) and (A2),
respectively, b inherits properties like coverage, consistency or asymptotic normality from
g. More precisely, we have the following three statements.

(i) Coverage of confidence regions. Let « € [0,1] be arbitrary. Then,

likrnianP)p(gk(Zk) 260(P))>1-—a = liminfPg(b,(X,)260(P))>1—-a.
—00

n—oo

(ii) Consistency of estimator. Let € > 0. Then, for any suitable norm ||.||,

lim Pp(lg(Ze) — 0(P)| > ) =0 = lim Po(|b},(X,) = 0(P)] > ¢) = 0.

(iii) Asymptotic distribution of estimator. Let F' be a cumulative distribution function,
possibly depending on P, and let ¢ € R be such that F' is continuous in x. Then,
klim Pp(gr(Zy) <z)=F(z) = lim Pg(b,(X,) < z)= F(x).
—00

n—oo

Here, part (i) follows from Theorem 1 by choosing i (Zy) = 1y, (z,)s0(p)}» Decause
the proof of Theorem 1 works with any function ¢y that takes values in {0,1}. Part
(ii) follows with ¢x(Zy) = {4, (z,)—6(P)|>c} and part(iii) when choosing i (Zy) =

ﬂ{gk(zk)ﬁm}'

4.7. Choosing resampling parameters

We summarize the choices of parameters required to apply our framework in Table 1.
Given a data set of size n, we need to specify a resampling strategy and a resampling size
m. Additionally, in cases where the hypothesis of interest is in the observed distribution
(see Corollary A.2), we need to specify a target distribution.

If the weights are uniformly bounded, sup, r(z) < M with known M, we propose to
use the rejection sampler from Section 4.5, which does not require a choice of m and has
finite sample guarantees (see Proposition 1). If the weights are not uniformly bounded
or M is unknown, one can use the DRPL resampling scheme in Appendix A.4, which
has asymptotic level guarantees. Omne can also use the NO-REPL resampling scheme
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Target distribution

Resampling scheme

Resampling size m

Principle Select p* as close to

Details

q* as possible in that
it ensures that weights
are well-behaved

o If target distribution

We suggest to draw
distinct  observations
to ensure wvalid infer-
ence.

e If there exists a known

Select m as large as pos-
sible s.t. resample Te-
mains sufficiently close
to q*.

e Asymptotic  theory

p* is mnot given by M with sup,r(x) < M, requires m = o(y/n)
application, sometimes wuse rejection sampling e Asymptotic heuristic:
minimizing variance  (Section 4.5) m = [vn]

of weights is possible; e In general, use DREPL o GOF-heuristic: m as
in CI testing, often e If computationally in- large as possible until
replacing ¢*(z|z) by feasible or n very large, GOF test rejects (Sec-
q*(x) works well use NO-REPL (assuming tion 4.4.1) (make GOF
° Optimize over Assumption (A2’)) as powerful as possible to
feasible target distri- maintain overall level)
butions p* to minimize e Improve power and
Varg-(r(X)) reduce randomness by

drawing multiple resam-
ples and combining the
tests (Section 4.4.2)

Table 1.: Summary of how to select the user-specified parameters of the resampling pro-
cedure.

(Appendix A.5), which is computationally faster, though sampling with replacement
from a finite sample for many test statistics requires one to specify an effective sample
size.

To choose the resampling size, we propose to use the GOF-heuristic described in
Section 4.4.1, which increases m as long as a goodness-of-fit test is accepted. We propose
to use conservative test by setting the rejection level high (10% — 30%), to ensure that
the goodness of fit test has sufficient power to detect if the resampling did not work.
One can also use the asymptotic heuristic m = |y/n], which ensures asymptotic level but
may not be appropriate for finite samples, or the m with finite sample level guarantees
from Theorem 4 which however may be too conservative in practice. We recommend to
repeat the resampling and testing procedure and use the combination test from Hartung
[1999] whenever possible, as described in Section 4.4.2.

In applications, where the target distributions is not given, one also needs to chose
the target distribution p. For example in the application of conditional independence
testing (Section 3.1) we are interested in converting a conditional distribution ¢*(x|z)
into a marginal distribution p(z). In such cases, we can choose the marginal to ensure
that the weights are well-behaved, yielding a better performance of our methods. Often,
using the marginal distribution in the observed distribution p(z) = ¢*(z) works well.
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5. Experiments

We present a series of simulation experiments that support the theoretical results devel-
oped in Section 4.2 and analyze the underlying assumptions. We also apply the proposed
methodology to the problems described in Section 3. A simulation experiment for model
selection under covariate shift (see Section 3.6) can be found in Appendix A.7.2. Un-
less noted otherwise, the experiments use the Wpppr resampling scheme. Code that
reproduces all the experiments is available at https://github.com/nikolajthams/
testing-under-shifts.

5.1. Exploring assumptions Assumptions (Al) and (A2)

We explore the impact of violating either Assumption (A1), stating that m = o(y/n),
or Assumption (A2), stating that the weights must have finite second moment in the
observational distribution. To do so, we apply the procedure discussed in Section 3.1
that reduces a conditional independence test X 1 Y |Z in the observational domain
to an unconditional independence test in the target domain. Specifically, we simulate
n = 10’000 i.i.d. observations from the linear Gaussian model with

X =¢ex Z =X+ 2y Y =0X+27Z+¢ey

for some # € R and ex,ez,ey ~ N(0,1) inducing a distribution Q* over (X,Y, Z).
We assume that the conditional distribution ¢*(z|x) is known and replace it with an
independent Gaussian distribution ¢, (z) with mean zero and variance o2, breaking the
dependence between X and Z in the target distribution.

We then perform a test for independence of X and Y in the target distribution using
a Pearson correlation test. We do this both for § = 0.4 (where X X Y| Z and ideally
we reject the hypothesis) and for § = 0 (where X 1 Y |Z and ideally we accept the
hypothesis). Fig. 3 shows the resulting rejection rates of the test, where we have repeated
the procedure of simulating, resampling and testing (at level a = 0.05) 500 (left) or
10’000 (right) times. In this experiment, the Wyg_ggpr, sampler is used, since the rejection
samplers break as m gets very large.

First, we test the impact of changing the resampling size m. For each simulated data
set X,, and each m, we resample 100 target data sets ¥ (X,,), and compute the rates of
rejecting the hypothesis. The shaded areas in Fig. 3 (left) indicate 95% of the resulting
trajectories, and the solid lines show one example simulation. Our theoretical results
assume m = o(y/n) and, indeed, the hypothesis rejects around 5% of simulations when
X 4 Y (0 =0) for small m. As discussed in Section 4.4.1, Assumption (Al) may in
some cases be too strict, and we observe that the 5% level is retained when m moderately
exceeds y/n; but as m grows larger, the level is eventually lost.

For the same example simulation X,, as in the left plot, we also apply the GOF-
heuristic for choosing m as described in Section 4.4.1, and plot the resulting p-values in
Fig. 3 (middle). Since the data are Gaussian, we can perform the goodness-of-fit test by
a simple linear regression analysis. For each m, we compute the average of the p-values
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Figure 3.: (All) Rejection rates from the experiments in Section 5.1. We replace the con-
ditional distribution ¢*(z|z) with a marginal distribution ¢,(z). We perform a
test for independence X 1L Y in the target distribution, and plot the rejection
rates. (Left) Validation of Assumption (Al). We run the resampling with
o = 1 and different sample sizes m. Shaded regions show 95% quantiles of the
rejection rates of the hypothesis test. The level seems to hold for m < /n,
the latter corresponding to the asymptotic rate Assumption (A1) (left of the
dashed vertical line). Circles indicate the m suggested by the middle plot
and triangles the m suggested by the finite-sample method described in Sec-
tion 4.4.3 — as expected, this is a conservative choice. The GOF-heuristic
suggests an m that indeed yields larger power. (Middle) P-values (dots) and
average p-values (lines) when applying Algorithm A.2 to choose m. We se-
lect m (circled) from the first time, the goodness-of-fit test (horizontal dashed
line) is rejected. (Right) Validation of Assumption (A2). Our procedure is
run with different standard deviations ¢ in the Gaussian target distribution
Po(2) ¢o(z). The dashed vertical line indicates the theoretical threshold of
V6, see Section 5.1.

(solid lines), and increase m until the average p-value drops below the 5% quantile of
the distribution of mean (U1, ..., Uy) where Uy, ..., Uy are i.i.d. uniform random variables.
The circles in the left and middle plot indicate the m that is chosen by Algorithm 1 for
this simulation. We observe in the left plot that the power of the test can be increased
using the m suggested by the middle plot, while the level approximately holds at 5%.

Second, we test the importance of Assumption (A2). For different o (and fixed m =
\/n), we compute the weights r = ¢,(Z;)/q(Z;|X;), and in Fig. 3 (right) we plot the
rejection rates of the test statistic when X — Y (# =0.4) and X 4 Y (6 =0). We show
in Appendix A.9 that Assumption (A2) is satisfied if and only if 02 < 2(032% — 0%),
where 0% is the variance of X and 03252 is the variance of the noise term in the structural

assignment for Z. In this experiment, it follows that Assumption (A2) holds if and only
if o < +/6. We observe that when o exceeds the threshold of v/6 (vertical dashed line),
the level eventually deviates from the 5% level. Furthermore, the power drops when o
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Figure 4.: Plotting rejection rates for the experiment for both a single test as well as 3
different combination tests, see Section 4.4.2.

approaches the threshold.

5.2. Combining repeated tests

In Section 4.4.2, we discussed combining multiple resamples, in order to both reduce
the randomness of our resampling procedure, and to possibly get better finite sample
performance, from using a larger part of the data.

In this experiment, we explore the effect of employing various combination tests, which
allow for arbitrary dependencies between the tests. First, we consider the Cauchy com-
bination tests (CCT) of Liu and Xie [2020]. They assume that the test statistics are
normally distributed, though they find that the outcome is not sensitive to this as-
sumption in practice. We also consider the combination test of Hartung [1999], which
transforms the p-values (assuming they are uniform under the null hypothesis) into a
Gaussian distribution, and estimates the covariance between the tests in the transformed
space. Lastly, we consider the combination procedure in Meinshausen et al. [2009], which
combines p-values by taking quantiles of the empirical distribution [see also Riiger, 1978,
Vovk and Wang, 2020].

We consider the task in Section 3.1 of testing conditional independence. We simulate
data from both a linear and a nonlinear SCM, and test the hypothesis of conditional
independence X L Y | Z both in a scenario where this null hypothesis is true and where
it is false. In Fig. 4, we plot the resulting rejection rates for various sample sizes n,
where for each n, we sample m points, where m is selected either with the asymptotic
heuristic m = |y/n| or with the GOF-heuristic (see Section 4.4.1) which increases the
resample size until the resample is rejected in a goodness-of-fit test at a 10% level.
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In the linear SCM, where the weights are fitted using a (correctly specified) linear
model, we observe that all three combination tests hold level and gain additional power
over the single test. This is a well behaved scenario, where the asymptotic heuristic is
likely too conservative, and when used in conjunction with the asymptotic heuristic, the
combination tests gain additional power by utilizing more information from the sample.
The gain in power of using combination tests is less pronounced for the GOF-heuristic,
since more information is already used by the adaptive choice of m.

In the nonlinear SCM, most types of combination tests also retain level, though in the
case of the GOF-heuristic (which typically selects m more aggressively) the level is only
attained for larger sample sizes or even not at all, for the test from Liu and Xie [2020].
This could be because the goodness-of-fit test, used to decide how large the resample can
be, may not have sufficient power in small sample sizes to detect when a resample does
not follow the intended target distribution. This nonlinear SCM, where the weights are
fitted by a generalized additive model [Hastie, 2017], is less well-behaved than the linear
SCM, and the weights are more degenerate; as a result, the tests are more correlated
and the combination tests are not necessarily more powerful than the single test. This
shows that while better power can be obtained by combining tests, it can also be lost in
scenarios with degenerate weights, where the tests are strongly correlated.

5.3. Off-policy testing

We apply our method to perform statistical testing in an off-policy contextual bandit
setting as discussed in Section 3.2. We generate a data set X,,, (n = 30'000), consisting
of observations X; = (Z;, A;, R;) with dimensions dz = 3,d4 = dg = 1, drawn according
to the following data generating process:

Z=c; A|Z~q(AlZ) R:=pAZ+enr,

where ez ~ N (0, I3) and e ~ N(0,1), A takes values in the action space {a1,...,ar},
where L = 4, ¢*(a|z) denotes an initial policy that was used to generate the data X,
and f,,, ..., Bq, are parameters of the reward function corresponding to each action. A
uniform random policy was used as the initial policy, i.e., for all a € {aq,...ar} and
z € R3, ¢*(a|z) = 1/L.

The goal is to test hypotheses about the reward R if we were to deploy a target
policy p*(alz) instead of the policy ¢*(a|z). Here, we consider three hypotheses, namely
one-sample test of means, two-sample test of difference in means and two-sample test
of difference in distributions. We set the false positive rate to 5% and use m = /n
without the GOF-heuristic in all three experiments. Rejection rates are computed from
500 repeated simulations.

In the first experiment, we construct different target policies pj(a|z). For § = 0, the
target policy reduces to a uniform random policy and with increasing J, the policy puts
more mass on the optimal action (and thereby increasing the deviation from the initial
policy). As 6 — oo, the target policy converges to an optimal policy. More precisely,
ps(alz) is a linear softmax policy, i.e., pj(alz) o exp (03, z). We then apply our method
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to non-parametrically test whether Ep; (R) < 0 on the target distribution in which the
policy pj(a|z) is used. For § = 0, the expected reward is zero (here, the null hypothesis is
true) and for increasing § the expected reward increases. To apply our methodology, we
employ the Wilcoxon signed-rank test [Wilcoxon, 1992] in the target domain. Figure 5
(left) shows that for 6 = 0, our method indeed holds the correct level and eventually
starts to correctly reject for increasing §. For comparison, we include an estimate of the
expected reward based on TPW.

In the second experiment, we use the same setup as in the first experiment, but
now apply the two-sample testing method discussed in Section 3.3 to test whether
Rig—1 £ R|x—2, where K =1 indicates a sample under the initial policy and K = 2 in-
dicates a sample under a target policy. We consider two non-parametric tests, namely a
kernel two-sample test based on the maximum mean discrepancy (MMD) [Gretton et al.,
2012] (using the Gaussian kernel with the bandwidth chosen by the median heuristic
[Sriperumbudur et al., 2009]) and the Mann-Whitney (M-W) U test [Mann and Whit-
ney, 1947]. Here, for 6 = 0, the two policies coincide and for § > 0, there is a difference
in the expected reward. As shown in Fig. 5 (middle), both tests are able to detect the
difference. The M-W U test has more power than the MMD test.

In a third experiment, we construct different target policies pj} (a|z) by varying their
effect on the variance of the reward distribution, while keeping the mean unchanged.
More specifically, p} (a|z) is a weighted random policy, i.e., p} (alz) o< ¢’ if a = a1 and
o 1 otherwise. This target policy yields the same expected reward as the initial policy
(a uniform random policy), but yields a different variance of the reward. When ¢’ = 1,
the target policy is the same as the initial policy, whereas the variance of the reward
becomes smaller when ¢ increases (in Fig. 5 (right), ¢’ is rescaled to 0-1 range). We
then apply the same two-sample testing methods used in the second experiment to test

whether Rjj—; £ R f—5. This difference is not picked up by the M-W U test and this
time, the MMD test has more power, see Fig. 5 (right).

5.4. Testing a conditional independence with a complex conditional

In the setting of conditional independence testing, we now compare our method — when
turning the problem into a test for unconditional independence as discussed in Section 3.1
— to existing conditional independence tests. We sample n = 150 observations from the
following structural causal model

X = GaussianMixture(—2,2) Z:=-X -X+ez Y :=sin(2)+60X" +ey,

inducing a distribution @*, where GaussianMixture(-2, 2) is an even mixture (i.e.,
p = 0.5) of two Gaussian distributions with means pu; = —2, py = 2 and unit variances,
ez,ey are independent N(0,4)-variables and 6 € [0,3/2], 7 € {1,2}. Considering the
conditional ¢*(z|x) to be known, we apply our methodology for testing conditional in-
dependence X I Y |Z with a 5% level and using the GOF-heuristic in Algorithm A.2.
To do so, we replace ¢*(z|z) by a marginal density ¢(z), which is Gaussian with mean
and variance set to the empirical versions under Q*. In the target distribution, we test
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Figure 5.: Off-policy statistical testing as described in Section 5.3. (Left) One-sample
test for testing whether the mean under pj(alz) is less than or equal to 0,
see Section 3.2. (Middle, Right) Two-sample tests for testing whether the
reward under pj(a|z) and pj} (a|z), respectively, has a different distribution
than the reward under the initial policy, see Section 3.3. In all cases, the null
hypothesis is true for 6 = 0. The target policies affect the mean of the reward
in the left and middle plot, whereas they affect its variance in the right plot.
The framework can be combined with non-parametric tests and thereby allows
for detecting complex differences in the reward distribution when comparing
two policies.

for independence of X and Y using either a simple correlation test (CorTest) or a ker-
nel independence test (HSIC) [Gretton et al., 2008]. For comparison, we also conduct
conditional independence tests in the observable distribution, using the conditional per-
mutation test (CPT) by Berrett et al. [2020], the generalized covariance measure (GCM)
by Shah and Peters [2020] and a kernel conditional independence (KCI) by Zhang ct al.
[2011] (both using standard versions, without hyperparameter tuning). Our resampling
methods use knowledge of the conditional ¢*(z|x), which may be seen as an unfair ad-
vantage over the conditional independence tests. Therefore, we also apply our method
with estimated weights, called HSICfit, where the conditional ¢*(z|x) is estimated using
a generalized additive model. Since CPT cannot exploit knowledge of ¢*(z|z), we es-
timate the conditional ¢*(z|z) to apply CPT. In this example, this is a more complex
conditional than ¢*(z|z) [Hoyer et al., 2009, Peters et al.,; 2014].

We repeat the experiment 500 times and plot the rejection rates in Fig. 6 at various
strengths 6 of the edge X — Y. All instances of our method have the correct level,
see rejection rates for 6 = 0. When 7 = 1, i.e., the direct effect X — Y is linear,
the power of our method approaches 100% as the causal effect increases, albeit the
conditional independence tests obtain power more quickly. When the direct effect is
quadratic, CorTest and GCM have little or no power, as expected since they are based
on correlations (we believe that the slight deviation from 5% level in the left plot is due to
very small sample sizes and the heuristic choice of m). KCI and HSIC have comparable
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Figure 6.: Rejection rates for conditional independence tests X 1L Y | Z in the setting
from Section 5.4. The direct effect of X on Y is 6 X7, where the exponent 7 is
either 1 (green) or 2 (orange), and the 6 is shown on the z-axis. The three left
panels show our method of resampling and testing marginal independence.
Here, we combine our approach with a Pearson correlation test or HSIC.
HSICfit indicates that we estimate the conditional ¢*(z|z) from data. We
compare to three conditional independence tests, CPT, GCM and KCI. CPT
seems to have a slight level violation and, as expected, GCM cannot detect the
nonlinear dependence. The resampling approach can be combined with any
independence test (the same holds for CPT, which is run with a correlation
test, as proposed in the paper) and despite its simplicity, it is able to quickly
reject the alternatives.

power in the quadratic case, with our approach even obtaining slightly more power
than KCI. We observe a slight level deviation for CPT (rejecting in 8.2% of cases with a
confidence interval of (6.27%, 11.16%)), which may occur because the reverse conditional
¢*(z|z) is harder to fit than ¢*(z|x). Our approach has the additional benefit of low
computational costs: conditional independence testing is usually a more complicated
procedure than marginal independence testing and, furthermore, the marginal test is
applied to a data set of size m, which by Assumption (A1) is chosen much smaller than
n.

In Appendix A.7.3 we test the same conditional independences as Berrett et al. [2020]
in the bikeshare dataset by Fanace-T and Gama [2014], and find that, when accepting
hypotheses at at 5% level, our conclusions coincide with those of Berrett et al. [2020]
and Candes et al. [2018].

5.5. Conditional independence testing for right-censored data

We now apply our method for conditional independence testing to the setting of right-
censored data. Consider a random vector (X, Z,Y,C) with a joint density ¢*, where
X is a vector of covariates, Z is a vector of control variables, Y is the time to an
event of interest, and C is the time to the censoring event. In the setting, we do not
directly observe Y and C but instead observe the right-censored time 7' = min(Y, C)
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and the censoring indicator § = 1yp_yy. The aim is to test the conditional independence
X LY | Z given an i.i.d. sample D of (X, Z,T,0). To the best of our knowledge, there
are no non-parametric conditional independence tests available in this setting (with non-
empty conditioning set). Nonetheless, there exist non-parametric marginal independence
tests [e.g., Fernandez et al., 2021] that we can use to test X 1 Y given the sample D.
We can, therefore, apply our method for conditional independence testing introduced in
Section 3.1 to conduct a non-parametric test for X 1 Y | Z by testing X L Y in the
target distribution in which the conditional ¢*(z|z) is replaced by some marginal ¢(x).

To illustrate the use of our approach, we follow Ferndandez et al. [2021] and consider
the colon dataset as our test bed. The data are from the study of adjuvant chemotherapy
in patients with stage B/C colon cancer [Laurie et al., 1989, Moertel, 1995]. Here, we
consider the survival time (time to death) after the treatment as the event-time Y,
which was observed for around 49% of all the patients in the study, and consider testing
whether the survival time Y is independent of the covariate X (the obstruction of colon
by tumour) conditioned on the set of control variables Z (age, sex and the extent of
local spread).

We first analyze the dependency between the pairs (X,Y),(X,Z) and (Z,Y). We
use the Hilbert-Schmidt independence criterion (HSIC) [Gretton et al., 2008] to test
for independence of the pair (X, Z) and the kernel log-rank test for right-censored data
[Ferndndez et al., 2021] to test for independence of the pairs (X,Y) and (Z,Y"). Table 2a
reports the p-values of the (marginal) independence tests. At the confidence level of 95%,
the dependencies of all the pairs are significant. This motivates to investigate further
whether the dependency between the obstruction of colon X and the survival time Y
would still be significant when controlling for Z, i.e., to test for X L Y | Z.

To apply our method, we estimate the conditional density ¢*(z|z) by §(z|z) with
logistic regression and compute the weights r = §(x)/4(x|z), where ¢(x) is the empirical
distribution of X. The weights are then used to obtain the resample that mimics a sample
from the target distribution in which the conditional ¢*(z|z) is replaced by ¢(z). The
size of the resample is determined using our proposed GOF-heuristic with the threshold
ae = 0.05 (see Algorithm A.2 in Appendix A.6). The heuristic selects m = 675 from the
total size of n = 929, indicating that the two distributions are not far from each other.
Table 2b reports the p-values of the independence tests in the resample. The result
shows that the resampling successfully removes the dependency between X and Z in the
resample (the p-value of the hypothesis X I Z is 0.386), while the dependency between
X and Y remains significant. We can hence conclude that the dependency between the
obstruction of colon X and the survival time Y is still significant when controlling for Z
(age, sex and the extent of local spread).

5.6. Testing dormant independences

We now employ our method to test a dormant independence from observational data,
as described in Section 3.4. We simulate data from a distribution Q* that factorizes
according to the graph H in Fig. 2 and test the existence of the edge X' — X%. As
discussed by Shpitser and Pearl [2008], the presence of this edge cannot be tested by a
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Hypothesis P-value Hypothesis P-value
X1Y 0.007 X1Y 0.002
X1z 0.028 X1z 0.386
Z 1Y 0.006 Z 1Y 0.016
(a) Original sample (b) Resample

Table 2.: p-values of independence tests on censored data in (a) the original sample
and (b) in the resample that mimics a sample from the target distribution in
which the conditional ¢*(x|z) is replaced by the marginal §(z) (corresponding
to testing X 1 Y| Z).

conditional independence test, and instead we test marginal independence between X!
and X? in the target distribution QdO(XB::N ), which can be obtained by applying our
method using r,(z3, 2%) := ¢%° (X%=N) (23) /q(23]22), where 2" =N)(23) is the density
in the intervention distribution.

More precisely, we conduct three experiments. In the first experiment, we consider
binary random variables for the observables X', X2, X3 and X*, while the hidden vari-
able H is a discrete random variable with 4 possible values. We estimate g(x3|x?) by the
empirical probabilities and use the empirical marginal distribution of X3 as a target dis-
tribution, i.e., p(z3) = §(23). In general, choosing the marginal distribution as a target
distribution corresponds to a relatively small empirical variance of the weights r, (23, 2%),
see Assumption (A2), even though it may not always correspond to the minimum.'" We
employ Fisher’s exact test to determine whether X! and X* in the interventional dis-
tribution are independent of each other. We compare our method to a more specialized
method based on binary nested Markov models [Shpitser et al.; 2012] that is based on
a likelihood ratio test. Appendix A.7.4 contains simulation parameters from all three
experiments.

In the second experiment, we consider a linear Gaussian SCM. We estimate the condi-
tional g(z3|2?) by a linear regression and, as before, use the empirical marginal distribu-
tion of X3 as a target distribution. We then test for independence between X' and X*
in the interventional distribution using a simple correlation test. Since the distribution is
jointly Gaussian (with linear functions) and satisfies the ‘bow-free’ condition [Brito and
Pearl, 2002b], there is a specialized, non-trivial likelihood procedure for model selection
that we can compare with: We perform maximum likelihood estimation as suggested
by Drton et al. [2009] and use the penalty from Nowzohour et al. [2017] to score the
graphs G and H.

In the third experiment, we consider a nonlinear SCM with non-Gaussian errors. We
estimate the conditional g(z3|2?) using generalized additive models. For simplicity, we
consider a distribution where X3 — E[X? | X?] is Gaussian. Our procedure also applies

"1n the special case of binary variables, when the density ¢(2® 2®) is known, one can
compute the marginal which minimizes the variance: it outputs one with probability
a(2°=1)%/q(x=0,2°=1) 4 q(x>=0)? /(23 =0,2>=0)
q(22=1)2/q(x3=1,22=1)+q(22=0)2/q(z3=1,22=0)+q(22=1)2 /q(23=0,22=1)+q(22=0)2 /q(23=0,22=0) *
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Figure 7.: We test the dormant independence discussed in Section 3.4. The existence
of the edge X' — X% can be inferred by testing a Verma constraint in the
observational distribution, which translates to an independence statement in
the target distribution. The plots show rejection rates for the underlying
graphs G (first, third and fifth plot) and H (second, fourth and sixth plot),
see Fig. 2, as the number of observations increases. Tailored score-based
approaches exist in the binary and Gaussian cases (left and middle) but not
in the case of more complex distributions (right). We plot the rates both
when m = /n and when m is chosen according to the GOF-heuristic in
Algorithm A.2. The GOF-heuristic chooses an m that yields a good balance
between level (graph G) and power (graph H).

to more general settings by applying conditional density estimation to learn g(z?|z?),
for example. To the best of our knowledge, there exist no other methods for testing the
dormant independence in any of such cases.

In all experiments, we consider two strategies for choosing the resampling size m:
(1) m = /n and (2) the GOF-heuristic (see Algorithm A.2). The resulting rejection
rates over 500 repeated experiments, for several sample sizes, are shown in Fig. 7. Our
method identifies both the absence and presence of the causal edge X! — X* in both the
binary and the Gaussian setting. In both the binary and Gaussian settings, the tailored
score-based approaches have more power to detect the absence of the edge (though in
the binary case, the level of the test does not seem to hold exactly when the sample
sizes are small). For the general case (nonlinear and non-Gaussian), our method has the
correct level and increasing power as sample size increases. We are not aware of any
other existing test that can achieve this in general. Compared to m = y/n, the choice of
m with the GOF-heuristic yields larger test power without sacrificing too much the level
of the test (although the level is violated for small sample sizes in the Gaussian setting).
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5.7. Testing front-door assumptions

We apply our method to testing conditional independence under interventions to test
the front-door assumptions as proposed by Bhattacharya and Nabi [2022] on the Fram-
ingham heart study dataset [Dawber et al.,; 1951]. We revisit this dataset and apply our
proposed procedure for choosing the resample size m (see Section 4.4.1) and the method
for combining different resamples (see Section 4.4.2). The Framingham heart study is a
longitudinal epidemiology study of the risk factors for cardiovascular disease. Here, we
consider a similar setup as Bhattacharya and Nabi [2022] and consider testing the front-
door assumptions for estimating the effect of smoking (treatment A) on the development
of coronary heart disease (outcome Y'). The hypertension condition is considered as a
mediator M and the past history of hypertension as an anchor Z. In addition, the set
of covariates C' containing age, sex, and BMI are included as control variables. Fig. 8
(top left) illustrates the assumed underlying causal graph. To apply the front-door ad-
justment for estimating the causal effect of A on Y, one major assumption is that there
is no direct edge from A to Y. Under faithfulness [Pearl, 2009], this assumption can be
verified by testing Z L Y | C in the interventional distribution in which M is replaced
by some marginal, see Fig. 8 (bottom right). We apply our resampling approach by
first estimating the conditional ¢(mla, z,c) =~ ¢*(m|a, z, ¢) with logistic regression and
computing the weights r = ¢(m)/G(mla, z, c), where §(m) is the empirical distribution
of M. The resample size m is chosen using the GOF-heuristic with a. = 0.05 (see Al-
gorithm A.2). In addition, we compute p-values from multiple resamples and combine
them as discussed in Section 4.4.2.

Figure 8 (right) presents p-values of the (conditional) independence tests in the original
sample (a) and in the resample (b). We use the kernel conditional independence (KCI)
test [Zhang et al., 2011] and the Hilbert Schmidt independence criterion (HSIC) test
[Gretton et al., 2008] for the hypotheses Z L Y | Cand M L (A, C, Z), respectively. The
result suggests that the front-door assumption is plausible (the p-value of the hypothesis
Z 1Y | Cis0.263). (Instead of a conditional independence test under intervention,
Bhattacharya and Nabi [2022] use a slightly more involved testing procedure and come
to the same conclusion.) Moreover, our approach successfully eliminates the effect from
(Z,A,C) on M in the resample (the p-value of the hypothesis M L (A,C, Z) is 0.295).

5.8. Comparison to IPW

Inverse probability weighting (IPW) allows us to test simple hypotheses such as Ep[f(X)]
¢ for some constant ¢ € R and a given function f. If data Z,, sampled from the tar-
get distribution P* are available, we could test the hypothesis using the test statistic
% Sty f(Z;). If, instead, data are available from a different observable distribution
Q*, we can estimate the corresponding test statistic in the target domain using the test
statistic
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Figure 8.: (Top left) The assumed causal graph in the observational distribution. (Bot-
tom left) The assumed causal graph in the target distribution, where incoming
edges in M has been resampled away. (Top right) p-values of the (conditional)
independence tests in the observed distribution. (Bottom right) p-values of
the (conditional) independence tests in the target distribution.

where 7(X;) is the normalized versions of the shift factor r (elsewhere we do not require
r to be normalized). If r(X;)f(X;) has finite second moment in @, then T'(X,) is
asymptotically normal with mean Ep[f(X1)] and variance o2 := Vo (r(X1) f(X1))/V7n,
and one can construct a (1 — ) confidence interval as

[T(Xn) — Raj2 " 0/\/71 T(Xn) + Raf2 U/\/ﬁ],

where z, /o is the « /2 quantile from the standard normal distribution.

To compare our approach to the IPW approach, we simulate data (n = 100) from the
following structural equation model

X! .= 1+ex X2 = X1+5X2 X3 = X2—X1+6X3,

with ex1 ~ N(0,3), ex2 ~ N(0,4) and exs ~ N(0,1). In this model, the mean of X3
is Eg[X?3] = 0. We consider the distributional shift corresponding to the intervention
do(X? = ju + &x2) with £xy2 ~ N(0,1) , where X3 has mean Ep[X?3] = — 1, and test
the hypothesis Ep[X?] = 0 for various p using both our resampling approach (with m
chosen according to the GOF-heuristic in Algorithm A.2) and the IPW based confidence
intervals. Since IPW is sensitive to degenerate weights, we also use a ‘clipped IPW’,
where we truncate the 10 largest weights at the 10th largest value (see e.g. Cole and
Herndn [2008]).

Ideally, we accept the hypothesis for 4 = 1 and reject the hypothesis for all other
. The larger p becomes, the easier it should be to reject the hypothesis y = 1, if
target data are available. At the same time, since the target distribution is a Gaussian
distribution centered at p — 1, as u increases, the weights get increasingly degenerate,
because the weights of the data points with the largest numerical values X? dominate
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Figure 9.: Rejection rates for testing whether the mean of X? equals zero, which is
the case if and only if © = 1, see Section 5.8. As p increases, the weights
become more and more ill-behaved and IPW loses some of its power. Neither
the clipped version of IPW nor the resampling framework suffer from this
problem.

the weights of all other data points.

We observe in Fig. 9 that all methods have the correct level at 5% (when p = 1)
and approximately the same power for small p. As p grows, the plain IPW loses its
power, due to weight degeneracy. Both the clipped IPW and our resampling approach
do not suffer from this issue, with power approaching 1, even as weights get increasingly
degenerate. This experiment indicates that our method may share some of the robustness
to degenerate weights that is known from clipped IPW, and at the same time is able to
estimate more complex test statistics, that cannot be estimated using IPW.

5.9. Resampling for heterogeneity to identify causal predictors

In Section 3.5, we propose to use our resampling approach to create heterogeneous data
We therefore generate n = 1’000 i.i.d. observations of Y, X', X2 X3 X% according to
a linear Gaussian SCM with the graphical representation given in Fig. 10 (left). Fur-
thermore, we assume that the conditional distribution ¢*(2?|x!, 23) is known (instead,
one could also assume that PAs = {1,3} is known and estimate the conditional). As
described in Section 3.5, we now generate two environments by considering the observa-
tional distribution and a modified distribution based on a distributional shift. Specifi-
cally, we take the entire sample to form environment K = 1 and then, to form environ-
ment K = 2, we resample from the same data m = 30 (approximately y/n) observations
under the distributional shift generated by replacing the conditional ¢*(z?|z!, 23) with
the target distribution p*(x?|x!, 23) (which flips the sign of the dependence on 23). The
precise data generating process is described in Appendix A.7.4. This results in a data
set with n 4+ m observations from two environments. We then apply ICP to the joint
data from both environments and output the following estimate of the causal predictors:

S = ﬂ S,

S:Hp s accepted
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Figure 10.: (Left) Graphical representation of the SCM used in the simulation of Sec-
tion 5.9. We assume that the conditional ¢*(22|z', 23) is known and use this
to generate resamples that mimic a heterogeneity in the data that we can
then exploit for causal discovery. (Right) Frequencies of the estimated sets.
The theory guarantees that in at most 5% of the cases, the estimated set
is not a subset of {2,3}, the correct set of causal predictors. The numbers
in parenthesis are oracle benchmarks that sample the data directly from the
actual target distribution instead of using resampling.

Here, Hy s is the hypothesis defined in Section 3.5. We use the InvariantCausalPrediction
R-package for this experiment, which tests Hp g using a Chow test [Chow, 1960]. We
repeat the experiment 500 times and report in Fig. 10 (right) how many times each set S

is output As an oracle benchmark, we also report the corresponding frequencies when we
sample the target distribution directly, instead of resampling it (in particular we use the
same total sample size m + n). Our method frequently returns the invariant set {2, 3}
and holds the predicted coverage guarantee: in only 4.2% of the cases, the estimated set

is not a subset of {2, 3}.

The output of the method is guaranteed to be (with large probability) a subset of the
set of true causal predictors, but depending on the type of heterogeneity, the method
may output the empty set. E.g., if the true (unknown) underlying graph equals X* —
Y — X! — X2 < X3, then (for the same experiment), both ICP based on the resampled
data and ICP based on the true target distribution always output the empty set.

The difference between the oracle method and the resampling method (see Fig. 10)
indicates that the resampled distribution does not equal the target distribution. Indeed,
in some regions where the target density has substantial mass, there are no data points
that can be sampled. This, however, does not show any effect on the level of the overall
procedure. Thus, in the resampled data the conditional distribution of X2, given X!
and X? differs from ¢*(2?|x!, 23) (even though it does not equal the target conditional
q*(22|zt, 23)). We hypothesize that the result is therefore similar to choosing a different
target distribution in the first place. Indeed, when changing p*(z!', 22, 23) to match
the data support, the set frequencies of the oracle version closely match the resampled
version.
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5.10. Comparing to double machine learning methods in treatment effect
estimation

We consider a treatment effect estimation setup, where for a binary treatment D, ob-
served confounders X and continuous outcome Y we have that

PQ*(DZl):mo(X) Y:go(D,X)+€y EQ*[€y|X,D] =0

for some unknown functions mg and gg. We consider a setting, where X is 20-dimensional,
my is a sigmoid function and g is either a linear function or a complex, nonlinear func-
tion.

We then consider the hypothesis (in the observed distribution) that the average treat-
ment effect (ATE) is zero, where the ATE is given by 6y = Eg«go(1, X)] —Eg+[g0(0, X)].
Semi-parametrically efficient estimation of 8y, using doubly robust methods that model
both mg and g is possible if estimators of these converge sufficiently fast [Robins et al.,
1994, Robins and Rotnitzky, 1995, Chernozhukov et al., 2018].

In this experiment, we compare our resampling methodology to a doubly robust
method, where for the latter we fit a logistic regression model to estimate mg and either
a random forest (nonlinear case) or a linear regression (linear case) to estimate g, using
the DoubleML package in Python [Bach et al.; 2022]. We then test the hypothesis 6y = 0
by checking whether a 95% confidence interval contains zero.

To apply our methodology to this problem, we also fit a logistic regression model
to estimate the conditional ¢*(d|x) and replace this conditional with a marginal target
probability p(d), which matches the empirical marginal probability of treatment, ¢*(d).
We then apply a t-test ¢, to the resample [Student, 1908], to test the hypothesis of
0o = 0 at a 5% level using the combination test from Hartung [1999], as discussed in
Section 4.4.2. We apply this method both with the asymptotic heuristic (m = [/n])
and with the GOF-heuristic, where we chose m as large as possible while still accepting
a goodness-of-fit test that the resample follows the target distribution (Section 4.4.1) at
a 20% level.

We repeat the experiment 300 times and in Fig. 11 we plot the rejection rates for
the hypothesis both in a scenario where 6y = 0 (no effect present) and where the ATE
is non-zero (effect present). Our procedure, using either heuristic, and the double ML
procedure satisfy the desired 5% level for all sample sizes. When the true outcome model
go is a complex function, our procedure with the GOF-heuristic outperforms the power of
the double ML method; our resampling procedure does not model gg, and so is unaffected
by how difficult it is to estimate gg. On the contrary, when gg and mg are both simple
functions, the double ML approach (which we correctly specify by using a linear and
a logistic regression) attains more power than our procedure. The GOF-heuristic has
more power than the asymptotic heuristic in both the linear and the nonlinear setting,
as one would expect since the GOF-heuristic use larger resampling sizes m to test the
hypothesis.
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Figure 11.: Rejection rates for the hypothesis that the average treatment effect (ATE) is
0 in the experiment in Section 5.10. We consider two different data generating
mechanisms (rows) and both a situation where the treatment has no effect
and one where it does (columns).

6. Conclusion and Future Work

We formally introduce statistical testing under distributional shifts and illustrate that
it can be applied in a diverse set of areas such as contextual bandits, conditional inde-
pendence testing and causal inference. We provide a general testing procedure based
on weighted resampling and prove pointwise asymptotic level guarantees under mild as-
sumptions. Our simulation experiments underline the usefulness of our method: It is
able to test complicated hypotheses, such as dormant independences — for which to-date
no test with provable level guarantees exists — and can be applied to test complex hy-
potheses in off-policy testing or covariate shift. The framework is competitive even in
some of the problems, where more specialized solutions exist. Its key strength is that it
is very easy to apply and can be combined with any existing test making it an attractive
go-to method for complicated testing problems.

We believe that several directions would be worthwhile to investigate further. In many
of the empirical experiments, the requirement that m = o(y/n) seems too strict and can
be relaxed, see also Section 4.4.1. As discussed in Section 4.2, we hypothesize that
under further restrictions on the weights or the test statistics, the assumption for the
theoretical results can be relaxed. Bickel et al. [2012] consider the ‘(])’ bootstrap, which
resamples distinct sequences without weights, and show that under mild assumptions,
bootstrap estimates converge if m = o(n). Further work is required to extend this to
the case of weighted samples.

We show in Section 4.4.4 that the main convergence result, Theorem 1, can be ex-
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tended to uniform level, if we make uniform assumptions on the target test, ¢, and that
the weights are uniformly bounded over 7=!(Hp). In many model classes, the latter
assumption may be too strict, and a better understanding of necessary conditions would
help.

While Theorem 3 provides guarantees when r(z*) is unknown, the theorem requires
guarantees on the relative error #(z?)/r(z%). A more natural guarantee would be on
the absolute error |#(z?) — r(z4)|, and we hope further work can shed light on the
appropriate conditions (such as model classes p and ¢ or properties of the estimator 7)
to achieve such a guarantee.

Resampling distinct sequences is less prone to weight degeneracy than IPW or resam-
pling with replacement, but in setups with well-behaved weights this may come at a cost
of power when resampling only m < n points. Resampling non-distinct sequences share
many similarities with IPW (for fixed n, expectations of Wgzp converge to the IPW esti-
mate when m — o), but additionally benefits from the ability to test hypotheses where
the test statistic cannot be written as an average over the data points (see Section 5.8).
Further investigation of the differences between the sampling schemes and benefits and
disadvantages in comparison to IPW is needed.

Our methodology considers the setting where we only observe data X,, from the dis-
tribution Q*. If additionally a sample Z,  from the target distribution P* is already
available, one can combine the two data sets, to get a larger approximate sample from
P*, a problem known as ‘domain adaptation’ in the literature [Finn et al., 2017]. In
particular, if Z,, is also available, one could perform the testing on the combined data
set (U(X,,), Z,v). We believe that similar theoretical guarantees can be proved.

When testing for a hypothesis in the observed domain, we often have the freedom to
choose a target distribution which could help us improve the performance of our test (as
discussed in Section 2.4). In the experiments, e.g., Section 5.3 and Section 5.4, we choose
the target distribution that matches certain marginals, which often helps to minimize
the variance of the weights. Another possibility is to choose a target distribution such
that the alternative becomes easier to detect which can be achieved by minimizing the
p-value of the test with respect to the choice of the target distribution.
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3. Shifts in Distributions: Prediction

This chapter contains the following three papers:

[ShiftEval] [Thams et al., 2022a]. N. Thams, M. Oberst, and D. Sontag. Evaluating robustness
to dataset shift via parametric robustness sets. In Neural Information Processing
Systems (NeurIPS), 2022a. NT and MO contributed equally, order determined by
coin flip.

roxy Dberst et al., 2021]. M. Oberst, N. Thams, J. Peters, and D. Sontag. Regularizing

P AR] [O1] 1., 2021]. M. Ob N. Th J. P dD.S Regul
towards causal invariance: Linear models with proxies. In International Conference
on Machine Learning, pages 8260-8270. PMLR, 2021.

[InvPolicy] [Saengkyongam et al.; 2021]. S. Saengkyongam, N. Thams, J. Peters, and N. Pfis-
ter. Invariant policy learning: A causal perspective. arXiv preprint arXiv:2106.00808,
2021.

[ProxyAR] and [InvPolicy] are concerned with learning models for predicting a
target Y from covariates X, in such a way that one not only optimizes for model perfor-
mance in the training distribution (), but also in a test distribution P. Tuning models
to out-of-distribution performance requires a trade-off between on one hand good pre-
dictive power in ) and on the other hand not depending on spurious correlations in @
that are not present elsewhere.

In-distribution performance in () can be optimized by minimizing the squared error on
the training data, to learn the conditional mean Eg[Y|X]. By definition, this predictor
would achieve the smallest possible squared error on the test data if that test data
were also generated from (. However if P # @, the conditional mean Eq[Y|X] may
be utilizing dependencies in ) that do not transfer to other distributions. Assume for
example that the training data is generated by the SCM X; — Y — Xs and that P
differs from @) by an intervention which shifts the mean of both X; and Xs. While X5
is predictive for Y in @), the dependence between Y and X9 will not be the same in
P as it is in @, and so Eq[Y'| X1, Xo] may not be a good predictor of ¥ in P. On the
contrary, because the conditional Y| X} is the same in ) and P (see (3)), the conditional
mean Eqg[Y|X;] remains unchanged even if the mean of X shifts between @ and P; this
motivates the use of invariant models where the conditional mean E[Y|X] remain fixed
across environments [Peters et al., 2016, Magliacane et al., 2018].

In [InvPolicy], we consider a contextual bandit setting and use exogenous environ-
ment variables e to represent shifting environments. We explore ‘how different’ P and @)
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have to be, in order for an invariant model to outperform non-invariant models. On one
hand, P and @ cannot be too different: Assumption 3 requires that invariant condition-
ing sets in the training environments are also invariant in the test environments. This is
similar to the assumption that causal effects are stable across environments, discussed
in the beginning of Chapter 1. On the other hand, P and @) cannot be too identical
either: Assumption 2 ensures that there exist test environments where the dependence
between predictors and confounders has changed. We show that if assumptions are met,
then invariant models are minimax optimal over the test environments, i.e. the expected
reward in the worst-case environment is larger when using an optimal invariant policy
than when using an optimal non-invariant policy.

Instead of studying whether or not invariant models are minimax optimal, in [Prox-
yAR] we enforce some amount of invariance by minimizing a combination of the squared
error in () and a measure of invariance, following the same approach as Rothenhausler
et al. [2021]. One can show that the resulting predictor is minimax optimal over the class
of distributions that arise due to mean shifts in an exogenous variable A. We examine
the impact of not directly measuring A, but only measuring a proxy W of A: We show
in Theorem 1 that this implies that the estimator is minimax optimal over a smaller
collection of distributions than if A had been observed, where the reduction factor is the
signal-to-variance ratio in W. Further we show that if we measure not just one, but two
proxies W and Z of A (and provided that they are conditionally independent W 1 Z|A)
then we can recover the same minimax guarantee as if A had in fact been observed.

[ShiftEval] does not aim to learn a minimax optimal model at all. Instead, for
a given model, it estimates how a distribution shift impacts the performance of the
model. We propose a parameterization of distribution shifts by using exponential family
models. We aim at finding the worst-case shift within some bounded distance from the
observed distribution, and discuss how this in principle could be solved by importance
sampling (introduced in Section 1.4 in Chapter 1), although non-convexity may make this
optimization problem infeasible and potentially large variance of importance sampling
may make it imprecise. Instead of importance sampling, we use a second order Taylor
expansion to approximate the loss in the shifted distribution. Because of the assumption
of exponential families, the Taylor approximation can be computed as covariances in
the data. The resulting worst-case optimization problem is a quadratic program and
although this problem is also non-convex, it is generally computationally feasible.
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Evaluating Robustness to Dataset Shift via
Parametric Robustness Sets

NIkoLAJ THAMS , MICHAEL OBERST AND DAVID SONTAG

Abstract

We give a method for proactively identifying small, plausible shifts in distribu-
tion which lead to large differences in model performance. To ensure that these
shifts are plausible, we parameterize them in terms of interpretable changes in
causal mechanisms of observed variables. This defines a parametric robustness
set of plausible distributions and a corresponding worst-case loss. While the loss
under an individual parametric shift can be estimated via reweighting techniques
such as importance sampling, the resulting worst-case optimization problem is
non-convex, and the estimate may suffer from large variance. For small shifts,
however, we can construct a local second-order approximation to the loss under
shift and cast the problem of finding a worst-case shift as a particular non-convex
quadratic optimization problem, for which efficient algorithms are available. We
demonstrate that this second-order approximation can be estimated directly for
shifts in conditional exponential family models, and we bound the approximation
error. We apply our approach to a computer vision task (classifying gender from
images), revealing sensitivity to shifts in non-causal attributes.

1. Introduction

Predictive models may perform poorly outside of the training distribution, a problem
broadly known as dataset shift [QQuionero-Candela et al., 2009]. In high-stakes applica-
tions, such as healthcare, it is important to understand the limitations of a model in
advance [Finlayson et al.; 2021]: given a model trained on data from one hospital, how
will it perform under changes in the population of patients, in the incidence of disease,
or in the treatment policy?

In this paper, our goal is to proactively understand the sensitivity of a predictive
model to dataset shift, using only data from the training distribution. This requires
domain knowledge, to specify what type of distributional changes are plausible. Formally,
for a model f(X) trained on data from P(X,Y"), with loss function ¢(f(X),Y’), we seek

*EQUAL CONTRIBUTION, ORDER DETERMINED BY COIN FLIP
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Figure 1.: (Left) Causal graph for Example 1. Our approach allows for simultaneous
shifts in age and test ordering, parameterized by dage, dorder- (Right) We illus-
trate a shift only in testing rates, using s(Y; dorder) = 01-Y +00(1 —Y), where
Oorder = (00,01). Here we plot the (non-concave) landscape of the expected
cross-entropy loss of a fixed model over distributions parameterized by (dg, d1),
with the training distribution given as the black star. Simulation details are
given in Appendix B.1.

to understand the loss of the model under a set of plausible future distributions P. We
seek to evaluate the worst-case loss over P,

sup Ep[((f(X),Y)], (1)
pep

and provide an interpretable description of a distribution P which maximizes this ob-
jective. If the value of the worst-case loss is low, this can build confidence prior to
deployment, and otherwise, examining the worst-case distribution P can help identify
weaknesses of the model. To illustrate, we use the following running example, inspired
by Subbaswamy et al. [2021].

Example 1 (Changes in laboratory testing). We seek to classify disease (Y) based on
the age (A) of a patient, whether a lab test has been ordered (O), and test results (L) if
ordered. The performance of a predictive model may be sensitive to changes in testing
policies, as the fact that a test has been ordered itself is predictive of disease. Figure 1
(left) gives a plausible causal relationship between variables. Let P(O|A,Y) = o(n(A,Y)),
where o is the sigmoid function and n(A,Y) is the log-odds. In Fig. 1 (right), we show
the loss under a set of new distributions parameterized by 6 = (g, 1), where we modify
Ps(O|A,Y) = o(n(A,Y) + s(Y;6)) for a shift function s(Y;8) =61 -Y +3dp- (1 —Y),
which modifies the log-odds of testing for both sick and healthy patients.” If 8,61 are
unconstrained, the worst-case occurs when all healthy patients are tested, and no sick
patients are tested.

The first challenge is to define a set of possible distributions P such that each distri-
bution P € P satisfies two desiderata: First, they should be causally interpretable and
simple to specify, without placing unnecessary restrictions on the data-generating pro-
cess. Second, they should be realistic, which often entails bounding the magnitude of the

1Code to reproduce figures and experiments in this paper can be found at https://github.com/
clinicalml/parametric-robustness-evaluation
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1. Introduction

shift. We construct causally interpretable shifts by defining perturbed distributions Py
using changes in causal mechanisms, parameterized by a finite-dimensional parameter 9.
Our main requirement is that the shifting mechanisms follow a conditional exponential
family distribution. For discrete variables, this places no restriction on P: In Example 1,
O is binary and the log-odds 7(A,Y’) can be any function of A,Y. We also demonstrate
that constraining § can ensure that shifts are realistic: The unconstrained worst-case
shift in Example 1 is implausible, where all healthy patients (and no sick patients) are
tested. (1) becomes

sup Es[¢(f(X),Y)], (2)
dEA
where Es is the expectation in the shifted distribution Ps and A is a bounded set of
shifts.

The second challenge is evaluation of the expected loss under shift, as well as finding
the worst-case shift. Under our definition of shifts, we show that the test distribution
can always be seen as a reweighting of the training distribution, allowing for reweighting
approaches, such as importance sampling, to estimate the expected loss under shifts.
While this is practical for some distribution shifts, for others, importance sampling can
lead to extreme variance in estimation. Further, finding the worst-case shift using a
reweighted objective involves maximization over a non-concave objective (see Fig. 1), a
problem that is generally NP-hard. We derive a second-order approximation to the ex-
pected loss under shift, and show how it can be estimated without the use of reweighting.
For quadratic constraints A, we can approximate the general non-convex optimization
problem in (2) with a non-convex, quadratically constrained quadratic program (QCQP)
for which efficient solvers exist [Conn et al.,; 2000, Section 7]. We bound the approxi-
mation error of this surrogate objective, and show in experiments that it tends to find
impactful adversarial shifts.

Our contributions are as follows:

1. We provide a novel formulation of robustness sets which are defined using parametric
shifts. This formulation only require that the shifting mechanisms can be modelled
as a conditional exponential family (see Section 2).

2. We derive a second-order approximation to the expected loss and provide a bound
on the approximation error. We show that this translates the general non-convex
problem into a particular non-convex quadratic program, for which efficient solvers
exist (see Section 3).

3. In a computer vision task, we find that this approach finds more impactful shifts than
a reweighting approach, while taking far less time to compute, and that the resulting
estimates of accuracy are substantially more reliable (see Section 4).

Related work: A recent line of work learns predictive models that minimize objec-
tives similar to (1), a task known as distributionally robust optimization [Duchi and
Namkoong, 2021, Duchi et al., 2020, Sagawa et al., 2020]. Beyond our difference in mo-
tivation (we consider evaluation of a fixed model, not optimization), prior work typically
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defines the robustness set using a notion of distance between distributions. In con-
trast, we consider sets of distributions arising from explicit parametric perturbations.
Moreover, many of these approaches focus on changes in marginal distributions, while
one of our primary motivations is handling conditional shifts. Closer to our work is
Subbaswamy et al. [2021] who consider evaluating the loss under worst-case changes in
a conditional distribution, but while we consider parametric shifts, they estimates the
loss under worst-case (1 — «) conditional subpopulation shifts. In some settings, such
shifts may not represent plausible changes, as we demonstrate in Appendix B.4, where
(in a simplified lab-testing example) the worst-case subpopulation is one where healthy
patients are always tested, and sick patients never tested. Prior work on robustness
to parametric interventions has been restricted to linear causal models with additive
shift interventions [Rothenhdusler et al., 2021, Oberst et al., 2021, Kook et al., 2022].
Our work can be seen as extending those ideas to general non-linear causal models,
where our focus is on evaluation rather than learning robust models. A separate line
of work attempts to learn models with optimal worst-case performance under arbitrary
causal interventions of various forms [Magliacane et al., 2018, Rojas-Carulla et al.; 2018,
Arjovsky et al., 2019, Subbaswamy et al., 2022] while we focus on explicitly bounded
interventions that have potentially restricted parameterizations.

2. Defining Parametric Robustness Sets

Notation: Let V denote all observed variables, where (X,Y) C V for features X and
labels Y, and let P(V) denote the training distribution. E[-] and cov(,-) refer to the
mean and covariance in P, and for a shifted distribution Ps (Definition 1) we use Es[-],
covg(+,+). For a random variable Z, we use Z to denote the space of realizations, and
dz for dimension e.g., Z € Z C R%. For a set of random variables V = {V1,..., V],
we use V; to denote an individual element, and use PAg(V;) to denote the set of parents
in a directed acyclic graph (DAG) G, omitting the subscript when otherwise clear.

We begin with a general definition of a parameterized robustness set of distributions

P.

Definition 1. A parameterized robustness set around P(V) is a family of distributions
P with elements P5(V) indexed by § € A C R% | with 0 € A, where Py(V) = P(V).

We give examples shortly that satisfy this general definition. To construct such a
robustness set, we consider distributions Py that differ from P in one or more conditional
distributions (Assumption 1). We require that the relevant conditional distributions can
be described by an exponential family.

Definition 2 (Conditional exponential family (CEF) distribution). P(W|Z) is a condi-
tional exponential family distribution if there exists a function 7(Z) : R% — R such
that the conditional probability density (for continuous W) or probability mass function
(for discrete W) is given by

P(W|Z) = g(W)exp (n(2) ' T(W) = h(n(2))) (3)
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where T'(W) is a vector of sufficient statistics, T(W) € R, g(-) specifies the density of
a base measure and h(n(Z)) is a normalizing constant.

Definition 2 does not restrict P(1W|Z) for binary/categorical W, and captures a wide
range of distributions, including the conditional Gaussian (see Appendix B.2.1 for other
examples). Definition 2 extends to marginal distributions where Z = @ and n(Z2) is a
constant function.

Example 1 (Continued). Suppose the probability of ordering a test (O) depends on age
(A) and disease (Y), such that P(O = 1]A,Y) = o(n(A,Y)), where o is the sigmoid,
and n is an arbitrary function. Here, Definition 2 is satisfied with W = O, Z = (A,Y),
and sufficient statistic T(O) = O.

We now state our main assumption, where we distinguish between the terms in the
joint distribution of P that shift, which we will need to model, and those that remain
fixed, which we do not.

Assumption 1 (Factorization into CEF distributions). Let W = {Wy,..., W,} CV
be a “intervention set” of variables and let

PV)= ][ BWilz) II evivy) (4)

Wi;eW V;eV\W

Conditionals that shift Conditionals we do not model

be a factorization, where Z;,U;,V; C 'V are possibly overlapping sets of variables. We
assume for each W; that Z; is known and that P(W;|Z;) satisfies Definition 2.

If P(V) factorizes according to a DAG G, the factorization in Assumption 1 is al-
ways satisfied by Z; = PAg(W;). Here, we require limited knowledge of the underlying
graph, and only need to know the parents PA(W;) for the variables W; that shift. In Ap-
pendix B.2.2 we show that we can also consider shifts that extend Z; to include additional
variables, subject to an acyclicity constraint. We now define parametric perturbations
and give the general form of the robustness sets that we consider in this work, involving
simultaneous perturbations to multiple W;.

Definition 3 (Parameterized shift functions and d-perturbations). Let s(Z;6) : R%Z —
RIT be a parameterized shift function with parameters 6 € A C R% which is twice-
differentiable with respect to ¢ and which satisfies s(Z;0) = 0 for all Z. For P(W|Z2)
satisfying (3), we refer to

Bs(W12) = (W) exp (15(2) T(W) — hins(2)) )
as a d-perturbation of P(W|Z) with shift function s(Z; ), where n5(2) := n(Z)+s(Z;9).

Example 1 (Continued). A model developer may be concerned about a uniform change
in testing rates across all types of patients. This can be modelled by choosing s(Z;9) = 6,
for § € R, an additive intervention on the log-odds scale. A separate change in testing
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rates for sick and healthy patients could instead be modeled using s(Z;6) = 6o(1 —Y) +
51Y, using 6 € R2. This reasoning extends readily to more complex shifts (e.g., allowing
for age-specific changes in testing rates, with a non-linear dependence on age), as long
as s(Z;98) remains a parametric function.

While the shift function s(Z;9) is parametric, n(Z) is unconstrained in Definitions 2
and 3. Note that this formulation includes multiplicative shifts n5(Z) = (1 4+ §)n(Z) by
letting s(Z;9) = d - n(Z).

Definition 4 (CEF parameterized robustness set). For a distribution P and intervention
set W = {Wy,..., Wy} C V satisfying Assumption 1, let each Ps,(W;|Z;) be a d;-
perturbation (Definition 3) of P(W;|Z;). Then

Ps(V)=( [ BsWilz)( J[ PvilUy)

W;eW V;eVA\W

is called a d-perturbation of P(V), and the robustness set P consists of all Ps for ¢ €
Ay XAy

To estimate the expected loss under Ps, we will typically? need to estimate 7(Z;)
for each W; € W. However, we make no distributional assumptions on the remaining
variables V '\ W. This is useful in applications such as computer vision, where we do
not need to restrict the generative model of images given attributes (e.g., background,
camera type, etc), but can still model the expected loss under changes in the joint
distribution of those attributes.

Remark 1 (Causal Interpretation of Shifts). If the DAG G represents a causal graph
[Pearl, 2009], then Ps can interpreted as a change in causal mechanisms. We see this
as an important perspective for interpreting and specifying plausible shifts, but our
methods do not require a causal interpretation.

3. Evaluation of the Worst-Case Loss

For a fixed predictor and loss function, we can use data from P(V) to estimate the
expected loss Es[¢] .= Es[¢(f(X),Y)] for a fixed §, and estimate the worst-case loss over
all 6 of bounded magnitude. In Section 3.1, we show that Ps shares support with P,
suggesting the use of reweighting estimators. However, these can exhibit high variance
for shifts that produce large density ratios (see Appendix B.3.5 for an example), and
moreover, maximizing a reweighted objective over § is generally a non-convex problem.
In Section 3.2 we derive an approximation to the expected loss under Py, yielding a
tractable surrogate optimization problem under quadratic constraints such as ||0]|, < A.

2As a special case, in Appendix B.3.2, we show the second-order approximation (Theorem 1) can be
estimated in the case of variance-scaled mean-shifts in a conditional Gaussian without estimation of
all of n(2).
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Remark 2. The methods here can be used with an arbitrary predictor f and loss function
:=0(f(X),Y). We do not even require access to the original predictor f. Both methods
here simply treat £ as a random variable in IP, for which we have samples from the training
distribution.

3.1. Modelling shifted losses using reweighting

The shifts defined in Section 2 share common support, with the following density ratio.

Proposition 1. For any Ps(V),P(V) that satisfy Definition 4, supp(P) = supp(Ps) and
the density ratio ws = Ps/P is given by

m

w;s(V) = exp (Z si(Zi; 52‘)TT¢(W¢)> exp (Z h(ni(Zi)) — h(n(Z:) + si(Zi; 5¢))> :
i=1

=1
The proof can be found in Appendix B.6, along with all proofs for all other claims.
Example 1 (Continued). Suppose we perturb the probability of ordering a test O given
age A and disease Y with shift function s(Y';0) = 0o(1=Y)+0Y, independently changing

the conditional probability of testing for healthy and sick patients. Here, the density ratio
s given by

1+exp(n(A,Y))
1+exp(n(A,Y)+s(Y;0))

ws(0, A,Y) = exp(s(Y;0) - O) (5)

To model the loss Es[¢] using data from P, we can consider an importance sampling
(IS) estimator [Horvitz and Thompson, 1952, Shimodaira, 2000], observing that E;s[¢] =
E[ws(V) - £]. This requires estimation of the density ratio ws(V), and (given a sample
{Vi 71 from P) yields the estimator

Eoll] ~ Buss 1=+ > ia(VI)I(VY) (6)
j=1

In practice, (6) can have high variance when density ratios are large, and maximizing
this equation with respect to ¢ is a general non-convex optimization problem, which is
generally NP-hard to solve.

3.2. Approximating the shifted loss for exponential family models

We now propose an alternative approach for approximating the loss Es[¢]. Recalling that
Ps—_g = P, we use a second-order Taylor expansion around the training distribution

Es[f] ~ E[{] + ' SG' +35" SG? 4, (7)

where E[¢] denotes the loss in the training distribution and SG!,SG? are defined as
follows.
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Definition 5 (Shift gradient and Hessian). For a parametric shift satisfying Definition 1
where § — E;[/] is twice-differentiable, we denote the shift gradient SG* and shift Hessian
SG* as SG' := VsE;[(]|5_, and SG* := V3Es[(]|;_,.

(7) is a local approximation of the loss, whose approximation error we bound in The-
orem 2, with smaller approximation error for smaller shifts.” For Pjs satisfying Defi-
nition 4, SG! and SG? can be computed as expectations in the training distribution,

without estimation of density ratios. Recall that the conditional covariance is given by
cov(A, B|C) := E[(A — E[A|C])(B — E[B|C))|C].

Theorem 1 (Shift gradients and Hessians as covariances). Assume that Ps,P satisfy
Definition 4, with intervened variables W = {Wy, ..., Wy, } and shift functions s;(Z;; 0;),
where § = (61,...,0m). Then the shift gradient is given by SG* = (SG1,...,SGL) € R%

where
ZZ> :| )

and the shift Hessian is a matriz of size (ds x ds), where the (i, j)th block of size ds, x ds,
equals

SG! =E [DL cov <£, T;(W5)

E | D]y cov (4, en7,68,51 %) Dia| =B |¢- Dleryz| i=

{SG?}i; = o
cov (¥, D;I:lgTilzisf—ll:ﬂszjvl) 17,

where D, 1= V’gisi(Zi;(Si)\(;:o, is the gradient of the shift function for k = 1, and the
Hessian for k = 2. Here, T;(W;) is the sufficient statistic of P(W;|Z;) and er, .z, =
T;,(W;) — E[T(W))| Zi].

Theorem 1 handles arbitrary parametric shift functions in multiple variables, but for
simple shift functions in a single variable, the notation simplifies substantially, as we
show in Corollary 1.

Corollary 1 (Simple shift in a single variable). Assume the setup of Theorem 1, re-
stricted to a shift in a single variable W, and that s(Z;9) = 6. Then D1 =1, Dy =0,

i i

where T(W) is the sufficient statistic of W and ep|z := T(W) — E[T(W)|Z].

SG!=E [cov <€,T(W)‘Z>} and SG?=E [cov <£,5T 25;‘ 7

Example 1 (Continued). Suppose that age (A), which has no causal parents, follows a
normal distribution with mean . and variance o2, and that we wish to consider a shift in
the mean. We can parameterize P(A) as an exponential family with parameter n = u/o
and sufficient statistic T(A) = A/o. Here, s(0) = & implies a shift in the mean of §

3In Appendix B.3.3, we give an example of a linear-Gaussian generative model where this second-order
expansion is exact, corresponding to the setting of anchor regression [Rothenhiusler et al., 2021].
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standard deviations ns = n+s(8) = (u+ad) /o, and we can write that SG* = cov (¢, A) /o
and SG* = cov (£, (A — E[A])?) /o2

To estimate the shift gradient and Hessian from a sample from P, foreach i =1,...,m
we fit models iy(Z;) ~ E[¢|Z;] and fw,(Z;) ~ E[T;(W;)|Z;] and compute residuals on
these predictions, which permits estimation of the gradient/Hessian as a sample average
of residuals. A detailed treatment is given in Appendix B.3.1. Using these, we can
estimate the expected loss as

A A ~ 1 A
Es[0] ~ Es tayior = B[f] +07SG' + 5csTS(fcs. 8)

Here, there are two sources of error: Finite-sample error, due to the estimates of
SG!,SG2, as well as approximation error. The latter is bounded by the norm of &
and a term that depends on the covariance between the loss and the deviations of the
sufficient statistic from its shifted mean.

Theorem 2. Assume that Ps, [P satisfy the conditions of Theorem 1, with a shift in a
single variable W, where s(Z;6) = §. Let Es rayior be the population Taylor estimate
((7)) and let o(M) denote the largest absolute value of the eigenvalues of a matriz M.
Then

Es [6] - E5, Taylor

< %ts%pl]0'<C0Vt~6(575t-5,TZ5tT.5,TZ) - COV(€=50,T|Z5(ITZ)> : H5||27
€ )

where T(W) is the sufficient statistic of W|Z and ey.5712 = T(W|Z) — Ey5[T(W|2)].

In exchange for considering a second-order approximation of the loss, we gain two
benefits: Variance reduction and tractable optimization. First, as SG!,SG? are not
functions of §, the variance of E@Twlor is O(||0 H4), while the variance of EMS can be
much larger: We give a simple case in Appendix B.3.6 where Var(E(;,Taylor) = 0(5)
while V&I‘(E(;,Is) = O(62 exp(6?)). Second, maximizing EA57Tay10r over the set ||d]| < A can
be solved in polynomial time by exploiting the quadratic structure, while maximizing
EAMS over the constraints is generally hard, and may be infeasible in high dimensions.

3.3. Identifying worst-case parametric shifts

For A > 0, we can locally approximate the worst-case loss over all distributions Ps where
18]]; < A by finding the worst-case loss in the Taylor approximation

sup E[{] + 0" SG' +1567 SG?4. (9)
812

Since SG? is generally not negative definite, the maximization objective is non-concave.
However, this particular problem is an instance of the ‘trust region problem’ which
is well-studied in the optimization literature [Conn et al., 2000], and can be solved in

4Not to be confused with the ‘trust region method’, which repeatedly solves the trust region problem.
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polynomial time by specialized algorithms (see Polik and Terlaky [2007, Section 8.1] for
an example). This follows from the fact that strong duality holds, so that the optimal
solution §* can be characterized in terms of the Karush-Kuhn-Tucker conditions [Boyd
and Vandenberghe, 2004, Section 5.2]. For this problem, we use the trsapp routine
from NEWUOA [Powell, 2006], as implemented in the python package trustregion.
Depending on the application and prior knowledge, one may choose constraint sets that
differ from [|6|| < A. The strong duality of (9) holds for any quadratic constraint § ' Ad+
§Tb < X, making it a general non-convex quadratically constrained quadratic program
(QCQP), allowing for e.g., larger shifts in some directions than in others.

4. Experiments

4.1. lllustrative example: Laboratory testing

To build intuition, we illustrate our method in a simple case. Mo-
tivated by Example 1, we use a simple generative model where lab
tests are more likely to be ordered (O) for sick patients (Y'), and lab

values (L) are predictive of Y. @

Y ~ Ber(0.5) O|Y ~Ber(o(a+Y)) L|(Y,0=1)~N(uy,1)

where u; = 0.5, ug = —0.5, and we initialize with a« = —1, § =2, so Figure 2.
that P(O = 1]Y = 0) = 0.27 and P(O = 1|Y = 1) = 0.73, and the
marginal probability of test ordering is P(O = 1) = 0.5. When O = 0, we set L to a
dummy value of L = 0. The underlying causal graph is given in Fig. 2. The predictive
model f(O, L) for this example is trained on data from [P to predict Y using all available
features: If lab tests are not available (O = 0), this model predicts Y based on the
observed likelihood of Y given O = 0, and otherwise predicts using a logistic regression
model trained on the cases where O = 1 in the training data.

Defining a shift function: P(O|Y’) is a conditional exponential family with n(Y) =
a + Y. We consider the shift function s(Y;60) = dg + 1Y, where §p models an overall
change in testing rate, and §; models an additional change in the likelihood of testing
sick (Y = 1) patients.

Estimating the impact of shift using quadratic approximation: To start, we
keep 91 = 0 fixed and vary only dp, which uniformly increases or decreases testing.
In Fig. 3, we show the ground-truth cross-entropy loss of f(O, L) under perturbed
distributions P5,. We observe that the direction of the shift matters: In Fig. 3, the
model performance slightly increases under a small increase in testing rates, but degrades
if testing increases too much; moreover, the loss under shift is generally asymmetric, as a
decrease hurts more than an increase in testing. In Fig. 3 (left), we demonstrate the use
of the quadratic approximation described in Section 3.2. For illustration, we consider a
robustness set of dp € [—2,2], and see that the predicted worst-case shift coincides with
the actual worst-case shift, and that the quadratic approximation is accurate for smaller
values of §.
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0.85 T 0.85 -
—— Loss of f(O, L) —— Loss of f(O, L)
0.801 Est Loss 0.80 Training Dist.
------- Training Dist.
0.754 * | Robustness Set 0.75
*  Est. Worst-Case
n 0.70 H w0 0.70
0
8 o
= 0.65 — 0,65
0.60 1 0.60
0.551 0.55
. J | i 0.50 L . . . . .
030 ————— ¢ 2 4 00 02 04 06 08 1.0
60 Ps,(O=1)

Figure 3.: The blue line gives the (unobserved) cross-entropy loss under parametric
shifts, plotted with respect to the parameter oy (left) and the resulting change
in the marginal laboratory testing rate (right). We also provide the quadratic
approximation (orange line), estimated using validation data, and the pre-
dicted worst-case shift (red star) for |dg| < 2 (region in grey).

In Appendix B.4, we consider the case where dg and §; can both vary, and compare our
approach to that of worst-case (1 — «) subpopulation shifts [Subbaswamy et al., 2021].
In the context of this example, we demonstrate that for any 1 —a < 0.27, the worst-case
conditional subpopulation loss is achieved by having all healthy patients get tested, and
no sick patients get tested. We contrast this with an iterative approach to designing
constraints that is made possible by considering parametric shifts, where end-users can
restrict the degree to which the shift differs across sick and healthy populations.

4.2. Detecting sensitivity to non-causal correlations

A predictive model may pick up on vari- Age Gender
ous problematic dependencies in the data / l l \
that may not remain stable under dataset Smilingilearing Lipstick
shift. To understand the impact of these l
dependencies, a model user may wish to Mouth Slizhtly Open Nackw Eyes
understand which changes in distribution
pose the greatest threats to model per- Figure 4.: Causal graph over attributes,
formance, and to measure the impact of where lightning bolts indicate
these changes. To illustrate this use-case, changes in mechanisms.
we make use of the CelebA dataset [Liu
et al., 2015], which contains images of faces and binary attributes (e.g., glasses, beard,
etc.) encoding several non-causal features whose correlations may be unstable (e.g., the
relation between gender and being bald). We consider the task of predicting gender
(Y) from images of faces (X), and assess sensitivity to a shift in the distributions of
attributes (W).

Setup: To obtain ground-truth shifts in distribution, we generate synthetic datasets
of faces using CausalGAN [Kocaoglu et al., 2018], trained on the CelebA data. We
simulate attributes following the causal graph in Figure 4, and then simulate images

Eyeglasses Bald Tustache
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from the GAN conditioned on those attributes. We draw a training sample from this
distribution P, and fit a gender classifier f(X) using the image data alone, by finetuning
a pretrained ResNet50 classifier [Hu et al., 2018]. Each attribute W; is binary, so we
consider shifts in the log-odds n;(Z;) of each attribute W; given parents Z;. Here, we
use a maximally flexible shift function s;(Z;;d;) = > . z 0iz1 {Z; = 2z}, such that for
Z; € {0, 1}”c there are 2% parameters. Across all intervened variables, § € R3!. Due to
the synthetic nature of our setup, we can simulate from Ps(X, W,Y") to evaluate the
ground-truth impact of this shift, simulating first from the shifted attribute distribution,
and then simulating images from the GAN conditional on those attributes. We use the
0/11loss £ =1{f(X) # Y} and constrain 0 by [|d]|]2 < A where A = 2. We present results
in terms of the accuracy, rather than the 0/1 loss itself.

Comparing importance sampling and Taylor across multiple simulations:
We simulate K = 100 validation sets of size n = 1,000 from P, in each estimating
the worst-case shifts d1ayior (via the approach in Section 3.3) and dig, where the latter
corresponds to maximizing EAMS using a standard non-convex solver from the scipy
library [Virtanen et al., 2020]. We simulate ground truth data (n = 5,000) from Ps
and Ps,, .., to compare the two shifts. First, we demonstrate that the Taylor approach
finds more impactful shifts. In Table 1 (right), we compare the average drop in accu-
racy using the Taylor shifts (between the validation and shifted test sets) and the IS
shifts. For the former, the average drop is 3.8%, while for the latter, the average drop
is 2.2%, a difference of 1.6%. In Fig. 5 (right) we plot the differences in test accuracy
Espagior (L 1f(X) =Y} = Eg[1{f(X) = Y}], showing that in 96% of cases, the Taylor
method finds a more impactful shift. Second, when only used to evaluate the shift dray1or,
IS yields estimates EéTaybr,IS of the test accuracy that are comparable to the Taylor-based

estimates EA'JTaylor,Taylor‘ However, while the optimal value of the Taylor objective tends
to a reasonably accurate estimate of the shifted accuracy, the optimal value of the IS
objective is a poor predictor. In Table 1 (right) we observe that the latter (E(SIS,IS) is
strongly biased in predicting Es[1 {f(X) = Y'}]. This bias leads to a large mean abso-
lute prediction error (MAPE) of 0.069 (not shown in the table). This can be contrasted
with a MAPE of 0.015 when using EéTaylo,,Taylor to predict Egp, . [1{f(X) =Y}]. Fi-
nally, we observe that the Taylor approach runs far faster, with an average run-time of
0.01s versus 2.14s for the IS approach.

Examining a single shift: To illustrate the type of shift found by our approach,
we consider the Omuylor (of all those chosen over K validation sets) which yields the
median test accuracy on the corresponding simulation from Ps. We display the largest
components of that § in Table 1 (left). Among others, this shift entails a 5% increase in
the probability of an older woman being bald, and a 5% decrease in the probability of a
young woman wearing lipstick. This suggests that the learned classifier f relies on these
associations in the images for prediction. We validate that this shift leads to a decrease
in accuracy of around 3.8%, using simulated data from Ps. To validate that this drop
in accuracy is a non-trivial occurrence, we simulate K = 400 random shifts §; where
|0k|| = A and evaluate the model accuracy in P5, using samples of size n = 500 (Fig. 5,
left). As expected, our chosen shift ¢ yields a lower accuracy (red line) than all of the
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Table 1.: (Left) Largest components of example shift § where P and Ps denote
conditional probabilities. (Right) Taylor and IS estimates vs. true accuracy
at the shift § found by Taylor approach, and IS estimate vs. true accuracy at
shift ¢ found by IS approach.

Example Avg.

Conditional 0; P Ps
Acc. pre-shift (E[1{f(X) =Y}]) 0.912
Bald — Female, Old 0.899 0.047 0.109 _
Bald — Male, Young ~ -0.800 0.378 0.214 fsc‘;‘gf(’(sgmﬁ (E)“Taﬂof“{f (X)=Y}) ot
Bald — Male, Old -0.680 0.622 0455 o et ' '
. e ) aylor est. (Esy, .. Taylor) 0.844 0.863
Wearing Lipstick — Female, Young -0.618 0.924 0.868 —
Wearing Lipstick — Female, Old  -0.543 0.953 0.921  Acc postshift (Es [1{f(X) =Y}]) 0.882 0.889
1S est. (Esgqis) 0.796  0.821

|
| | Acc. at drayior
| Training acc.
I Lower Acc.
. [ | Taylor
‘ Random shift acc. IS
I

B Higher than ]E(shy]nr
88.0%  90.0%  92.0%  94.0% —3.0% —2.0% —1.0% 0.0% 1.0%
Shift distribution acc. Difference in Shifted acc. (Espyy, — Esrs)

Figure 5.: (Left) Model accuracy at randomly drawn shifts. (Right) Difference in ac-
curacy in the worst-case shifts identified by Taylor and importance sampling
approaches. The Taylor method identifies a more adversarial shift than im-
portance sampling in 96% of simulations (green).

random shifts.

5. Discussion

We argue for considering parametric shifts in distribution, to evaluate model performance
under a set of changes that are interpretable and controllable. For parametric shifts in
conditional exponential family distributions, we derive a local second-order approxima-
tion to the loss under shift. This approximation enables the use of efficient optimization
algorithms (to find the worst-case shift), and empirically provides realistic estimates of
the resulting loss. In a computer vision task, this approach finds more impactful shifts
(in far less time) than optimizing a reweighted objective, and the estimates of shifted
accuracy under the chosen shift are substantially more reliable.

That said, our approach is not without limitations. Our definition of parametric shifts
and resulting approximation relies on the relevant mechanisms P(W|Z) being a condi-
tional exponential family, and that the relevant variables are observed. As illustrated in
our experiments, this can be used to model changes in the causal relationships between
attributes of an image, but does not immediately extend to modelling changes in the
distribution of images given a fixed set of attributes. As with any method that provides
worst-case evaluation, there is potential for misuse and false confidence: If the specified
shifts fail to capture important real-world changes, the resulting worst-case loss may
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be overly optimistic and misleading. Even if used correctly, our approach examines a
narrow measure of model performance, and a small worst-case error should not be used
to claim that a model is free of problematic behavior. For example, implicit dependence
on certain attributes (e.g., race in medical imaging [Banerjee et al., 2021]) may be prob-
lematic based on ethical grounds, even if it does not lead to major issues with predictive
performance under small shifts in distribution.
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Regularizing towards Causal Invariance:
Linear Models with Proxies
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Abstract

We propose a method for learning linear models whose predictive performance
is robust to causal interventions on unobserved variables, when noisy proxies of
those variables are available. Our approach takes the form of a regularization
term that trades off between in-distribution performance and robustness to inter-
ventions. Under the assumption of a linear structural causal model, we show that
a single proxy can be used to create estimators that are prediction optimal under
interventions of bounded strength. This strength depends on the magnitude of the
measurement noise in the proxy, which is, in general, not identifiable. In the case
of two proxy variables, we propose a modified estimator that is prediction opti-
mal under interventions up to a known strength. We further show how to extend
these estimators to scenarios where additional information about the “test time”
intervention is available during training. We evaluate our theoretical findings in
synthetic experiments and using real data of hourly pollution levels across several
cities in China.

1. Introduction

Ideally, predictive models would generalize beyond the distribution on which they are
trained, e.g., across geographic regions, across time, or across individual users. However,
models often learn to rely on signals in the training distribution that are not stable across
domains, causing a drop-off in predictive performance. This problem is broadly known
as dataset shift [Quionero-Candela et al., 2009].

Tackling this problem requires a formalization of how dataset shift arises, and how
that shift impacts the conditional distribution of our target Y given features X. One
way to formalize this shift is in terms of an underlying causal graph [Pearl, 2009], where
changes between distributions are seen as arising from causal interventions on variables.

Conceptual example: In the causal graph given in Fig. 1, the variable A serves as
a confounder. In a medical setting, A could represent smoking habits or socioeconomic
status, which have a causal effect on current health status (X) as well as longer-term
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Figure 1.: Conceptual Example: A represents an (unobserved) socioeconomic variable, X
represents current health status, and Y represents a long-term health outcome.
All relationships are assumed to be linear, and coefficients are given. We
consider a broader class of graphs in this work, see Fig. 2.

outcomes (Y). Importantly, A may not be recorded in our training data, and the distri-
bution of A could vary across geography and time.

In the context of this causal graph, interventions which change the distribution of A
will also alter the conditional mean E(Y | X). Under the linear relationships in Fig. 1,
the optimal least-squares predictor Y = ~v*X under the test distribution depends on the
test-time variance in A, in that

. {a, if after intervention A = 0
’y =

a+ =, if after intervention var(A4) — oc.

The first predictor encodes the direct causal effect of X on Y, but is only optimal in the
setting where the correlations induced by A are removed by fixing it to a constant value
of zero (the same holds when including intercepts and allowing for non-zero means).
The second predictor, on the other hand, renders the distribution of the residual Y — Y
independent of A, and is therefore robust to arbitrary interventions upon A. However,
this is only optimal under arbitrarily strong interventions on A.

Balancing performance and invariance: Instead of seeking an invariant predictor
that is robust to arbitrary interventions on A (like the second predictor above), we in-
stead seek to minimize a worst-case loss under bounded interventions of a given strength.
We contrast this with work that seeks to discover causal relationships as a route to in-
variance [Rojas-Carulla et al., 2018, Magliacane et al.; 2018], optimize for invariance
directly across environments [Arjovsky et al., 2019], or use known causal structure to
select predictors with invariant performance [Subbaswamy et al., 2019].

Our proposed objective takes the form of a standard loss, plus a regularization term
that encourages invariance. This builds upon Rothenhausler et al. [2021], who intro-
duce a similar objective, and prove that their objective optimizes a worst-case loss over
bounded interventions on A, under a large class of linear structural causal models.

In contrast to Rothenhausler et al. [2021], we do not assume that A is observed.
Instead we assume that, during training, we have access to noisy proxies of A. For most
of the paper, we assume that neither A nor proxies are available during testing. With
this in mind, our contributions are as follows

o Distributional robustness to bounded shifts: In Section 3, we show that a single
proxy can be used to construct estimators with distributional robustness guaran-
tees under bounded interventions on A. However, these estimators are robust to
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a strictly smaller set of interventions, compared to when A is used directly, and
the size of this set depends on the (unidentifiable) noise in the proxy. When two
proxies are available, we propose a modified estimator that can be used to recover
the same guarantees as when A is observed.

e Targeted shifts: In Section 4, we show how to target our loss to interventions on
A contained in a specified robustness set. We show that this formulation includes
Anchor Regression as a special case, but also allows for sets that are not centered
around the mean of A. In this setting we give an estimator, using two proxies,
that identifies the target loss.
In Section 5, we evaluate our theoretical findings on synthetic experiments, and in Sec-
tion 6 we demonstrate our method on a real-world dataset consisting of hourly pollution
readings across five major cities in China.

2. Preliminaries

2.1. Notation

We use upper case letters X to denote (possibly vector-valued) random variables, and
lower-case letters x to denote values in the range of those random variables. Vectors are
assumed to be column vectors, so that X € R indicates that X = (X1,... ,XdX)T, a
column vector of dx random variables. We use L x € R¥x*4x to denote the covariance
matrix of a variable X. We use bold upper-case letters X to denote a data matrix in
R™ 94X | consisting of n i.i.d. observations of X, and 1 {-} as an indicator random variable.
When dealing with matrices C, D, we use C' < D and C' 2 D to indicate the positive
definite and positive semi-definite partial order, respectively. That is, C < D if D — C
is positive definite (PD), and C' < D if D — C' is positive semi-definite (PSD). We use
Id to denote the identity matrix, whose dimension is given by context. All proofs are
provided in the supplementary material.

2.2. Linear structural causal model

We assume the general class of causal graphs represented in Fig. 2, where X € Rix
denotes observed covariates that can be used in prediction, Y € R% is the target we
seek to predict, H € R are unobserved variables, and A € R% represents anchor
variables, which are assumed to have no causal parents in the graph. We assume the
linear structural causal model (SCM) given in Assumption 1.

Assumption 1 (Linear SCM). We assume the SCM

X X
Y| =B|Y | +MsA+e, (1)
H H

where A, e have zero mean, bounded covariance, and are independently distributed. We
assume that E[AAT] and Id —B are invertible, where Id is the identity matriz. See Fig. 2
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&%

Figure 2.: In contrast to Rothenhdusler et al. we assume that anchor variables
(denoted A) are unobserved, but that we have access to either one or two
proxies W, Z. Observed variables are shown in dark grey and unobserved
variables in light grey. We do not assume knowledge of the causal structure
between A, X, H,Y (except that A has no causal parents). The relationship
between X, H,Y could be cyclic, but all relationships are linear.

for a graphical representation.

Note that we do not assume here (or anywhere in this paper) that either A or ¢ is
Gaussian. The invertibility of Id —B is satisfied if the causal graph is a directed acyclic
graph. The matrices B, M 4 encode the linear causal relationships. For instance, Fig. 1

can be represented in this form by B = B 8}, M = [gX] In general, ¢ € RP,
Y

B € RP*P and M € RP*44 where D := dx + dy + dy. We assume that dy = 1 for
simplicity.

2.3. Distributional robustness of anchor regression

Our goal is to learn a predictor f*(X) of Y that minimizes a worst-case risk of the
following form

f* =argminsup Ep[¢(Y, f(X))], (2)
feF PeP
where F denotes a hypothesis class of possible predictors, P denotes a set of possible
distributions, and ¢ represents our loss function. We take the class P to consist of
distributions that arise as the result of causal interventions on A, and seek to learn a
linear predictor to minimize mean-squared error.
We use P to refer to the observational distribution, and Py, 4.—,) to refer to the
distribution under interventions on A, where the variable A is replaced by the random
variable v, and v is assumed to be independent of the noise vector e. We often write

R(y) =Y —7y'X

as a random variable that represents the residual of a predictor v € R%x . Importantly,
Assumption 1 implies that for any v, E[R(7) | A] can be written as a linear function in
A.

In this setting, Rothenhiusler et al. [2021] propose the following objective, defined
here with respect to the observational distribution P (rather than a finite sample)
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Definition 1 (Anchor Regression).
KAR(A;"% )‘) = ELS(X7Y7’7) + )\KPLS(X7 Y7A77)7 (3)
where A > —1 is a hyperparameter and
(15(X,Y57) = B [R(7)?] (4)
E

(E[R() | 4] (5)

lprs(X,Y, A7) :

The first term £;g encodes the least-squares objective, while the second term £prg
encodes the residual error which can be predicted from A, which we refer to as the
projected least-squares error. For A > 0, the second term adds an additional penalty
(beyond that of ordinary least squares) when the bias varies across values of A. The
second term (5) can also be written in the linear setting of Assumption 1 as

(prs(4;7) = E[R(7)ATIE[AAT) 'E[AR(y)T], (6)

where we drop the dependence on X,Y for notational simplicity. Under Assumption 1,
(3) corresponds to a worst-case loss under distributional shift caused by bounded inter-
vention on A [Rothenhausler et al.; 2021, Theorem 1]

2
KAR(A; s )‘) = Sup IEdo(A::V) [(Y - ’YTX) ]7 (7)
VECA()\)

where the robustness set is given by
Ca(\) ={v :Eww'] < (1+NE[AAT]}. (8)

Since minimizing ¢4p is equivalent to ordinary least squares (OLS) regression when
A = 0, this also provides a natural robustness guarantee for the OLS estimator, where
Cors = {v : Elwv"] < E[AAT]}. In an identifiable instrumental variable setting, the
minimizer converges against the causal parameter for A — oo [e.g. Jakobsen and Peters,
2021, eq. (71)]; the ¢prs term has therefore been referred to as ‘causal regularization’
[e.g. Bithlmann and Cevid, 2020], and has also been denoted by £7y [Rothenhiusler
et al., 2021], as cov(A, R()) = 0 if and only if ¢prs(y) = 0.

3. Distributional Robustness to Bounded Shifts

We first assume the existence of a noisy proxy W, conditionally independent of (X, Y, H)
given A (see Fig. 2).

Assumption 2 (Single proxy with additive noise). In the context of Assumption 1, W

is generated as follows
W= BI—/IF/A +Eew,
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where ey has mean zero, bounded covariance, and is independent of (A,¢e). In addition,
we assume that the second moment matriz E]WW '] is invertible.

Under mild identifiability conditions (e.g., that Sy is full rank) one can show (see
Appendix C.3.2) that

lprs(A;y) =0 < lprLs(W;vy) =0, (9)

Hence, a single proxy is enough (in the population case) to identify whether the sharp
constraint {prg(y) = 0 holds, representing invariance to interventions of arbitrary
strength. This corresponds to the fact that if A is a valid instrumental variable, then so
is W [Herndn and Robins, 2006].

However, we consider interventions on A that are not of arbitrarily large strength.
With that in mind, in Section 3.1, we demonstrate that (i) when a single proxy W is used
in place of A, a robustness guarantee holds, but the robustness set is reduced relative
to (8), (ii) the extent of this reduction depends on the signal-to-variance relationship
in W, and (iii) this relationship is not generally identifiable from the observational
distribution over (X,Y, W) alone. In Section 3.2, we show that in the setting where two
proxies are available, the same guarantees as for an observed A can be obtained. We
do so constructively, giving a regularization term whose population version is equal to

Cprs(A;7).

3.1. Robustness with a single proxy

First, we establish the robustness set of Anchor Regression when a single proxy is used
in place of A. We refer to this as Proxy Anchor Regression, to distinguish it from the
case when A is observed, but the only difference from Definition 1 is that W is used in
place of A.

Definition 2 (Proxy Anchor Regression). Let ¢1g,¢prs be defined as in (4) and (6).
We define

Cpar(Wiv,A) = Lrs(y) + Mprs(W; ), (10)

where A > —1 is a hyperparameter and we suppress the dependence on X,Y in the
notation.

Theorem 1. Under Assumptions 1 and 2, for all v € R4 and for all A > —1

2
Lpar(Wiv, A) = sup  Egpamn)[(Y — 7 X)7],
I/ECW()\)

where the robustness set is given by

CwA) = {v:Ew'] K E[AAT] + Xy} (11)
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MSPE
OLS AR(A) = xPAR(W, Z) PAR,, (W) PARy, (W) o 10

-

— Cors

""" Ca(M1) = Cw,z(A1)
- Cw(M)

-- Cw(X2)
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V1

Figure 3.: Test performance under interventions do(A = (v1,12)) which give rise to dif-
ferent test distributions over X and Y. Each dot corresponds to a different
intervention (i.e., test distribution on X,Y), and the color gives the resulting
mean squared prediction error (MSPE). (Far Left) OLS performs well for
interventions in the set Corg (solid circle), corresponding to the training co-
variance of A. However, it performs poorly under interventions far from this
region (e.g., top left). (Middle Left) Anchor Regression (AR) minimizes the
worst-case loss over interventions on A within the region C'4(\1) (cf., (8)), are-
scaling of Cor,g. There is a trade-off, with better performance than OLS under
large interventions, but worse performance under small interventions. Given
two proxies W, Z, we introduce Cross-Proxy Anchor Regression (xPAR, cf.,
(14)) and prove that it minimizes the same worst-case loss. (Middle Right)
When only a single proxy W is used in place of A, the result is a weaker
guarantee, in the form of a smaller robustness set Cy (A1) (cf., (11)) for the
same value of A;. The shape of this set depends on the noise in the proxy
along different dimensions. (Far Right) As a result, there does not generally
exist a Ag such that Cy(Ag) = C4(A1). If we choose some A2 > \; such that
Ca(M\1) C Cw(Az2), we enforce a stronger constraint than intended, resulting
in an unwanted trade-off between performance and robustness.

and where Qv s defined as
-1
Q= E[AW ] (]E[WWT]> E[WAT]. (12)

Intuitively, Q2 defines a signal-to-variance relationship in W, and this determines the
robustness guarantee. In the case where both A, W € R are one-dimensional, and A has
unit variance, the robustness sets simplify to

Cors ={v: E[l/2] <1}
Cw\) ={v:Ep? <1+ X pw}
Ca(\) = {v:E[?} <1+2},
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where pw = B%,/(B% + Ee?,) < 1 is the signal-to-variance ratio of W, also referred
to as the reliability ratio in the measurement error literature [Fuller, 1987]. Thus, in
the one-dimensional case, the robustness set using W is strictly smaller than the one
obtained by using A when A > 0, except in the case where ey = 0 a.s. This result
generalizes to higher dimensions.

Proposition 1. Assume Assumptions 1 and 2 and that E[eywefy] € RWXIW s positive
definite. Then for A >0
CoLs € Cw(A) C Ca(N),

and the set Cyy(X) increases monotonically when Elewe;| decreases w.r.t. the partial
matriz ordering. If dw = da, Bw is full rank, and eyy = 0 a.s., then Cy (X)) = Ca(N).

If Qy were known, we could choose a larger A* such that C4(\) C Cy (A*). In contrast
to the one-dimensional case, where we could choose A* = A\/pw to obtain an equality
Ca(N\) = Cw(X*), we cannot generally achieve equality in higher dimensions (see Fig. 3).

However, Qyy is not generally identifiable from the observed distribution over (X, Y, W)
alone. Moreover, SCMs compatible with the observed distribution react differently under
interventions on A and yield different coefficients that are optimal w.r.t. interventions
in C4(\). Consequently, in this setting, it is not possible to recover the guarantees of
Anchor Regression without further assumptions (e.g., on Q). See Appendix C.2 for an
example.

Note that these results apply regardless of whether or not Sy is full rank. However, if
Bw is not full rank, then there will be directions of variation in A that are not reflected
in W, and we will not be able to achieve additional robustness (beyond that of OLS)
against interventions along these directions.

3.2. Robustness with two proxies

We now show that if we have two (sufficiently different) proxies for A, then it is possible
to recover the original robustness set using a different regularization term. We denote
these proxies by W, Z, as shown in Fig. 2. In this setting, the structural causal model
over (X,Y,H, A) can still be written in the form of Equation (1), where we make the
following additional assumptions.

Assumption 3 (Proxies with additive noise). In the context of Assumption 1, Z, W are
generated as follows

W =B A+ew and Z=ByA+¢eyz,

where ey, ez are mean-zero with bounded covariance, and ew,ez,€, A are jointly inde-
pendent.

Assumption 4. The dimensions of A, W, Z are equal, dg = dw = dz, and Bw, Bz are
full-rank.
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Note that Assumption 4 also implies that the second moment matrix E[ZW '] is
invertible.

To build intuition, note that this assumption is trivially satisfied in the setting where
W =A+4ew and Z = A+ ¢z, i.e., where W and Z are two noisy observations of A.
More generally, Assumption 4 rules out directions of variation in A that are undetectable
in Wor Z.

In this setting we introduce the following loss, and prove that it is equal to the worst-
case loss obtained when A is observed (c.f., (7))

Definition 3 (Cross-Proxy Anchor Regression).
Upar(W, Z; 7y, A) =g (X, Y5 y) + M (W, Z: ),
where we refer to
T T1—1 T
bW, Z;7) = E[R(y)W [E[ZW ] "E[ZR(v) ], (13)
as the cross-proxy regularization term.

Theorem 2. Under Assumptions 1, 3 and /, for any v € R¥X and any A > —1

I (14)

2
Uupar(W, Z:7,A) = sup Egoam[(Y — 7' X)
VECA(/\)

where C4(\) = {v :EuvT] < (1 4+ NE[AAT]}.

lypaRr is convex in v and has a closed form solution for its minimizer based only on
the population moments of X,Y, W and Z (see Proposition C.4 in the supplement).

To build intuition for why Assumption 4 is required for this result, consider an exam-
ple where W, Z are both scalars (dw = dz = 1) and A has two independent dimensions
(A1, Az). In this example, if both proxies measure the same dimension A;, then varia-
tion in As is not detectable in either proxy, and we cannot optimize for robustness to
interventions on As. On the other hand, if W only measures A; (e.g., W = Ay + ew),
and Z only measures Ay (e.g., Z = Az + €z), then we cannot use Z to identify the
signal-to-variance ratio of W, and vice-versa. In this case, (W, Z) is effectively a single
two-dimensional proxy in the framework of Section 3.1, where we showed that recovering
the guarantees of Anchor Regression is not generally possible. Intuitively, we need all
directions of variation in A to have some influence on both proxies (i.e., Sy, 5z full
rank), and hence require that W, Z have sufficiently large dimension.

4. Targeted Anchor Regression: Incorporating Additional Shift
Information

We now generalize Anchor Regression to an estimator that is targeted to be robust
against particular shifts, and demonstrate that we can similarly handle this setting
when only proxies of A are observed. In Section 2.3 we showed that Anchor Regression
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OLS TAR(A) MSPE
1

-5 0 5 -5 0 5
Figure 4.: Targeted Anchor Regressiem allows for minimizing the worst-case loss in re-
gions (dashed ellipse) that may differ in location, size, and shape from the
regions in Fig. 3 (OLS copied for reference). Every point v represents a test
distribution do(A := v), the color indicating the mean squared prediction er-
ror in this distribution. Cross marks the origin. The TAR estimator achieves
its minimal test loss at the center of the targeted region.

minimizes the worst-case loss over the set C'4(\) of all interventions do(A = v) where
Elvv '] < (1+A)E[AAT]. For deterministic v, C4()\) is an ellipsoid centered at 0, and its
width in each direction is proportional to the variation of A in that direction. However,
we may desire a different robustness set: For instance, if we anticipate a particular shift
1y in the mean of A, or if we want to add extra protection against particular directions
of variation in A. This can be formalized as a robustness set defined by an ellipsoid that
may not be centered at 0, nor be proportional to IE[AAT]. The estimator developed in
this section can incorporate such prior beliefs.

More formally, instead of considering robustness against interventions do(A := v) over
the set v € C4(\), we now assume that we have additional information on the nature
of v, which is specified in the form of a vector u, and a symmetric PSD matrix >,. We
introduce a new method, Targeted Anchor Regression, minimizing what we refer to as
the targeted loss. We prove in Propositions 2 and 3 that minimizing this objective can
be interpreted in two ways: First, as minimizing an expected loss over interventions v
with a known mean and covariance, or minimizing a worst-case loss over deterministic
interventions v contained in an ellipsoid robustness set (as discussed above). This is
visualized in Fig. 4.

4.1. Targeting when A is observed

We first consider the case when A is observed during training, and the mean and covari-
ance of v are known, given by p,,Y,. Importantly, for a given v we have E[R(y) | A =
al = bl—a, where, writing ¥4 = E[AAT],

by =E[R(7)AT]E,". (15)

Definition 4 (Targeted Anchor Regression). Let p, € R%, and ¥, € R%*%4 where
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Y, is a symmetric PSD matrix.

eTAR(A; Hu, 2V7 v a)
2
= Crs(7) + b (S = Ba) by + (b py — @), (16)

where b, is defined in (15), and ¥4 is the covariance of A.

Proposition 2. Under Assumption 1, and the assumption that v I €, we have, for all
v €R¥X o €R,

2

ZTAR(14; Hs 22055 Oé) = IEdo(A::I/)[(Yv - ’YTX - a) ]7

where w, = E[v] and X, is the covariance matriz of v.

Importantly, the objective in (16) is convex in (7, «), and has a closed-form solution
(see Proposition C.5 in the supplement). If v is a known constant, then this corresponds
to performing OLS using both X and A as predictors during training, and using the
known value of v for A for prediction (see Appendix C.3.3.2). However, if for example v
exhibits more variance than A along certain directions, and less variance along others,
then the targeted regression parameter differs from standard solutions. Optimizing the
objective in (16) can also be interpreted as optimizing a worst-case loss over interventions
do(A :=v) in a certain set.

Proposition 3. Under Assumption 1, we have, for all p, € R% and 3, € Riaxda
being a symmetric positive definite matriz, that

arg min {7 ar(A; pu, Xy, 7y, @)
/Y?a

. 2
= argmin sup EdO(AZ:V) [(Y - VTX - Oé) ]7
7, VeT(rulMZV)

where the supremum is taken over (deterministic or random) shifts v of the form v =
Ly + 8, where § satisfies the constraint that E[66T] < X,,. If § is random, we require that
it 1s independent of all other random variables. In other words, we can write that v lies
in the set

T, S) = {v : Bl(v — ) (v — ) '] < 0}

Note that the expectation in the constraint 1" is with respect to the random variable
v. This covers the case in which v (and hence ¢) is deterministic, in which case it is
equal to a fixed value with probability one.

Proposition 3 shows that Targeted Anchor Regression generalizes Anchor Regression
to a broader class of robustness sets, that need not depend explicitly on E[AAT]. In
particular, Anchor Regression can be viewed as a special case, where ¥, = (1 + \)X4
and E[v] = 0, in which case the objectives are equal for « = 0. In the following, we
adopt the interpretation of u,, 3, as specifying a mean and covariance of v (Proposition
2).
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4.2. Targeting with proxies

In the single-proxy setting, we define Proxy Targeted Anchor Regression as using W in
place of A in (16). We assume a known mean and covariance of W under Pgo(a=v), used
in place of p,,%,. By similar arguments to those in Section 3.1, this approach does not
generally yield the optimal predictor, in a way that depends on the (unidentified) signal-
to-variance relationship in W. Given the similarity, we defer details to Appendix C.4.

When two proxies W, Z are available, we can recover the statement from Proposition 2
using a modified estimator, by similar arguments to those in Section 3.2. The core
observation is that we can construct a linear term

a) = E[R(ZTIEWZT) ", (17)

which, if Bz = Bw = Id can be seen as a linear IV estimate of bl in (15), an estimator
used in the measurement error literature given repeated noisy measurements of a single
variable [Fuller, 1987]. In our case, (17) identifies bI only up to the linear transformation
Bw, but this is sufficient to identify the targeted loss.

Definition 5 (Qross—Proxy Targeted Anchor Regression). Let i € RW, and Sw o€
Rw xdw wwhere Yy is a symmetric positive semi-definite matrix. We define

EXTAR(Wyz;ﬂ) in’ya O[)
T (v T~ 2
=Llrs(7) + a, (ZW - EW) ay + <awu — a) ,

where a, is defined in (17).

In Theorem C.1 (Appendix C.4) we prove, analogous to Theorem 2, that this popu-
lation objective is equal to that of Targeted Anchor Regression (16).

5. Synthetic Experiments

In Section 5.1, we show that Cross-Proxy Anchor Regression (xPAR) outperforms Proxy
Anchor Regression (PAR) in settings with noisy proxies. As the noise increases, xPAR
continues to match Anchor Regression (AR) test performance under intervention, while
PAR approaches OLS. In Section 5.2, we demonstrate the risks of attempting to cor-
rect for this noise by assuming a certain signal-to-variance ratio. In Section 5.3 we
demonstrate another benefit of xPAR over PAR, giving an example where it places
more weight on causal predictors relative to PAR. Finally, in Section 5.4, we high-
light the trade-off between using Targeted Anchor Regression (TAR) vs. OLS and AR,
showing that TAR improves performance under the targeted shift, at the cost of incur-
ring additional error on the training distribution. Code for experiments is available at
https://github.com/clinicalml/proxy-anchor-regression.
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5. Synthetic Experiments
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Figure 5.: Mean squared prediction error (MSPE) under interventions do(A = v) for
estimators PAR and xPAR. We display population losses for the population
parameters as dashed lines, and median empirical MSPE when fit from data
as solid lines, with shaded regions covering the 25% to 75% quantiles.

5.1. Mean squared prediction error under intervention

We demonstrate on synthetic data that xPAR recovers similar test performance to AR,
while the performance of PAR degrades as the signal-to-variance ratio (SVR) of the
proxies decreases. We simulate training data (at different levels of signal-to-variance)
from an SCM with the structure given in Fig. 2, fix A := 5 and fit PAR and xPAR.
We then choose a fixed intervention v, and simulate test data under the intervened
distribution, evaluating our learned predictors.

In Fig. 5, we see that the test errors for xPAR and AR coincide (see Theorem 2)
while PAR interpolates between OLS and AR, depending on the signal-to-variance ratio
(see Proposition 1). Appendix C.5 gives additional implementation details on this and
remaining experiments.

5.2. Misspecified signal-to-variance ratio

In Section 3.1, we noted that if the (unidentified) signal-to-variance ratio (SVR) were
known, we could correct for it when using PAR with a single proxy. Here we demonstrate
the implications of incorrectly specifying this correction. We simulate data from the same
SCM as in Section 5.1, with varying (true) signal-to-variance ratio.

In Fig. 6, for the predictor chosen by PAR, we plot the estimated worst-case MSPE
(in orange), using a correction factor assuming that the signal-to-variance ratio is 0.4,
against the true worst-case MPSE (in green). We observe that if the true signal-to-
variance ratio is smaller than our assumption of 0.4, then our estimate is too conservative,
and vice versa if the true signal-to-variance ratio is larger.

5.3. Causal and anti-causal predictors

We demonstrate the ability of xPAR to select causal predictors, in a synthetic setting
where predictors X may contain both causal and anti-causal predictors. We simulate
data from an SCM (Fig. 7 [top]), where one anchor, A;, is a parent of the causal pre-
dictors, while the other, As, is a parent of the anti-causal predictors. We consider two
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Figure 6.: Estimates oqf:rl\%x?osrsgcr}%asg \%régrﬁc%é%éged prediction error (MSPE) over a ro-
bustness set C'. PAR is applied assuming that the signal-to-variance ratio is
0.4, which gives an estimate of the worst-case MSPE over C' (orange). Green
line shows actual worst-case MSPE over C' at different underlying signal-to-

variance ratios.

identically distributed noisy proxies W, Z of A := (A1, A2). The challenge is that As is
measured with significantly more noise than A, across both proxies.

As seen in Fig. 7 [bottom] PAR places more weight on anti-causal features. In effect,
the noise in the measurement of A, causes Xanti-causal tO appear less sensitive to shifts
in As. This is an ideal scenario for xPAR, as it is designed to deal with additional noise
by leveraging both proxies. Consequently, when two proxies W, Z are available, xPAR
places more weight on the causal predictors, relative to PAR.

5.4. Targeted shift

We demonstrate the trade-off made by Targeted Anchor Regression (TAR) versus Anchor
Regression (AR), considering the case when A is observed for simplicity. We simulate
training data and fit estimators yors, Yar and yTaRr, where yrag is targeted to a par-
ticular mean and covariance of a random intervention v, and we select A for yar such
that this intervention is contained within C'4 ().

We then simulate test data from two distributions: Pg,4.—,y (i-e., the shift occurs),
and P (where it does not), and evaluate the mean squared prediction error (MSPE).
The results are shown in Fig. 8, and demonstrated that TAR performs better than AR
and OLS in the first scenario, but this comes at the cost of worse performance on the
training distribution.

6. Real-Data Experiment: Pollution

We test our approach on a real-world heterogeneous dataset of hourly pollution read-
ings in five cities in China, taken over several years [Liang et al., 2016], with most data
available from 2013-15. Our prediction target is PM2.5 concentration, a measure of pol-
lution, and covariates are primarily weather-related, including dew point, temperature,
humidity, pressure, wind direction / speed, and precipitation.

Real-World Proxy (Temperature): Pollution tends to be seasonal in this dataset,
and so we construct our training and test environments using seasons: For each of the
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four seasons, we train only on the other three seasons, and evaluate on the held-out
season. We do this for each city, treating each city and held-out season as a separate
evaluation. This leads to 20 separate scenarios.

With this variation in mind, we use temperature as a real-world proxy, and treat it
as unavailable at test time. We also construct two noisier copies of temperature, which
we refer to as W, Z, adding independent Gaussian noise while controlling the signal-to-
variance ratio (in the training distribution) at var(Temp)/ var(W) = 0.9.

Estimators / Benchmarks: For Proxy and Cross-Proxy AR (PAR, xPAR, see
Section 3), we choose A € [0,40] by leave-one-group-out cross-validation on the three
training seasons, using the first year (2013) of data. For instance, if “winter” is the test
season, then we choose the value of A that performs best on average across combinations
of the other seasons e.g., training on the fall & summer data and evaluating on the spring
data.

When using temperature as a single proxy in PAR, we observe that in 9 out of 20
scenarios, A = 40 is chosen, but in the remaining 11, A = 0 is chosen, which is equivalent
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Table 1.: Mean: Average MSE (lower is better) over 9 scenarios where A > 0. #
Win: Number of scenarios where the estimator has lower MSE than OLS.
Best (Worst): Smallest (Largest) difference to OLS across environments, where
lower is better.

Estimator Mean # Win Best Worst
OLS 0.537

OLS (TempC) 0.536 5 -0.028 0.026
OLS + Est. Bias 0.569 4 -0.072 0.150
PAR (TempC) 0.531 6 -0.041 0.006
PAR (W) 0.531 6 -0.037 0.006
xPAR (W, Z) 0.531 6 -0.039 0.007
PTAR (TempC)  0.525 8 -0.061 0.001
PTAR (W) 0.529 8 -0.038 0.001
xPTAR (W, Z) 0.526 7 -0.059 0.001

to OLS. For comparability, we use the same values of A for PAR(W') and xPAR(W, Z).
For Proxy Targeted AR and Cross-Proxy Targeted AR (PTAR, xPTAR, see Section 4),
we use the mean and variance of the relevant variables (e.g., temperature, W, Z) in the
held-out season to target our predictors.

Our primary benchmark is OLS (without temperature). We also compare to (a) OLS
that uses temperature during train and test [OLS (TempC)], and (b) OLS that includes
the temperature during training, and uses the mean test value for temperature during
prediction [OLS + Est. Bias]. We present the results for the 9 scenarios where A > 0 in
Table 1, since PAR with A = 0 is equivalent to OLS (aggregate results in Table C.1 in
the supplement).

Results: For both PAR and PTAR, we see improvement over OLS on average across
scenarios, with limited downside (e.g., in the worst scenario for PTAR relative to OLS,
the additional MSE incurred is 0.001). In Fig. C.4 (Supplement), we observe that PAR
and PTAR achieve gains in two different ways: PAR increases the coefficients of humidity
and dew point relative to OLS, while PTAR reduces them and incorporates a correction
into the intercept.

7. Discussion and Related Work

Learning a predictive model that performs well under arbitrarily strong causal interven-
tions is an ambitious goal. In this work, we have argued that even if causal invariance
is achievable, it may not be desirable: A model whose performance is invariant to arbi-
trarily strong interventions may have poor performance when the test distribution does
not differ too much from the training distribution.

There is a large body of work that seeks to learn causal models as a route to achieving

90



7. Discussion and Related Work

invariance [Rojas-Carulla et al., 2018, Magliacane et al., 2018], or that uses knowledge
of the causal graph to select predictors with invariant performance under a set of known
interventions [Subbaswamy et al., 2019]. Similarly, invariant risk minimization (IRM)
seeks a predictor ® such that E(Y | ®(X)) is invariant across a set of discrete environ-
ments [Arjovsky et al., 2019, Xie et al., 2020, Krueger et al., 2020, Bellot and van der
Schaar, 2020]. Recent work has pointed to the theoretical and practical difficulty of
learning such a predictor for IRM [Rosenfeld and Risteski, 2020, Kamath et al., 2021,
Guo et al., 2021], in part due to the fact that recovering a truly invariant model, even
in linear settings, requires a large number of environments. Generalization in non-linear
settings requires sufficient overlap between environments and strong restrictions on the
model class [e.g., Christiansen et al.; 2021]. In contrast to all of the above, we trade
off between in-distribution performance and invariance explicitly, instead of seeking in-
variance as a primary goal. Moreover, since we allow for A to influence Y directly
and through hidden variables, invariance may not even be achievable, but we can still
formulate a worst-case loss for bounded interventions.

We argue for incorporating prior knowledge about potential shifts by (1) identify-
ing proxies for relevant factors of variation (i.e., anchor variables), and (2) specifying
plausible sets of interventions on these factors of variation. We build upon the causal
framework of Anchor Regression [Rothenhiusler et al., 2021], extending it in two impor-
tant ways.

To start, we relax the assumption that the anchor variables are directly observed.
Instead, we only assume access to proxies, and prove that identification of the worst-
case loss is feasible with two proxies. The challenge of identifying the worst-case loss
is related to the problem of identifying causal effects with noisy proxies of unmeasured
confounders [Tchetgen Tchetgen et al., 2020, Miao and Tchetgen, 2018, Shi et al., 2018,
Kuroki and Pearl; 2014], and the challenge of learning under classical measurement
error [Fuller, 1987, Hyslop and Imbens, 2001, Bound et al., 2001]. Our observation
that a single proxy will underestimate the worst-case loss is related to the well-known
problem of regression dilution bias [Frost and Thompson, 2000], where performing linear
regression under measurement error leads to bias in parameter estimation. In contrast,
we are not concerned with causal / structural parameter estimation, which is generally
not possible in the models we consider, but rather estimating a worst-case loss under
a class of interventions. Srivastava et al. [2020] also consider distributional shift in
unmeasured variables for which proxies are available, and apply techniques for handling
worst-case sub-populations from DRO [Duchi et al.; 2020]. In contrast, we consider
causal interventions on A that could lie outside the support of the training data, which
cannot be represented as a sub-population. Moreover, they consider the single-proxy
case, and give a generalization bound that incorporates the impact of noise, while under
our assumptions we are able to recover guarantees as if A were observed, using two
proxies.

We then introduce Targeted Anchor Regression, a method for incorporating additional
prior knowledge on the strength and direction of shifts in anchor variables. This method
can be interpreted as allowing for specification of a broader class of robustness sets,
beyond those considered in Rothenhiusler et al. [2021], or as specifying the mean and
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covariance of the anchors at test time. We prove analogous results with proxies in
this setting, and evaluate this strategy empirically in Section 6, targeting our loss to a
particular mean and variance over temperature in the held-out season.

Our work contributes to a growing body of literature that seeks to generalize Anchor
Regression to new settings, whether allowing for unobserved anchors and a broader class
of robustness sets (as in our work), or generalizing to discrete and censored outcomes,
as in Kook et al. [2022].
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Abstract

Contextual bandit and reinforcement learning algorithms have been success-
fully used in various interactive learning systems such as online advertising, rec-
ommender systems, and dynamic pricing. However, they have yet to be widely
adopted in high-stakes application domains, such as healthcare. One reason may
be that existing approaches assume that the underlying mechanisms are static in
the sense that they do not change over different environments. In many real-world
systems, however, the mechanisms are subject to shifts across environments which
may invalidate the static environment assumption. In this paper, we tackle the
problem of environmental shifts under the framework of offline contextual ban-
dits. We view the environmental shift problem through the lens of causality and
propose multi-environment contextual bandits that allow for changes in the under-
lying mechanisms. We adopt the concept of invariance from the causality literature
and introduce the notion of policy invariance. We argue that policy invariance is
only relevant if unobserved variables are present and show that, in that case, an
optimal invariant policy is guaranteed to generalize across environments under
suitable assumptions. Our results may be a first step towards solving the environ-
mental shift problem. They also establish concrete connections among causality,
invariance, and contextual bandits.

1. Introduction

The problem of learning decision-making policies lies at the heart of learning systems.
To adopt these learning systems in high-stakes application domains such as personalized
medicine or autonomous driving, it is crucial that the learned policies are reliable even
in environments that have never been encountered before. In this paper, we consider the
problem of learning policies that are robust with respect to shifts across environments.
We consider this question in the setup of offline contextual bandits, which provides a
mathematical framework for tackling the above learning problems.
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While recent studies in offline contextual bandits Dudik et al. [2011], Bottou et al.
[2013], Swaminathan and Joachims [2015a,b], Zhou et al. [2018], Kallus [2018], Athey and
Wager [2021] offer theoretical results and novel methodologies for policy learning from
offline data, they primarily focus on an independent and identically distributed (i.i.d.)
setting, in which the underlying mechanisms do not change over time or over different
environments. In practice, however, shifts between environments often occur, possibly
invalidating the i.i.d. assumption. In healthcare, for example, datasets from different
hospitals may not come from the same underlying distribution. As a result, a learning
agent that ignores environmental shifts may fail to generalize beyond the environments
it was trained on.

In the supervised learning context, the environmental shift problem has been stud-
ied under different names, such as domain generalization, covariate shift adaptation,
distributional robustness or out-of-distribution generalization Sugiyama and Kawanabe
[2012], Muandet et al. [2013], Volpi et al. [2018], Arjovsky et al. [2019], Christiansen
et al. [2021]. In domain generalization, the goal is to develop learning algorithms that
are robust to changes in the test distribution. Thus, a fundamental problem is how to
characterize such changes. A promising direction relies on a causal framework to describe
the changes through the concept of interventions Scholkopf et al. [2012], Rojas-Carulla
et al. [2018], Magliacane et al. [2018], Arjovsky et al. [2019], Christiansen et al. [2021].
A key insight is that while purely predictive methods perform best if test and training
distributions coincide, causal models generalize to arbitrarily strong interventions on the
covariates because of the modularity property of structural causal models (see e.g., Pearl
[2009)).

The environmental shift problem is related to the problem of transportability in causal
inference Pearl and Bareinboim [2011], Bareinboim and Pearl [2014, 2016], Subbaswamy
et al. [2019], Lee et al. [2020], Correa and Bareinboim [2020] which aims to generalize
causal findings from source environments to a target environment. Unlike our work,
transportability assumes knowledge of how the target environment differs from the source
environments as well as the underlying causal graph that is shared among them through
selection diagrams Pearl and Bareinboim [2011]. Using this causal knowledge, the task
of transportability is to derive whether and how one can identify a causal quantity (e.g.
an interventional distribution) in the target environment using data obtained from the
source environments.

In real-world applications, however, knowledge of the underlying causal graph and
structural discrepancies between environments may not be available. In recent years,
invariance-based methods have been exploited to learn the causal structure from data
Peters et al. [2016], Pfister et al. [2019b], Heinze-Deml et al. [2018]. In invariant causal
prediction Peters et al. [2016], for example, one assumes that the data are collected
from different environments, each of which describes different underlying data-generating
mechanisms, and uses this heterogeneity to learn the causal parents of an outcome
variable Y. The underpinning assumption is the invariance assumption, which posits
the existence of a set of covariates X in which the mechanism between X and Y remains
constant. A model based on such invariant covariates is guaranteed to generalize to all
unseen environments.
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1. Introduction

Although some recent studies have explored the use of causality and invariance for
tackling the environmental shift problem in contextual bandits and, more generally, re-
inforcement learning Zhang et al. [2020], Sonar et al. [2021], the actual roles and benefits
of causality and invariance remain unclear and under-explored. Graphical models have
also been used in reinforcement learning to represent the underlying Markov Decision
Processes (MDP) under the framework of factored MDPs. Such methods, however, fo-
cus mainly on providing efficient planning algorithms rather than generalizing to a new
environment Kearns and Koller [1999], Guestrin et al. [2003, 2002], Jonsson and Barto
[2006].

Our paper delineates an explicit connection among causality, invariance, and the en-
vironmental shift problem in the context of contextual bandits. We develop a causal
framework for characterizing the environmental shift problem in contextual bandits,
and provide a practical and theoretically sound solution based on the proposed frame-
work. Our framework differs from the framework of causal bandits Lee and Bareinboim
[2018], Lattimore et al. [2016], Yabe et al. [2018], de Kroon et al. [2020]. While causal
bandits exploit causal knowledge (either assumed to be known a priori or estimated
from data) for improving the finite sample performance in a single environment, our
framework focuses on modeling distributional shifts and the ability to generalize to new
environments. Another line of work has addressed the problem of policy evaluation and
learning under unobserved confounding between the action and the reward variables
Bareinboim et al. [2015], Sen et al. [2017], Tennenholtz et al. [2020], Kallus and Zhou
[2020], Tennenholtz et al. [2021]. In contrast, we consider the complementary problem of
unobserved confounding between the covariates and the reward variables (see Section 3).

Our contributions are fourfold. First, we propose a multi-environment contextual
bandit framework that represents mechanisms underlying a contextual bandit problem
by structural causal models (SCMs; Pearl [2009]). The framework allows for changes
in environments and thereby relaxes the i.i.d. assumption. We define environments as
different perturbations on the underlying SCM, and we evaluate the policy according
to its worst-case performance in all environments. Second, using the proposed frame-
work, we generalize the invariance assumption used in methods such as invariant causal
prediction and define invariance properties for policies that, under certain assumptions,
guarantee generalizability to unseen environments. Third, we develop an offline method
for testing invariance under distributional (policy) shifts, and provide an algorithm for
finding an optimal invariant policy. Fourth, we highlight a setting in which causality and
invariance are not necessary for solving the environmental shift problem. This insight
takes us closer to understanding what causality can offer in contextual bandits.

The remainder of our paper is organized as follows. The rest of this section briefly
reviews an offline contextual bandit problem. Section 2 formally defines a causal frame-
work for multi-environment contextual bandits and highlights the roles of causality and
invariance in this formulation. We show that in the absence of unobserved confounders,
causality does not improve the generalization ability in that they do not outperform
purely predictive approaches. Drawing on the proposed framework, Section 3 introduces
invariance properties for policies and provides the main theoretical contributions un-
derpinning our solution for the environmental shift problem. Section 4 discusses the
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assumptions required to learn invariant policies from offline data and presents an algo-
rithm for learning an optimal invariant policy. Section 5 provides simulation experiments
that empirically verify our theoretical results. In Section 6, we apply our framework to
a warfarin dosing study.

1.1. Offline contextual bandits

We briefly review the offline contextual bandit problem Beygelzimer and Langford [2009],
Strehl et al. [2010], considering a setup in which part of covariates (also known as
context variables) are unobserved. More precisely, we assume that the covariates can be
partitioned into observed and unobserved variables X € X and U € U. Here, X and
U are metric spaces; the reader may think of X C R¢ and Y C RP. As in the standard
contextual bandit setup Langford and Zhang [2008], for each round, we assume that
the system generates a covariate vector (X, U) and reveals only the observable X to an
agent. From the observed covariates X, the agent selects an action A € A according to
a policy 7 : X — A(A) that maps the observed covariates to the probability simplex
A(A) over the set of actions A. Adapting commonly used notation, we write, for all
x € X and a € A, w(a|z) := w(x)(a). The agent then receives a reward R depending on
the chosen action A, and on both the observed and unobserved covariates (X, U).

In the classical setting, one assumes that the covariates are drawn i.i.d. from a joint
distribution Px ;7 (an assumption we will relax when introducing multi-environment
contextual bandits in Section 2) and that the rewards are drawn from a conditional
distribution Pg|x 7, 4. The agent is evaluated based on the performance of its policy 7
which is measured by the policy value:

V(1) = E(x,u)~px.o Bann(x) ERnBrx pa [R]-

The agent is now given a fixed training dataset that is collected offline: it consists of
n rounds from one or more different policies, i.e., D = {(X;, A;, R;, mi(X;))};, where
A; ~ mi(X;)° for all i € {1,...,n}. The goal of the agent is then to find a policy 7 that
maximizes the policy value over a given policy class II, i.e., 7* € arg max, .y V (7).

This setting assumes that the covariates in each round are sampled i.i.d. from some
fixed distribution; this implies that the environment in which we deploy the agent is
identical to the environment in which the training dataset was collected. Section 2
introduces a causal framework for multi-environment contextual bandits, a framework
that relaxes the i.i.d. assumption.

SWe assume knowledge of the initial policy 7; to ease our presentation and focus our contribution on
the environmental shifts problem. Our theoretical results and algorithms remain unchanged even if
the initial policy is unknown and needs to be estimated from the offline data (see Appendix D.5 for
more details).
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2. A Causal Framework for Multi-environment Contextual
Bandits

Instead of having a fixed distribution Px ;7 over the covariates, we introduce a collection £
of environments such that, in each round, the covariates are drawn from an environment-
specific distribution P ;; that depends on the environment e € £ in that round.

In practice, the agent only observes part of the environments £°*° C £ and is expected
to generalize well to all environments in £ including the unseen environments £ \ £°%.
To formalize the problem, we first introduce a framework that puts assumptions on how
environments change the distributions of X, U and R. Specifically, an environment e
can only perturb the distribution of the reward R through altering the distribution of
the observed covariates X. This constraint makes it possible to generalize information
learned from one set of environments to another. In this formulation — even though
the full conditional distribution of the reward PBGX,U’ 4 1s assumed to be fixed across
environments — the observable distribution PEEX, 4 after marginalizing out the unobserved
U may change from one environment to another (see, e.g., Fig. 1b)

Formally, the assumptions are constructed via an underlying class of SCMs indexed
by the environment and policy.°

Setting 1 (Multi-environment Contextual Bandits). Let X = X' x ... x X% and U =
UL x ... x UP be products of metric spaces, A = {a',...,a"} a discrete action space,
IT:= {X — A(A)} the set of all policies, and & a collection of environments. For all
m €1l and all e € £ we consider the following SCMs,

U:=s(X,Ucep)
' X =he(X,U,ex)
S(m,e): A= go(X.e0) (1)

R = f(Xv Uv Aa 8R)a

where (X, U, A R) € X xU x A X R, s, (he)ece, and f are measurable functions,
e = (ey,ex,€4,€R) 1S a random vector with independent components and a distribution
Qe = Qe ® Qey ® Qey ® Qepy, and gr and Q. , are such that for all x € X it holds
that g=(x,e4) is a random variable on A with distribution w(x). Fig. 1a visualizes the
coarse-grained structure of this setting. U, X, and A should be thought of as random
vectors. Accordingly, he, for example, is a function with a multivariate output; it is a
short-hand notation in the sense that a component of he does not need to depend on all
X, for example. In particular, we assume that the graph G (defined below) corresponding
to the SCMs is acyclic, see Fig. 1b and 1c for an example.

SReaders familiar with the standard notion of SCMs may think about an SCM with a source node FE.
S(m,e) then corresponds to an intervention on the action variable (change of policy) and on some
of the observed covariates variables (change of environment). Here, we consider fixed environments,
so that we do not have to consider them as random draws from an underlying distribution; see also
Dawid [2002].
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We assume there exists a probability measure p on X X U x A X R such that for all
m €1l and all e € € the SCM S(m, e) induces a unique distribution P™¢ over (X,U, A, R)
(see Bongers et al. [2021] for details) which is dominated by p and has full support on
X. We denote the corresponding density by p™¢ and the corresponding expectations by
E™¢. Whenever a probability, density, or expectation does not depend on mw, we omit
and write B[ X] rather than E™¢[X], for example.

Some remarks regarding Setting 1 are in order: (1) We only use the SCMs as a flexible
way of modeling the changes in the joint distribution with respect to the environment
e and the policy w. In particular, we do not use it to model any further intervention
distributions that do not correspond to a change of policy or environment. (2) In practice,
the precise form of the SCMs is unknown. Indeed, we will neither assume knowledge
of the structural equations nor complete knowledge of the graph structure, except that
the constraints induced by (1) hold. (3) The assumption of a dominating measure for
all environments ensures that we can always assume the existence of densities while
also switching across environments. In particular, this avoids any measure-theoretic
difficulties regarding conditional distributions. (4) The assumption that the induced
distributions over X have full support in all environments ensures that the generalization
problem when moving from £° to £ does not involve any extrapolation. Additionally, it
ensures that conditional expectations such as E™°[R | X = z] can be uniquely defined for
all x € X as integrals of the conditional densities. (5) The environments are modelled
fixed (and not random). However, we could also treat the environments as random
variables which can be considered a special case of the fixed-environment setting (see
Appendix D.4). (6) The assumption that U is not affected by the environments is
necessary for the existence of a d-invariant set (Definition 3). If the assumption is
violated, there is no d-invariant set.

We now introduce the graph G over the variables (X',..., X4 U, ..., UP A, R) that
visualizes the structure of the SCMs S(m, e) (for all € Il and e € £). More precisely, G
is constructed as follows: Each coordinate of the variables (X, U, A, R) corresponds to a
node. The nodes are connected according to the structural assignments, that is, we draw
a directed edge from a variable B to a variable C if, for at least one environment e € &,
the variable B appears on the right-hand side of the structural assignment of variable
C (see Fig. 1b for an example). Let Z C {1,...,d} index the variables X/ for which
the structural assignment X7 := hL(X,U,ex) in (1) varies with e, i.e., where there exist
e, f € € such that hl # hzf. The environments £ correspond to perturbations on variables
X7, which implies that for each e € £ the distribution P™¢(XZ | U, X {1:-41\T) may vary.
We augment the graph with a square node e to represent the environments and draw
a directed edge from the node e to each of the perturbation targets XZ. Furthermore,
we draw edges from all nodes in X to A and mark them with 7 (to represent their
dependence on the policy).

This graph G is assumed to be acyclic, that is, to not contain any directed cycles.
Some of the theoretical results require an additional assumption on the structure of the
graph G: there is no unobserved variable U that influences only the observed X but not
the reward R, see Assumption 1 below.
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Assumption 1. Let G be the graph of the SCMs in Setting 1. We assume that, for all
¢e{l,...,p}, there must be an edge from U’ to R in G.

By the Markov condition, which holds in SCMs, the graph G defined above encodes
(conditional) independence statements, which we will see relate to invariance, through
the concept of d-separation. More precisely, the Markov condition states that any d-
separation statement in a graph implies conditional independence Pearl [2009], Lau-
ritzen et al. [1990], Peters et al. [2017]. Here, we refer to the standard definition of
d-separation when not distinguishing between the different types of nodes and denote
by llg a d-separation statement in a graph G. For completeness, we define d-separation
in Appendix D.1. In this work, however, the distribution and conditional dependencies
depend on the policy 7, which motivates to consider graphs that change accordingly. For
any S C {1,...,d}, we therefore define G° to be the graph that is equal to G but only
has edges from X to A (rather than from all X to A). For any 7 € II°, the distribution
is then Markov with respect to G%, see Lemma D.1 in Appendix D.3.3.

We are now ready to define contextual bandits with multiple environments.

Definition 1 (Multi-environment Contextual Bandits). Assume Setting 1. In a multi-
environment contextual bandit setup, before the beginning of each round, the system
is in an environment e € £ Then, the system generates a covariate vector (X,U) and
reveals only the observable X and the environment label e to the agent. Based on the
observed covariates X, the agent selects an action A according to the policy 7 : X —
A(A). The agent then receives a reward R, depending on the chosen action A and on
both the observed and unobserved covariates (X,U). More precisely, we assume for
all i € {1,...,n} that (X;,U;, A;, R;) are sampled independently according to P;:(?A,R
(see Setting 1). The training data contains data from environments in £°°. When
!501)5} = |€] = 1, the setup reduces to a standard contextual bandit setup.

In the multi-environment contextual bandit setup, the covariates on different rounds
are not identically distributed due to changes in the environments. We can thus use
this framework to model situations, where the test environments differ from training
environments. We illustrate this setting with the following example, which we will refer
back to several times throughout the paper.

Example 1 (Linear Confounded Multi-environment Contextual Bandits). Consider a
linear multi-environment contextual bandit with the following underlying SCMs

U=c¢cy

XVi=n~U+ex1

X2 =, +ex2

A= g (X1, X2 en)

P {61X2+U+ER, ifA=0

S(m,e):

62X2—U+6R, ifA: 1,
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where er,€4,Ex1,Ex2 are jointly independent noise variables with zero mean, e, ae € R
forall e € €, B1,02 € R, and A = {0,1}. Fig. 1b depicts the induced graph G. In
this example, the environments influence the observed covariates in two ways: (a) they
change the mean of X? via a.. and (b) they change the conditional mean of X' given U via
Ye, while the rest of the components remain fized across different environments. Here,
the environment-specific coefficient v, modifies the correlation between the observable
X' and the unobserved variable U, and consequently between X' and the reward R.
Thus, an agent that uses information from X' to predict the reward R in the training
environments may fail to generalize to other environments. To see this, consider a
training environment e = 1 and a test environment e = 2 and let vy = 1, v = —1 be the
environment-specific coefficients in the training and test environment, respectively. In
the training environment, we have a large positive correlation between X' and U, and
consequently the agent will learn that the action A = 0 yields a higher expected reward
when observing a positive value of X1 (and A =1 otherwise). However, the correlation
between X' and U becomes negative (and large in absolute value) in the test environment,
which means that the policy that the agent learned from the training environment will
now be harmful. We will see in Section 3 that a policy that depends on a d-invariant set
({ X2} in this example) does not suffer from this generalization problem and is guaranteed
to generalize across different environments.

A similar structure appears in the medical example discussed in Section 6. There, A
is the dose of a drug, R is a response variable, X are observed patient features and U are
unobserved genetic factors. The environment e is (a proxy of) the continent on which
the data was collected.
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[ =& (®)

fod ®

(a) A summary of the N
causal structure of
Setting 1 (with dashed

edge) or Setting 2 (b) Graph G induced by

(without dashed edge). the data-generating

In both cases the causal
relations between X-
and U-covariates are
not shown explicitly.

process in Example 1.
G2} is the graph ob-
tained when removing
the edge X' — A.

(¢) Graph G induced by

a more complicated
data-generating  pro-
cess than in (b).

Figure 1.: Graphs summarizing different data-generating models. White and grey circles
represent observed and hidden variables, respectively. (a) A summary graph
depicting the causal structure. If the dashed edge from U to X is included
it corresponds to Setting 1 otherwise to Setting 2. (b) The graph induced by
the model in Example 1. Here, {X?} is d-invariant, because R 1L 50 e | X7,
see Definition 3. Any set S that contains X! is not d-invariant because of the
open path e = X' «+ U — R. In this example, a policy depending on X!
and X2 may perform worse in a test environment than (a d-invariant) policy
depending only on X?2. In practice, we do not assume that the structure is
known but test for invariances (11) from data. This requires testing under
distributional shifts: even though {X?} is d-invariant, (11) may not hold for a
policy 7 that depends on X! and X? because of the path e - X' - A — R.
(¢) A more complex model, where the environments do not act on all X
variables. Although U has an edge into X3, the subset {X?, X3} is still a d-
invariant set — there is no edge from e to X3. Again, every subset of variables
containing X! is not d-invariant. (In fact, in examples (b) and (c), X! is a
strongly non-d-invariant variable, see Definition 5, and cannot be part of a
d-invariant set.)
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2.1. Distributionally robust policies

To evaluate the performance of an agent across different environments, we define a policy
value that takes into account environments. In particular, we focus on the worst-case
performance of an agent across environments.

Definition 2 (Robust Policy Value). For a fixed policy 7 € 11, and a set of environments
£, we define the robust policy value V¢ (m) € R as the worst-case expected reward

£ R e
Ve(m) = érelgE [R]. (2)

Intuitively, an agent that maximizes the robust policy value is expected to perform well
(relative to other agents) in the most harmful environment. The idea of optimizing worst-
case performance has been suggested in the reinforcement learning literature Garcia and
Fernandez [2015], Amodei et al. [2016] to ensure safe behavior of an agent and prevent
catastrophic events and has also been used to formulate adversarial training Bai et al.
[2021] as well as out-of-distribution generalization Ye et al. [2021].

We now assume that, for several observed environments, we are given an i.i.d. sam-
ple from a multi-environment contextual bandit, see Definition 1. More precisely, we
assume to observe D = {(X;, A;, R;, m(X;),e;)},, where e; € EPs A ~ mi(Xy),
(X;, Ai, R;) - P;jﬂ for alli € {1,...,n}. Using only D, we aim to solve the following
maximin problem”:

arg max V(). (3)

mell

If we do not observe all the environments, solving the maximin problem (3) is impossible
without further assumptions. A baseline approach to this problem is to pool the data
from all training environments and learn a policy that maximizes the policy value ignor-
ing the environment structure. We will see in Section 2.2 that this is indeed optimal if
all relevant covariates have been observed. If, however, hidden confounding is present,
the pooling approach does not necessarily yield an optimal policy and the learned pol-
icy may fail to generalize to unseen test environments. In Section 3, we introduce the
notion of policy d-invariance. We will show that under certain assumptions, solving the
maximin problem (3) amounts to finding an optimal d-invariant policy which is then
guaranteed to generalize across environments.

2.2. Policy learning without unobserved confounders

This section illustrates a setting in which it is not beneficial to explicitly take into account
the environment structure. Here, simply pooling the data from all training environments
and applying a standard value-based policy learning algorithm yields a solution to (3).
This result sheds light on the role of causality and invariance in contextual bandits and
reinforcement learning. The following setting is a modification of Setting 1 without any
unobserved confounders in the causal model.

"The maximum can always be attained when II is an unrestricted policy class and takes a form similar
to (4).
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Setting 2 (Unconfounded Multi-environment Contextual Bandits). Assume the same
setup as in Setting 1 but assume that the SCMs are given by

U :=s(X,Ucep)

S(r.0) X = he(X,ex)
me):

A=g.(X,e4)

R = f(X7 U, A, ER)'

Fig. 1a (with the dashed line from U to X excluded) summarizes the causal structure of
Setting 2.

The following theorem shows that in Setting 2 there is a population optimal policy
that does not depend on the environments. In particular, this optimal policy can be
learned from data obtained in any observed subset of the environments £°° C &.

Theorem 1. Assume Setting 2, let £ C € be a non-empty subset of observed envi-
ronments. Let m* € 11 be a policy such that for all x € X and all a € A

7 (alx) >0 = a € argmax Q™ (z,d), (4)
a’€A
where QSObs(x,a) = |5071bs|2eesobs E™¢R | X = x| and m, is the policy that always

selects a ®. Then,

7 € argmax V¢ (7),
mell

i.e., ™ is a solution to the mazimin problem (3).

Proof. See Appendix D.3.1. O

This type of generalization is well-established in the context of regression. In the
contextual bandit setting the value function E™¢[R] changes across environments, so
instead one needs to use that the Q-function Q°(z,a) = E™°[R | X = z] does not change
across environments e € £ and then argue that this implies that the optimal policy
remains the same in each environment. Theorem 1 suggests that we can estimate an
optimal policy by pooling the data from training environments and applying a standard
value-based policy learning algorithm. This is indeed the case, see Appendix D.2 for the
consistency result.

Theorem 1 implies that on the population level without hidden confounders, we do
not benefit from taking into account the environment structure. However, the following
section shows that this is different when hidden confounders exist.

8The conditional expectation under 7, can also be written in terms of do-notationPearl [2009], that is,
Vae Az € X :E™°[R| X =z] =E°[R| X = z,do(A = a)]. We use the 7, notation to make our
presentation consistent.
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3. Invariant Policies for Distributional Robustness

We now consider the setting with hidden confounders (Setting 1). This section introduces
d-invariant sets and policies, and shows that, under Setting 1, the maximin problem (3)
can be reduced to finding an optimal d-invariant policy given certain assumptions, see
Proposition 1 and Theorem 2.

We first define d-invariant sets (d for d-separation)®.

Definition 3 (d-invariant Sets). A subset S C {1,...,d} is said to be d-invariant if the
following d-separation statement holds:

Rllgse|X". (5)

Next, we define d-invariant policies. For all subsets S C {1,...,d}, let us denote the
set of all policies that depend only on X by II% := {7 € IT | 3n% : &° — A(A) s.t. Yz €
X, w(|z) = 7(-|a®)}.

Definition 4 (d-invariant Policies). A policy 7 is said to be d-invariant with respect to
a subset S C {1,...,d} if S is a d-invariant set and 7 € I1°.

We denote by Siny = {S C {1,...,d} | S is d-invariant} the collection of all d-
invariant sets and Il = {7 € II|3S s.t. 7 is d-invariant w.r.t. S} the collection of
d-invariant policies.

d-invariant sets and policies play a central role in solving the distributionally robust
objective (3) as illustrated in Proposition 1 and Theorem 2 below. We recall that only
part of the environments £°P C & are observed. For now, we assume to have access to
the set of d-invariant policies IT™V. Section 4 discusses when and how we can learn IT™Y
from the observed data.

Because of the hidden confounding, the conditional mean E™¢[R | X = z] is, unlike in
Section 2.2, not ensured to be stable over the environments. Nevertheless, a d-invariant
policy ensures that parts of the conditional mean are unchanged across environments,
as shown in the lemma below.

Lemma 1. Let S™ be a d-invariant set and m™ € 5™ . It holds foralle, f € & and
ze X% that

]Eﬂ-invve [R | Xsinv _ x] _ Eﬂ-invvf [R | Xsinv _ x] (6)
Proof. See Appendix D.3.3. O

This implies the following proposition.

9We use the term ‘d-invariant’ to emphasize that the definition is based on the d-separation statement
(6) and involves the unseen environments. In related contexts, sometimes the term ‘generalizing’ is
used Pfister et al. [2019a]. Section 4 introduces the invariance hypothesis (11) that is testable from
the observed data and discusses the assumptions required to connect the two conditions.
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Proposition 1. Assume Setting 1 and Assumption 1, and that iy, is non-empty. Con-
stder an optimal d-invariant policy © that mazximizes the pooled policy value under the
observed environments, that is, " € argmax,cy. Y .cgobs B[R], It then holds that

V€ iy : VE(r) < VE(x*). (7)
Proof. See Appendix D.3.5. O

The key argument in the proof of Proposition 1 is the identifiability of the optimal
d-invariant set. Assumption 1 is necessary for this identifiablity: if the assumption is
violated and there are multiple d-invariant sets, one can, in general, not say which of
those d-invariant sets is optimal with respect to all environments £ (see Appendix D.11
for a more detailed discussion). While, without Assumption 1, the d-invariant set that is
most predictive on £°P® is no longer guaranteed to be worst-case optimal, it still satisfies
a weaker guarantee shown in Item 2(i) below.

Proposition 1 shows that a d-invariant policy that is optimal under the observed
environments outperforms all other d-invariant policies, even on the test environments.
But what about other policies that are not d-invariant? We will see in Theorem 2 that
under certain assumptions on the set £ of environments, they cannot perform better
than the above 7* either.

We now outline the assumptions on the set £ of environments facilitating this result.
As seen in Example 1, the crucial difference between a d-invariant policy 7{2 (a policy
that only depends on X?) and a non-d-invariant policy L2} (a policy that depends
on both X! and X?) is that 712} can use information related to variables confounded
with the reward (X! in this example) that may change across environments. In cases
where the environments do not change the system ‘too strongly’ it can therefore happen
that using such information is beneficial across all environments. In practice, however,
one might not know how strong the test environments can change the system in which
case such information can become useless or even harmful. Intuitively, this happens, for
example, if environments exist where the non-d-invariant confounded variables no longer
contain any information about the reward. Formally, we make the following definition.

Definition 5 (Confounding Removing Environments). For j € {1,...,d}, we say that
the variable X7 is strongly non-d-invariant if for all S C {1,...,d}

R fgse| X5UU},

An environment e € £ is said to be a confounding removing environment if for all = € II
it holds that

X7 Ugre U, (8)

for all strongly non-d-invariant variables X7, where G™° is the graph induced by the
SCM S(m,e).

The two d-separation statements in Definition 5 are in different graphs: Both graphs
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G% and G™¢ are subgraphs of G. The distinction that is important for this definition is
that while G contains all edges between the covariates (X, U) that appear in at least one
environment, the graph G™¢ only contains the edges that are active in the environment
e € &£. Furthermore, to provide more understanding of the strongly non-d-invariant
variables, we characterize a graphical criterion for such variables in Appendix D.3.4.
There we show that the strongly non-d-invariant variables are the variables that are
directly affected by e and are confounded with R through U, and descendants of such
variables. These strongly non-d-invariant variables should not be included if one wants to
find d-invariant sets. For example in Fig. 1c, the variable X! is strongly non-d-invariant
and the d-invariant sets {X?} and {X2, X3} are the sets that do not contain X!.

To give an example of a confounding removing environment, consider the graph G°
in Example 1 (see Fig. 1b). For any subset S where {1} C S the path e — X! ¢«
U — R is open, and therefore X! is strongly non-d-invariant. A confounding removing
environment is an environment that removes the incoming edge from U to X'. In such
an environment, the variable X! does not contain any information about the reward R.
A similar notion of confounding removing environments is used in Christiansen et al.
[2021] in the setting of prediction.

The existence of confounding removing environments implies that at least in some of
the environments it is impossible to benefit from a non-d-invariant policy. To ensure that
one cannot benefit in the worst-case, we therefore introduce the following assumption.

Assumption 2 (Strong Environments). For all e € £, there exists f € £ such that f is
a confounding removing environment and it holds that P§ = ]P’é(.

To give an example, let Z C {1,...,d} index the variables X/ for which there is an
edge from e to X7 in the graph G. If the set £ of environments consists of arbitrary
interventions on XZ, then Assumption 2 is satisfied.

Theorem 2. Assume Setting 1 and that i,y is non-empty. Let ©* be an optimal d-
tnvariant policy that mazimizes the pooled policy value under the observed environments,
T € argmax, ey, D _ecgobs B[R], We then have the following statements.

(i) We have for all e € € that

E™“[R] < E™ “[R]. 9
max E"“[R] < E™ “[R] (9)

(ii) If Assumptions 1 and 2 hold, we have
Vrell: VE(r) < VE(x¥). (10)
Proof. See Appendix D.3.6. O

The first statement of Theorem 2 implies that in all environments the expected reward
under an optimal d-invariant policy is larger than any optimal context-free policy. In
other words, the information gained from the d-invariant set of covariates (the set that
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7 depends on) is generalizable across environments in the sense that it is not harmful in
any environment. The second statement states that if the environments £ are sufficiently
strong (Assumption 2) then an optimal d-invariant policy 7* maximizes the robust policy
value V¢,

The above results motivate a procedure to solve the distributionally robust objec-
tive (3). Proposition 1 implies that if we consider a policy class containing only the
d-invariant policies, the maximin problem reduces to a standard policy optimization
problem. Theorem 2 shows that an optimal d-invariant policy, under the assumption
of strong environments, is a solution to the distributionally robust objective. In other
words, given a training dataset D, we seek to operationalize the following two steps: (a)
find the set Ilj,, of all d-invariant policies (Section 4.1 discusses under which assump-
tions this is possible), (b) use offline policy optimization to solve arg max, . VE™ (1)
on the data set D.

One of the key components of the proposed method is to test whether a policy ,
which may be different from the policy generating the data, is d-invariant using data
obtained from the observed environments £°*. The following section proposes such a
test, discusses the assumptions required to learn the set of d-invariant policies, and gives
a detailed description of the whole procedure.

4. Learning an Optimal Invariant Policy

4.1. Learning invariant sets

Our theoretical results (Proposition 1 and Theorem 2) in the previous section assume
that the set of all d-invariant policies II'™V is given. We now turn to the task of learning
II'™ which boils down to searching for the collection of all d-invariant sets S™¥ using
data obtained from the observed environments £°P5. To this end, we first define, for all
S C{l,...,d}, 7 €l and & C &, the null hypothesis

Ho(S,7,&): PHCXS is the same for all e € £'. (11)
In the case & = £, we refer to Hy(S,n,E%) as £°P-invariance (which does not
consider the unseen environments). Furthermore, we call a set S invariant if there
exists 7w € II° such that Hy(S, 7, ) holds and a policy 7 invariant with respect to S
if 7 € II° and S is invariant. We now state our core assumptions that make learning
possible.

Assumption 3. For all S C{1,...,d}, the following holds:
(i) 3m € 1% : Hy(S,m,E) true => R lgse| X
(ii) Vm € 1% : Ho(S, 7, %) true = Ho(S,7,E) true

Item 3(i) connects the conditional distribution invariance used in the null hypothe-
sis (11) to the d-invariance condition given in (5) (The reversed implication follows by
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Lemma D.1, Appendix D.3.3.) This assumption is a special case of the faithfulness as-
sumption Pearl [2009] which is a fundamental assumption in causal discovery methods
(e.g., Glymour et al. [2019]) that, in linear SCMs, holds with probability one if the linear
coefficients are drawn from a distribution that is absolutely continuous with respect to
Lebesgue measure Meck [1995], Spirtes et al. [2000]. Item 3(ii) ensures that any invari-
ance found in the observed environments £°° can be generalized to all environments &.
Implicitly, it requires that the observed environments are sufficiently heterogeneous'’.
This type of assumption is also at the core of other invariance-based methods Rojas-
Carulla et al. [2018], Magliacane et al. [2018], Arjovsky et al. [2019], Pfister et al. [2021].
At first glance, Item 3(i) suggests that we have to check the hypothesis Hy(S, 7, &)
for all 7 € II° to conclude whether or not S is d-invariant. Fortunately, as shown in
Proposition 2, we actually only need to check the null hypothesis for a single = € I1°.

Proposition 2. Assume Setting 1 and Assumption 3. Then, for all subsets S C
{1,...,d} and for all policies m,7 € I1°, it holds that

Hy(S,m, &) true <= Hy(S,7,E) true. (12)

Proof. See Appendix D.3.7. O

Assumption 3 and Proposition 2 make the learning problem tractable. The task of
testing whether a set S is d-invariant boils down to testing the £°PS-invariance hypothesis
Ho (S, m,E°%) for a single 7 € T1°.

Testing Ho(S,m, %) for 7 € TI° by directly checking for a change in the conditional
distributions across environments in the observed data is, however, not in general pos-
sible. This is because the observed data may have been generated based on an initial
policy 7¥ that does not satisfy 70 € II°. It can therefore happen that Hy(S, 7w, £°P%) is
true but Hy(S, 70, £°P%) is not.

We illustrate this point using the example graph G given in Fig. 1b. For a policy
depending only on S = {2} the environment e is d-separated from R given X {2} in g2,
which implies that {2} is d-invariant, and in particular that Ho({2}, 72}, £9%) is true
by the Markov property (see Lemma D.1 in Appendix D.3.3). However, if the initial
policy 7 depends on both X! and X?, then the path e — X! — A — R in Fig. 1b is
open, which implies, by Assumption 3, that Ho({2},7{12}, £°P%) is not true. '

Thus, in general, we cannot directly test the £°PS-invariance hypothesis of a set S by
using the observed data that were generated by the initial policy. Instead, we need to
test Ho(S, %, £°P%) for a policy 7° € II° that is different from the data-generating policy
70 (by Proposition 2 it suffices to test a single policy). As we detail in the following
section, we can do so by applying an off-policy test for invariance by resampling the data

to mimic the policy 7°.

10Tf the observed environments are identical, we clearly would not be able to find any d-invariant set
and policy from the observed data. Item 3(ii) prevents such cases.

"1n the same example, when conditioning on {1,2}, the path ¢ — X' <~ U — R is also open, which
shows that S = {1,2} is not a d-invariant set.
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4.2. Testing invariance under distributional shifts

Consider a set S C {1,...,d} and a test policy 7% € TI°. To test the hypothesis
Hy(S, 7%, £°%), we apply the off-policy test from Thams et al. [2021], which draws a
target sample from 7° by resampling the offline data — drawn from 7° — and then
tests the invariance in this target sample. More formally, let £°S = {e1,...,er}
and suppose that for every e; € £°P5 a data set D% consisting of n, observations
D& = {(X;7, A7 Ry, w0 (A7 | X; ej )} ejl is available. For each environment e;, we draw
a weighted resample D™ x| of D% using the weighted resampling procedure introduced
in Thams et al. [2021].'2 We then apply an invariance test ¢ (D™ .. DL™) to the
resampled data, to test the £°*-invariance hypothesis Hy(S, s, & °bs) In Appendix D.5,
we provide details on the resampling scheme, that is, a formal definition of D%™° and
show that the theoretical guarantees on the asymptotic level proved in Thams et al.
[2021] also extend to our application. We detail a concrete test ¢ in Section 4.5 below.

4.3. Algorithm for invariant policy learning

The previous sections discuss finding invariant subsets .S. We now discuss how to employ
this in an algorithm that learns an optimal invariant policy. We assume that we are
given an off-policy optimization algorithm off\_opt that takes as input a sample D =
(D°, ..., D) and a policy space II, and returns an optimal policy 7* and its estimated
expected reward K" (R)

Here, we present one choice of off\_opt that we use in the experimental section; our
approach can also be applied with other off-policy optimization algorithms. Given a
policy space II¥, we consider an optimal policy of the form

m™(a|z) = 1[a = arg max Q°(z,d’)], (13)
a’eA
where Q°(z,a) == Ly~ E™“[R | X = ] denotes the pooled conditional mean under

the policy that always selects an action a.

Let 70 be an initial policy generating the sample D. By our assumption in Setting 1,
the policy 7 depends only on the observed covariates X. We, therefore, have that for
all S C {1,...,d} the pooled conditional mean Q°(x,a) is identifiable for all a € A and
z € X°. We propose to estimate Q° by a weighted least squares approach

Q —argmlnzzﬂ_o Aez ’ Xeg)(f(A?aXieZS) _R?)Qa

feFs

where F5 C {f : &% x A — R} is a class of functions. We then plug the estimate QS
into (13) to obtain our (estimated) optimal policy.
If a subset S is found to be invariant, we can use off\_opt to learn an optimal policy

2Importance weighting is not applicable here because the test statistics of an invariance test cannot be
expressed in terms of weighted averages. See also the discussion in Thams et al. [2021].
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that uses S. Between all invariant subsets, we then select the one that has the highest
estimated expected reward. We summarize the overall procedure for learning an optimal
invariant policy, see Algorithm 1: The algorithm iterates over all subsets S C {1,...,d}
and checks the invariance condition using Algorithm 2 if one wants to use a known
fixed test policy or Algorithm D.2 (see Appendix D.8) if one wants to use a test policy
that optimizes the power of the invariance test, as described in Section 4.5.2. For each
iteration, if the set S is invariant, we learn an optimal Eolicy 75" within the policy

S
space IT° and compute its estimated expected reward E" (R) using off\_opt. Then,
the algorithm returns an optimal policy 7#°  such that the estimated expected reward

*

o8 (R) is maximized. Lastly, the algorithm returns null if no invariant sets are found.

Algorithm 1 requires us to iterate over all subset S C {1,...,d} which may be com-
putationally intractable when d is large. We suggest two approaches for reducing the
computational complexity of the algorithm. First, one can use a variable screening
method (e.g., Lasso regression Tibshirani [1996]) to filter out the variables that are not
predictive of the reward. If an optimal invariant set is a subset of the Markov blanket
MB(R) of the reward, applying a variable screening step prior to Algorithm 1 would not
change the algorithm’s output on the population level (see Peters et al. [2016], Rojas-
Carulla et al. [2018], Pfister et al. [2021]). This approach is particularly efficient when
the Markov blanket is sparse, that is, [MB(R)| < d.

Second, one may apply a greedy search instead of the exhaustive search in Algorithm 1.
More specifically, we suggest to follow the greedy search introduced in Rojas-Carulla
et al. [2018]. The greedy algorithm starts with an empty set S = ). For each iteration,
we search over the neighboring sets of the candidate set S , which are obtained by adding
or removing one predictor to or from S, If any of the neighboring sets are accepted
by the invaraince test, we select the one with the highest expected reward. If the test
rejects all the neighbors, we select a neighbor that yields the largest p-value of the test.

4.4. Learning causal ancestors under distributional shifts

Sections 4.1 and 4.2 discuss an approach to learn invariant sets from off-policy data.
The learned invariant sets are then used to find an optimal invariant policy as discussed
in Section 4.3. Besides learning an optimal invariant policy, one can further use the
proposed off-policy invariance test to analyze the causal structure. More specifically, the
learned invariant sets allow us to look for potential observed causal ancestors AN(R)'
of R by taking the intersection of the accepted sets. This approach is similar to invariant
causal prediction Peters et al. [2016], except that here, we employ the off-policy invari-
ance test to account for the distributional shift between the initial and the test policies,
and allow for hidden variables.

Now we outline a method for finding AN(R) from the offline data obtained from
multiple environments D, ..., D For all e; € £ and S € {1,...,d}, let us denote

by Deim g weighted resample of D%, and ¢° an invariance test for the £°P5-invariance

13Formally, AN(R) C {1,...,d} is defined as the set of indicies j for which there is a directed path from
X7 toRin G.
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Algorithm 1 Learning an optimal invariant policy

Input: data D = (D¢,...,D), off-policy optimization function off\_opt,
test function pv, initial policy my, resampling size m = (mi,...,mp) =

(VD] ..., /[ Der))

1: initialize maximum reward maxR < —oo

2: initialize optimal invariant policy 7} = < null

3: for S € P({1,...,d}) do > loop over all subsets

4: if 75 # null then

5: is_inv « test_inv(D, 7, pv, S, m) > see Algorithm 2

6: else

7: is_inv < test_inv_opt_m(D,pv, S, m) > (see Algorithm D.2 in
Appendix D.8)

8: if is_inv then > update best invariant set

9: 7%, B"5(R) « off_opt(D, I1°)

10: if maxR < K" (R) then

11: maxR + K% (R)

12: Ty < TG

*

Output: optimal invariant policy =,

Algorithm 2 Testing the invariance of a set S with given test policy 7

Function: test_inv(data D = (D°,..., D), test policy 7, function pv yield-

ing the p-value of an invariance test, target set S, resampling size (my,...,mp) =
(\V/|De, ..., /| Der]), significance level a > resampling according to 7%
1: fore =eq,...,e;, do

2: for i = 1to |D¢| do
5 (ag | 25°)
m0(ag | @)

4: draw Do™ = (D§,s ..., D ) from D¢ with prob. oc ;% ¢,

me

3: compute weights: r{ <

S S S . . . . oy
5 D™ « (D™, ..., DeLT) > verifying invariance condition
. . . 7rS
6: is_invariant < pv(D™ ) > «
Return is_invariant

hypothesis Hy(S, %, £°P%) as discussed in Section 4.2 and Appendix D.5. For ease of
presentation, we assume that ne, = --- = n,, = n. Then, we propose to estimate the
causal ancestors of R by

SRy = N S. (14)
SwpS(De1 ™ | perLm)=0

We detail the whole procedure in Algorithm D.1 in Appendix D.6. Proposition 3 shows
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that this method controls the probability of wrongly selecting an incorrect variable.

Proposition 3. Assume Setting 1, and that S™ is non-empty. Let S’XN be the estimated
set of causal ancestors given in (14) and assume that the invariance tests S used in
(14) have pointwise asymptotic level o € (0,1). It then holds that

lim inf P(S%y € AN(R)) > 1 —a. (15)

n—o0

Proof. See Appendix D.3.8. O

4.5. Specifications of the target test

The resampling procedure detailed in Algorithm 2 requires a test function for the £°Ps-
invariance null hypothesis that has power against the alternatives. We discuss one such
test in Section 4.5.1 below. Moreover, in Sections 4.5.2 and 4.5.3, we discuss two choices
of the test policy that aim to improve the power of the resampling test.

4.5.1. Invariant residual distribution test

We now detail a test ¢° to test £°PS-invariance in the target sample. We first pool data
from all environments into one data set and estimate the conditional E™ [R| X°] using
any prediction method (such as linear regression or a neural network). We then test
whether the residuals R — E™ [R | X°] are equally distributed across the environments
e € &, i.e., we split the sample back into L groups (corresponding to the environments)
and test whether the residuals in these groups are equally distributed (see also Peters
et al. [2016], for example). We then define ¢ to be the composition of these operations,
that is, ¢° returns 1 if the test for equal distribution of the residuals is rejected.

In the simulation and the warfarin case study (Section 5 and 6), we use the Kruskal-
Wallis test Kruskal and Wallis [1952] to test whether the residuals have the same mean
across environments; this test holds pointwise asymptotic level for all a € (0,1) (see
Proposition D.2 in Appendix D.5). To obtain power against more alternatives, one
could also use other tests, such as a two-sample kernel test with maximum mean dis-
crepancy Gretton et al. [2012] and then correct for the multiple testing using Bonferroni-
corrections (see also Rojas-Carulla et al. [2018], for example).

4.5.2. Optimizing the test policy for power

To check whether a subset S is invariant, we only need to test the £°P-invariance for
a single policy 7 € II° (see Proposition 2). This provides us with a degree of freedom
that we can leverage. Intuitively, the non-invariance may be more easily detectable in
some test policies compared to others. We can therefore try to find a policy that gives
us the strongest signal for detecting non-invariance. We maximize the power of the test
by minimizing the p-value of the test. In a population setting, this would return small
p-values for non-invariant sets, whereas for invariant sets one would not be able to make
the p-values arbitrarily small, since they are uniformly distributed. In a finite sample
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setting, this type of power optimization can lead to overfitting (which would break any
level guarantees); to avoid this we use sample splitting.

As presented in Section 4.2, for each environment e, we obtain a target sample per®
from a test policy m° by resampling the sample D¢ that was generated under the policy
70, and then test £°PS-invariance in the target sample. The probabilities for obtaining
the reweighted sample conditioned on the original sample are given by the importance
weights, see Appendix D.5. Here, we optimize the ability to detect non-invariance over
a parameterized subclass of IT9,

g .= {x; | 6 € O},
where © = X 4 RIS and 7r§ is a linear softmax policy, i.e., for all z° € RISl and a € A:

exp (0, 2°)
D o €XP (0;935) .

This is the parameterization we chose in the experiments below, but other choices work,
too.

S( 1,5
g (ala”) =

To check for the £°PS-invariance condition of a subset S, the idea is then to find a
policy Fg € Hg such that, in expectation, the test power is maximized, i.e., we need to
solve the following optimization problem:

argmaxE [pw(D”g) | D],
0cO
where D = (D ,..., D) is all the observed data and pw is a function that takes as
input the reweighted sample D™ and outputs the power of the test. Since we condition
on D, the expectation is only with respect to the resampling of D™ . For many invariance
tests, the test power pw(D“éq ) cannot be directly obtained, but one can minimize the
p-value of the test instead. This motivates the objective function

argmin E [pv(D’TGS) | D], (16)
0cO

where pv is a function that takes as input the reweighted sample D™ and outputs the
p-value of the test. We then employ gradient-based optimization algorithms to solve the
above optimization problem, where the gradient is derived using the log-derivative. More
precisely, let J(0) = E [pv(D’res ) | D] be our objective function which now depends on

113



Invariant Policy Learning: A Causal Perspective

the parameters . The gradient of the objective function J(6) can be derived as follows

VJ(0) = VE [pv(D™) | D]

=V Y P(D" =d| D)pv(d)
d
=Y "P(D™ =d | D)ViogP(D™ = d | D)pu(d)
d
— E [VlogP(D™ | D)pv(D™ )| D].

This expectation can be estimated by drawing repeated resamples D™ , where P(D“es |
D) is determined by the resampling weights. In practice, we apply stochastic gradient
descent Zhang [2004], i.e., at each iteration of the optimization we compute the gradient
only from a single resample. As we argue in Appendix D.7, we can further speed up the
optimization process substantially by a minor modification to the resampling weights,
corresponding to sampling with replacement instead of distinct weights.

The optimization procedure yields a policy m; that approximately satisfies m; €
argmin, s J(0). We can then use mj as a test policy for testing the invariance of
S. Lastly, to preserve the level of the statistical test, we split the original sample into
two halves, perform the power optimization procedure on one half, and verify the in-
variance condition on the other half. The algorithm is presented in Algorithm D.2 in
Appendix D.8. We only use the approximation of the resampling weights for the power
optimization and use the actual resampling weights for the final resampling, so the level
guarantee of Proposition D.2 in Appendix D.5 still holds.

4.5.3. Using a uniform target distribution

Since the procedure in Section 4.5.2 may be computationally challenging, especially
if the algorithm is repeated many times as in Section 5. A computationally simpler
approach is for each a € A to test invariance under the test policy m, € II?, which
always chooses the action a, and then combine the resulting p-values using Bonferroni
corrections Dunn [1961]. Beyond computational simplicity, this has an additional benefit:
Across environments there may be a cancelling effect of the difference in means due to
different dependencies on the action in each environment. By testing the invariance of
the conditional mean of the reward in each action, such cancelling effects are accounted

for.

5. Simulation Experiments

To verify our theoretical findings we perform two simulation experiments, where we
consider a linear multi-environment contextual bandit setting similar to Example 1 with
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the following SCM S(m,e) (which induces the graph shown in Fig. 1b):

U = ey, XlzzveU+5X1, X2::oze+sX2,
A~m(A| XN X?), R:=pa1X*+ Ba2U +e¢rg,

where e, ex1,ex2,6r ~ N(0,1), A takes values in the space {ai,...,ar}, 7. and a.
are parameters that depend on the environment e, and B4, 1,...,Ba;,1, 801,25 - - -5 Bay 2
are parameters that are fixed across environments. Appendix D.9.1 contains details on
how the parameters are chosen in the experiments. The code for all the experiments is
available at https://github.com/sorawitj/invariant-policy-learning.

5.1. Generalization and invariance

We first consider an oracle setting, where we know a priori which subsets are invariant.
From our data-generating process, it follows that {X2} is the only invariant set. We
then compare an invariant policy which depends only on X? with a policy that uses both
X' and X?2. We train both policies on a data set of size 10’000 obtained from multiple
training environments under a fixed initial policy 7 (see Appendix D.9.2). In both
cases, we employ a weighted least squares to estimate the expected reward E[R | A, X o ],
where S is the subset that the policy uses. The policy then takes a greedy action w.r.t.
the estimated expected reward, i.e., argmax, E[R | A = a, X5] (see Section 4.3). Then
we evaluate both policies on multiple unseen environments and compute the regret with
respect to the policy that is optimal in each of the unseen environments. Fig. 2 shows the
results. Each data point represents the evaluation on an unseen environment. The y-axes
show the regret value and the x-axes display the distance from each unseen environment
to the training environments (the distance is computed as the £2-distance between the
average value of the pairs (7e,,, @,,) in the training environments and the pair (e, )
in the unseen test environment). The plot shows that the worst-case behavior of the
invariant policy is smaller than the non-invariant one. In particular, for environments
different from the training environments the gain can be significant. This empirically
supports our result of Theorem 2.

5.2. Learning invariant policies

In practice, we do not know in advance which sets are invariant. We now aim to find
an invariant policy from a data set generated under an initial policy 7° which takes
both X' and X? as input. To do so, we employ the method proposed in Section 4.2
for testing invariance under distributional shifts. More precisely, we generate a data
set of size n from multiple training environments under the initial policy 7% and apply
the off-policy invariance test (see Section 4.5) to verify the invariance property of each
subset in {@, { X1}, {X?},{X!, X?}}. We repeat the experiment 500 times and plot the
acceptance rates at various sample sizes (n = 1’000, 3’000, 9’000, 27'000, 81’000) (these
numbers denote the total sample size, that is, number of observations, summed over all
environments). The resulting acceptance rates are shown in Fig. 3. Our method yields
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Figure 2.: The generalization performance (in terms of regret) of the policy based on
an invariant set {X?} and the policy based on a non-invariant set {X?, X?}.
The left and the right plot show the results when the training environments
consist of two and six different environments, respectively. In both cases, the
worst-case regret for the invariant policy is upper bounded while this is not
the case for the non-invariant policy.
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Figure 3.: Acceptance rates for the off-policy invariance test proposed in Section 4.2 for
varying sample sizes. With increasing sample size, only the invariant set {X?}
is accepted. Here, more environments (right) seems to yield higher test power
than fewer environments (left).

high acceptance rates for the set { X2}, which indeed is invariant, while the acceptance
rates for other sets gradually decrease as the sample size increases. Furthermore, we can
see that our test is more powerful when the number of training environments increases
(keeping the total number of observations fixed). Our test is conservative (the acceptance
rate is above the 95% level in the left plot) because the target test is not exact (the
true conditional expectation is not given). In Appendix D.9.3, we conduct the same
experiment with an exact test, using the true conditional expectation, which shows the
correct level.

6. Warfarin Dosing Case Study
We evaluate our proposed approach on the clinical task of warfarin dosing. Warfarin is

a blood thinner medicine prescribed to patients at risk of blood clots. The appropriate
dose of warfarin varies from patient to patient depending on various factors such as
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demographic and genetic information Consortium [2009]. Our case study is based on
the International Warfarin Pharmacogenetics Consortium (IWPC) dataset Consortium
[2009] which consists of 5700 patients who were treated with warfarin, collected from 21
research groups on 4 continents. The IWPC dataset contains the optimal dose of war-
farin for each of the patients as well as their information on demographic characteristics,
clinical and genetic factors. The warfarin dosing problem has been used in a number of
previous works evaluating off-policy learning algorithms Kallus and Zhou [2018], Bertsi-
mas and McCord [2018], Zenati et al. [2020]. Similarly to these works, we formulate the
warfarin dosing problem as a multi-environment contextual bandit problem as follows.

e The covariates (X) are patient-level features including demographic, clinical and
genetic factors.

e The actions (A) are recommended warfarin doses output by a policy. We dis-
cretize the actions into three equal-sized buckets (low, medium, high) based on the
quantiles of the optimal warfarin dose.

e The reward (R) depends on the recommended dose and the optimal dose: For each
patient i, the reward R;(a) for an action a € {low, medium, high} is computed as

Ri(a) = [Yi —m(a)], (17)

where Y] is the optimal warfarin dose for a patient i and m(a) is a median value of
the optimal warfarin doses within the bucket a. Here, we assume that neither the
reward function nor the optimal warfarin doses are known to the agent. Instead,
for each patient ¢, only the reward for the action A; is observed, i.e., R; := R;(4;).

e The environments (£) are proxies for continents. The continent information is
not directly contained in the dataset, but we create proxies for the continent by
clustering the 21 research groups into 4 clusters based on their proportion of the
patients’ race within each group. We believe that the resulting clusters roughly
correspond to 4 different continents.

To reduce the search space, we select the top 10 features that are most predictive for
the optimal warfarin dose using the permutation feature importance method Breiman
[2001]. The top 10 features include 4 demographic variables, 4 clinical factors, and 2
genetic factors.

We consider two experimental setups to illustrate the benefits of our invariant learning
approach. In the first setup, we directly apply our method to the IWPC dataset. Here,
including invariance does not seem necessary in that our method performs similarly to
other baselines (but not worse). It does, however, generate some causal insight into
the problem. The second setup is a semi-real setting, where we introduce an artificial,
non-invariant confounder.

We now outline our first experimental setup and the results. We first generate train-
ing data {(X;, A;, Ri,e;)}, by drawing actions A; from a policy 7 € IIBM! that is
constructed from linear regression Y; ~ f(X2M!) of the optimal dose onto the BMI (see
Appendix D.10.1 for more details).
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Figure 4.: Empirical results on the original data set. Each point represents the expected
reward of a policy on the corresponding test environment. The square points
represent the mean value of the expected rewards. In this setup, all candidate
methods yield similar performances on all of the test environments. This
result indicates that here predictive models are also invariant.

6.1. Candidate methods

Using the generated training data, we empirically compare the performance of the fol-
lowing policy learning methods:

e Invariant Policy Learning (Inv): This is our proposed method. We first perform
the off-policy invariance test using the test described in Section 4.5.3 to search for
potential invariant sets. We then take the top 20 sets with the largest p-values S20
as the candidate invariant sets. For each S in S?r?v, we fit the policy optimization
algorithm described in Section 4.3 with X as the covariates (the same algorithm
is also used in other candidate methods below). Lastly, we select the top 3 sets

that yield the largest expected rewards (computed using 5-fold cross-validation).

e Predictive Policy Learning (Pred): This method serves as a baseline for policy
learning that solely maximizes the expected reward. For each subset S, we fit the
policy optimization algorithm with X as the covariates. We then take the policies
corresponding to the top 3 sets with the largest expected rewards.

e All Set Policy Learning (All): This method serves as another baseline where we
take all of the patient’s features and fit the policy optimization algorithm.
6.2. Evaluation setup & results

We compare the policy learning methods using the following ‘leave-one-environment-out’
evaluation procedure.

1. Select e € € = {1,...,4} as a test environment. Split the training data into
Dtest = {(X;, A;, R, e;) } s, where e; = e and D' == {(X;, A;, Ri, e;) }r;, where
e; €{1,...,4}\ {e}.
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2. Using D%, train the policies with candidate methods detailed in Section 6.1.

3. Evaluate the fitted policies by computing the expected reward on D' using the
true reward function (17).

We repeat the above procedure for each e € £ and display the evaluation result in Fig. 4.
The performances of all candidate methods are similar. Even though the proposed
invariant approach does not yield a higher reward compared with the baselines, it does
not worsen the performance, either. This suggests that we can gain the stability benefit
of an invariant policy without having to sacrifice predictiveness. Indeed, the stability
benefit could prevent the learned invariant policy from being suboptimal when a new
test environment is sufficiently different from the training environments as we show in
Section 6.4

6.3. Analyzing invariant sets

In addition to learning an optimal invariant policy, we can use the invariance-based ap-
proach to further analyze the dependence between the patient’s features and the reward
as discussed in Section 4.4. In particular, we apply the off-policy invariant causal predic-
tion algorithm (see Algorithm D.1 in Appendix D.6) to find potential causal ancestors
of the reward. On this dataset, with a confidence level of 5%, the algorithm returns the
empty set, which can happen if the covariates are highly correlated, for example Heinze-
Deml et al. [2018]. Nonetheless, we can still extract more information by obtaining the
defining sets (see Section 2.2 in Heinze-Deml et al. [2018]). The resulting defining set
of size 2 is {Race, VKORC1} (see Appendix D.10.2 for more details on the variables).
These variables are potential causal ancestors in the sense that at least one variable in
these sets is a causal ancestor.

6.4. Semi-real experiment

To further illustrate the benefits of the invariance-based learning approach, we consider
a semi-real setup where we introduce hidden variables and a non-invariant predictor.
We remove the two genetic factors from the patient’s features and create a non-invariant
predictor that depends on those two factors as follows.

We first fit a linear regression to estimate the optimal warfarin dose from the genetic
factors and denote the resulting coefficients by #. To mimic environmental perturba-
tions, we perturb § depending an environment e € & resulting in B, := 7.8, where
ve is an environment-specific parameter. We define the non-invariant predictor in the
environment e € £ as X™WV = X GTBe, where X are the two genetic features. We
then add X™ as part of the patient’s features and remove X©. The training data are
generated in a similar fashion as in the first setup, except that the initial policy does
not only depend on the BMI score XBM! but also on the non-invariant predictor XV,

In addition to the candidate methods described in Section 6.1, we introduce an addi-
tional baseline for this setup.
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Figure 5.: Empirical results on policy learning with a non-invariant predictor (see Sec-
tion 6.4). Each point represents the expected reward of a policy on the corre-
sponding test environment. In this setup, our proposed method (Inv) outper-
forms the two baselines (Pred and All) that ignore the environment structure,
while approaching the performance of the invariant oracle (Oracle-Inv).

e Oracle invariant Policy (Oracle-Inv): By construction, we know that X"V is a
strongly non-d-invariant variable (see Definition 5). This method serves as an
oracle version of the invariant policy learning method by searching for the top 3
sets that do not contain X™™ such that their corresponding policies yield the
largest expected reward (the procedure is similar to the Pred method with X"V
being removed).

We evaluate the candidate methods using a similar procedure as described in Sec-
tion 6.2. Fig. 5 illustrates the evaluation result. Our proposed method (Inv) yields a
higher expected reward than the two baselines on most of the test environments. This
is because the two baselines ignore the environment structure and use information from
XMV in their resulting policies, while the invariant method uses the invariance test to
remove this non-invariant proxy variable. Furthermore, the performance of our proposed
method is almost on par with the invariant oracle (Oracle-Inv), except for the test en-
vironment e = 3, in which our approach is unable to ignore the non-invariant predictor,
possibly because the non-invariance that would be implied by Assumption 3 may not be
strong enough (for our test) when £°> = {1,2,4}.

7. Conclusion

This paper tackles the problem of environmental shifts in offline contextual bandits from
a causal perspective. We introduce a framework for multi-environment contextual ban-
dits that is based on structural causal models and frame the environmental shift problem
as a distributionally robust objective over environments that are induced by different
perturbations on the covariates. We prove that if there are no unobserved confounders,
taking into account causality and invariance is not necessary for obtaining the distribu-
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tionally robust policies. However, causality and invariance can become relevant when
not all variables are observed. To tackle settings with unobserved confounders, we adapt
invariance-based ideas from causal inference to the proposed framework and introduce
the notion of invariant policies. Our theoretical results show that under certain assump-
tions an invariant policy that is optimal on the training environments is also optimal
on all unseen environments, and therefore distributionally robust. We further provide
a method for finding invariant policies based on an off-policy invariance test. It can be
combined with any existing policy optimization algorithm to learn an optimal invariant
policy. We believe that our contributions shed some light on what causality can offer in
contextual bandit and, more generally, in reinforcement learning problems.

For future work, there are several directions that would be interesting to investigate.
One direction is to explore the use of invariance-based ideas in the adaptive setting, in
which the goal of an agent is to optimally adapt to a changing environment. Learning
agents may require fewer and safer explorations in a new environment if they carry
over invariance information from previous environments. It may further be possible to
extend invariance-based ideas from the contextual bandit setting to the full reinforcement
learning problem with long-term consequences and state dynamics. Although some
previous works have explored this direction Zhang et al. [2020], Sonar et al. [2021], we
believe that the connections with respect to causality and invariance are not yet fully
understood. In the i.i.d. setting, recent work has investigated trading off invariance
and predictability Rothenhausler et al. [2021], Pfister et al. [2021], Jakobsen and Peters
[2021], Oberst et al. [2021], Saengkyongam et al. [2022]. We believe that a similar idea
can be applied to contextual bandit and reinforcement learning problems. Lastly, if
one can gain additional knowledge of the test environments, one may aim to optimize
objectives other than the worst-case performance which could lead to a different class of
generalization guarantees.

This paper considers invariance as a dichotomous property and could be a first step
towards using invariance-based ideas for building safer and more robust adaptive learning
systems.
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4. Shifts in Distributions: Causal Inference

This chapter contains the following two papers:

[TimelIV] [Thams et al., 2022b]. N. Thams, R. Sgndergaard, S. Weichwald, and J. Peters.
Identifying causal effects using instrumental time series: Nuisance IV and correct-
ing for the past. arXiv preprint arXiv:2203.06056, 2022b.

[AncSearch| [Mogensen et al., 2022]. P. Mogensen, N. Thams, and J. Peters. Invariant an-
cestry search. In International Conference on Machine Learning, volume 162 of
Proceedings of Machine Learning Research, pages 15832-15857. PMLR, 2022.

In this chapter we develop methods for drawing causal inference, that is, for inferring
properties of the structural causal model which generated the data. Both papers draw
their identifiability results from the presence of exogenous information, either from dif-
ferent environments or from an instrumental variable.

In [AncSearch], we assume that we observe data in several environments, each of
which corresponds to a change in distribution of one or more of the observed covariates,
similar to the setup in ICP (see Section 1.3 in Chapter 1). A drawback of ICP, which for
a target variable Y uses invariance of conditionals to learn a subset of causal parents,
is that in many cases the learned subset is small or even empty. This occurs because
ICP outputs the intersection over all invariant sets of predictors, so if disjoint invariant
sets exist, the learned subset is empty. The solution we propose learns a larger set of
causal ancestors than ICP, by defining ‘minimal invariance’, and taking the union over
all minimally invariant sets of predictors. This comes at the cost that the learned set
not only contains parents but also other ancestors; additionally while ICP has finite-
sample level guarantees, our approach also relies on having power to reject a hypothesis
of invariance and therefore only has asymptotic guarantees.

In [TimelIV], we consider IV models in a linear time series, where we observe an
exogenous instrument processes, and want to estimate the causal effect X;_1 on Y,
where (X, Ys)sez are time series that are confounded by an unobserved time series.
A difficulty is that the instruments and the response variable correlate not only be-
cause of direct dependencies, but also because of past states of the time series, which
can cause the IV assumptions (see Section 1.2 in Chapter 1) to fail. We show that by
using conditional IV [Pearl, 2009] we can adjust for this ‘confounding from the past’.
Even with a valid instrument, identification of the causal effect requires that the instru-
ments are sufficiently high-dimensional. We show that even if this instrument process
is low-dimensional (which in IV for i.i.d. data means that the causal effect may not be
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identifiable) we can use past states of the time series as additional instruments, and
thereby identify causal effects.
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PuiLrip B. MOGENSEN, NIKOLAJ THAMS AND JONAS PETERS

Abstract

Recently, methods have been proposed that exploit the invariance of predic-
tion models with respect to changing environments to infer subsets of the causal
parents of a response variable. If the environments influence only few of the un-
derlying mechanisms, the subset identified by invariant causal prediction (ICP),
for example, may be small, or even empty. We introduce the concept of minimal
invariance and propose invariant ancestry search (IAS). In its population version,
TAS outputs a set which contains only ancestors of the response and is a superset
of the output of ICP. When applied to data, corresponding guarantees hold asymp-
totically if the underlying test for invariance has asymptotic level and power. We
develop scalable algorithms and perform experiments on simulated and real data.

1. Introduction

Causal reasoning addresses the challenge of understanding why systems behave the way
they do and what happens if we actively intervene. Such mechanistic understanding
is inherent to human cognition, and developing statistical methodology that learns and
utilizes causal relations is a key step in improving both narrow and broad AI [Jordan,
2019, Pearl, 2018]. Several approaches exist for learning causal structures from obser-
vational data. Approaches such as the PC-algorithm [Spirtes et al., 2000] or greedy
equivalence search [Chickering, 2002] learn (Markov equivalent) graphical representa-
tions of the causal structure Lauritzen [1996]. Other approaches learn the graphical
structure under additional assumptions, such as non-Gaussianity Shimizu et al. [2006]
or non-linearity Hoyer et al. [2009], Peters et al. [2014]. Zheng et al. [2018] convert
the problem into a continuous optimization problem, at the expense of identifiability
guarantees.

Invariant causal prediction (ICP) [Peters et al., 2016, Heinze-Deml et al., 2018, Pfister
et al., 2019b, Gamella and Heinze-Deml, 2020, Martinet et al., 2022] assumes that data
are sampled from heterogeneous environments (which can be discrete, categorical or
continuous), and identifies direct causes of a target Y, also known as causal parents of
Y. Learning ancestors (or parents) of a response Y yields understanding of anticipated
changes when intervening in the system. It is a less ambitious task than learning the
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complete graph but may allow for methods that come with weaker assumptions and
stronger guarantees. More concretely, for predictors X7, ..., X4, ICP searches for subsets
S C{1,...,d} that are invariant; a set Xg of predictors is called invariant if it renders Y’
independent of the environment, conditional on Xg. ICP then outputs the intersection
of all invariant predictor sets Sicp ‘= NginvariantS. eters et al. [2016] show that if
invariance is tested empirically from data at level «, the resulting intersection Sicp is a
subset of direct causes of Y with probability at least 1 — «.'

In many cases, however, the set learned by ICP forms a strict subset of all direct
causes or may even be empty. This is because disjoint sets of predictors can be invariant,
yielding an empty intersection, which may happen both for finite samples as well as in
the population setting. In this work, we introduce and characterize minimally invariant
sets of predictors, that is, invariant sets S for which no proper subset is invariant. We
propose to consider the union Spag of all minimally invariant sets, where TAS stands
for invariant ancestry search. We prove that Siag is a subset of causal ancestors of Y,
invariant, non-empty and contains Sicp. Learning causal ancestors of a response may be
desirable for several reasons: e.g., they are the variables that may have an influence on
the response variable when intervened on. In addition, because TAS yields an invariant
set, it can be used to construct predictions that are stable across environments [e.g.,
Rojas-Carulla et al., 2018, Christiansen et al., 2021].

In practice, we estimate minimally invariant sets using a test for invariance. If such
a test has asymptotic power against some of the non-invariant sets (specified in Sec-
tion 5.2), we show that, asymptotically, the probability of Sias being a subset of the
ancestors is at least 1 — a. This puts stronger assumptions on the invariance test than
ICP (which does not require any power) in return for discovering a larger set of causal
ancestors. We prove that our approach retains the ancestral guarantee if we test min-
imal invariance only among subsets up to a certain size. This yields a computational
speed-up compared to testing minimal invariance in all subsets, but comes at the cost
of potentially finding fewer causal ancestors.

The remainder of this work is organized as follows. In Section 2 we review relevant
background material, and we introduce the concept of minimal invariance in Section 3.
Section 4 contains an oracle algorithm for finding minimally invariant sets (and a closed-
form expression of Sicp) and Section 5 presents theoretical guarantees when testing
minimal invariance from data. In Section 6 we evaluate our method in several simulation
studies as well as a real-world data set on gene perturbations. Code is provided at

https://github.com/PhillipMogensen/InvariantAncestrySearch.

'Rojas-Carulla et al. [2018], Magliacane et al. [2018], Arjovsky et al. [2019], Christiansen et al. [2021]
propose techniques that consider similar invariance statements with a focus on distribution general-
ization instead of causal discovery.
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2. Preliminaries

2. Preliminaries

2.1. Structural causal models and graphs

We consider a setting where data are sampled from a structural causal model (SCM)
Pearl [2009], Bongers et al. [2021]

Zj = fj(PAj,€j),

for some functions f;, parent sets PA; and noise distributions ;. Following Peters et al.
[2016], Heinze-Deml et al. [2018], we consider an SCM over variables Z = (E, X,Y)
where E is an exogenous environment variable (i.e., PAg =), Y is a response variable
and X = (Xq,...,Xy) is a collection of predictors of Y. We denote by P the family of
all possible distributions induced by an SCM over (E, X,Y") of the above form.

For a collection of nodes j € [d] := {1,...,d} and their parent sets PA;, we define
a directed graph G with nodes [d] and edges j/ — j for all j/ € PA;. We denote by
CH;, AN; and DE; the children, ancestors and descendants of a variable j, respectively,
neither containing j. A graph G is called a directed acyclic graph (DAG) if it does
not contain any directed cycles. See Pearl [2009] for more details and the definition of
d-separation.

Throughout the remainder of this work, we make the following assumptions about
causal sufficiency and exogeneity of E (Section 7 describes how these assumptions can
be relaxed).

Assumption 1. Data are sampled from an SCM over nodes (E,X,Y), such that the
corresponding graph is a DAG, the distribution is faithful with respect to this DAG, and
the environments are exogenous, i.e., PAg = ().

2.2. Invariant causal prediction

Invariant causal prediction (ICP), introduced by Peters et al. [2016], exploits the exis-
tence of heterogeneity in the data, here encoded by an environment variable F, to learn
a subset of causal parents of a response variable Y. A subset of predictors S C [d] is
invariant if Y L E | S, and we define Z := {S C [d] | S invariant} to be the set of all
invariant sets. We denote the corresponding hypothesis that S is invariant by

Hig: Sel

Formally, HOI g corresponds to a subset of distributions in P, and we denote by H i g =
P\ H({ g the alternative hypothesis to H& g. Peters et al. [2016] define the oracle output

SICP = m S (1)

S:HOI’Strue

(with Sicp = 0 if no sets are invariant) and prove Sicp € PAy. If provided with a
test for the hypotheses H({ g, we can test all sets S C [d] for invariance and take the
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X1 Y X1 »Y
EJ 4 A EY A%
X9 » X3 X4 Xo » X3 X4
~_ v ~_ Vv

Figure 1.: Two structures where Sicp € PAy. (left) Sicp = 0. (right) Sicp = {1}. In
both, our method outputs Sias = {1, 2, 3}.

intersection over all accepted sets: Sicp =) . HT
:HE

level a, S’Icp C PAy with probability at least 1 — a.

However, even for the oracle output in (1), there are many graphs for which Syicp is a
strict subset of PAy. For example, in Fig. 1 (left), since both {1, 2} and {3} are invariant,
Sicp € {1,2} N {3} = 0. This does not violate Sjcp C PAy, but is non-informative.
Similarly, in Fig. 1 (right), Sicp = {1}, as all invariant sets contain {1}. Here, Sicp
contains some information, but is not able to recover the full parental set. In neither of
these two cases, Sicp is an invariant set. If the environments are such that each parent
of Y is either affected by the environment directly or is a parent of an affected node, then
Sicp = PAy [Peters et al., 2016, proof of Theorem 3]. The shortcomings of ICP thus
relate to settings where the environments act on too few variables or on uninformative
ones.

For large d, it has been suggested to apply ICP to the variables in the Markov boundary
Pearl [2014], MBy = PAy UCHy UPA(CHy) (we denote the oracle output by SN3). As
PAy C MBy, it still holds that Sll\é% is a subset of the causal parents of the response.’
However, the procedure must still be applied to 2/MBy | gets, which is only feasible if
the Markov boundary is sufficiently small. In practice, the Markov boundary can, for
example, be estimated using Lasso regression or gradient boosting techniques [Tibshirani,
1996, Meinshausen and Bithlmann, 2006, Friedman, 2001].

not rejected S; If the invariance test has
S

3. Minimal Invariance and Ancestry

We now introduce the concept of minimally invariant sets, which are invariant sets that
do not have any invariant subsets. We propose to consider Siag, the oracle outcome of
invariant ancestry search, defined as the union of all minimally invariant sets. We will
see that Stag is an invariant set, it consists only of ancestors of Y, and it contains Sicp
as a subset.

Definition 1. Let S C [d]. We say that S is minimally invariant if and only if
SeZandVS' CS: S ¢T;

that is, S is invariant and no subset of S is invariant. We define MZ := {S | S minimally invariant}.

In fact, SM2 is always at least as informative as ICP. E.g., there exist graphs in which Sicp = ( and
SME £ 0, see Fig. 1 (left). There are no possible structures for which SNMEB C Siop, as both search
for invariant sets over all sets of parents of Y.
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The concept of minimal invariance is closely related to the concept of minimal d-
separators [Tian et al., 1998]. This connection allows us to state several properties of
minimal invariance. For example, an invariant set is minimally invariant if and only if
it is non-invariant as soon as one of its elements is removed.

Proposition 1. Let S C [d]. Then S € MZ if and only if S € Z and for all j € S, it
holds that S\ {j} ¢ Z.

The proof follows directly from [Tian et al., 1998, Corollary 2]. We can therefore
decide whether a given invariant set S is minimally invariant using O(|S]|) checks for
invariance, rather than O(21°!) (as suggested by Definition 1). We use this insight in
Section 5.1, when we construct a statistical test for whether or not a set is minimally
invariant.

To formally define the oracle outcome of TAS, we denote the hypothesis that a set S
is minimally invariant by

Hy¢: SeMz
(and the alternative hypothesis, S ¢ MZ, by H ﬁ/‘SI) and define the quantity of interest

SIAS = U S (2)

S:Hé\’lsz true

with the convention that a union over the empty set is the empty set.

The following proposition states that Siag is a subset of the ancestors of the response
Y. Similarly to PAy, variables in ANy are causes of Y in that for each ancestor there
is a directed causal path to Y. Thus, generically, when intervened, these variables have
a causal effect on the response.

Proposition 2. It holds that S;as € ANy.

The proof follows directly from [Tian et al., 1998, Theorem 2J; see also [Acid and
De Campos, 2013, Proposition 2]. The setup in these papers is more general than
what we consider here; we therefore provide direct proofs for Propositions 1 and 2 in
Appendix E.1, which may provide further intuition for the results.

Finally, we show that the oracle output of IAS contains that of ICP and, contrary to
ICP, it is always an invariant set.

Proposition 3. Assume that E & PAy. It holds that
(i) Stas € Z and

(ii) Sicp C Sias, with equality if and only if Sicp € L.

4. Oracle Algorithms

When provided with an oracle that tells us whether a set is invariant or not, how can
we efficiently compute Sicp and Sias? Here, we assume that the oracle is given by a
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DAG, see Assumption 1. A direct application of (1) and (2) would require checking a
number of sets that grows exponentially in the number of nodes. For Sicp, we have the
following characterization.®

Proposition 4. If £ g PAy, then Sicp = PAy N (CHE U PA(ANY N CHE))

This allows us to efficiently read off Sicp from the DAG, (e.g., it can naively be
done in O((d + 2)23™ log(d + 2)) time, where the exponent 2.373 comes from matrix
multiplication). For Stas, to the best of our knowledge, there is no closed form expression
that has a similarly simple structure.

Instead, for TAS, we exploit the recent development of efficient algorithms for comput-
ing all minimal d-separators (for two given sets of nodes) in a given DAG [see, e.g., Tian
et al.,, 1998, van der Zander et al., 2019]. A set S is called a minimal d-separator of E
and Y if it d-separates F and Y given S and no strict subset of S satisfies this property.
These algorithms are often motivated by determining minimal adjustment sets [e.g.,
Pearl, 2009] that can be used to compute the total causal effect between two nodes, for
example. If the underlying distribution is Markov and faithful with respect to the DAG,
then a set S is minimally invariant if and only if it is a minimal d-separator for E and
Y. We can therefore use the same algorithms to find minimally invariant sets; van der
Zander et al. [2019] provide an algorithm (based on work by Takata [2010]) for finding
minimal d-separators with polynomial delay time. Applied to our case, this means that
while there may be exponentially many minimally invariant sets,* when listing all such
sets it takes at most polynomial time until the next set or the message that there are
nor further sets is output. In practice, on random graphs, we found this to work well
(see Section 6.1). But since Siag is the union of all minimally invariant sets, even faster
algorithms may be available; to the best of our knowledge, it is an open question whether
finding Stas is an NP-hard problem (see Appendix E.2 for details).

We provide a function for listing all minimally invariant sets in our python code;
it uses an implementation of the above mentioned algorithm, provided in the R [R
Core Team, 2021] package dagitty [Textor et al., 2016]. In Section 6.1, we study the
properties of the oracle set Sias. When applied to 500 randomly sampled, dense graphs
with d = 15 predictor nodes and five interventions, the dagitty implementation had a
median speedup of a factor of roughly 17, compared to a brute-force search (over the
ancestors of Y'). The highest speedup achieved was by a factor of more than 1,900.

The above mentioned literature can be used only for oracle algorithms, where the
graph is given. In the following sections, we discuss how to test the hypothesis of
minimal invariance from data.

3To the best of our knowledge, this characterization is novel.
4This is the case if there are d/2 (disjoint) directed paths between E and Y, with each path containing
two X-nodes, for example [e.g., van der Zander et al., 2019].

130



5. Invariant Ancestry Search

5. Invariant Ancestry Search

5.1. Testing a single set for minimal invariance

Usually, we neither observe a full SCM nor its graphical structure. Instead, we observe
data from an SCM, which we want to use to decide whether a set is in MZ, such that we
make the correct decision with high probability. We now show that a set S can be tested
for minimal invariance with asymptotic level and power if given a test for invariance
that has asymptotic level and power.

Assume that D,, = (X;, E;,Y;)_, are observations (which may or may not be inde-
pendent) of (X, E,Y) and let ¢ : powerset([d]) x D, x (0,1) — {0,1} be a decision
rule that transforms (S, D,,, @) into a decision ¢;\'Z(S, Dy, a) about whether the hypoth-
esis H%I should be rejected (M = 1) at significance threshold a, or not (¢A% = 0).
To ease notation, we suppress the dependence on D,, and a when the statements are
unambiguous.

A test 1, for the hypothesis Hy has pointwise asymptotic level if

Va € (0,1):  sup lim P(¢, =1) <« (3)

PGHO n—oo

and pointwise asymptotic power if

Va € (0,1) : ngA lim Py, =1) = 1. (4)
If the limit and the supremum (resp. infimum) in (3) (resp. (4)) can be interchanged,
we say that 1, has uniform asymptotic level (resp. power).

Tests for invariance have been examined in the literature. Peters et al. [2016] propose
two simple methods for testing for invariance in linear Gaussian SCMs when the environ-
ments are discrete, although the methods proposed extend directly to other regression
scenarios. Pfister et al. [2019b] propose resampling-based tests for sequential data from
linear Gaussian SCMs. Furthermore, any valid test for conditional independence be-
tween Y and E given a set of predictors S can be used to test for invariance. Although
for continuous X, there exists no general conditional independence test that has both
level and non-trivial power [Shah and Peters, 2020], it is possible to impose restrictions
on the data-generating process that ensure the existence of non-trivial tests [e.g., Fuku-
mizu et al., 2008, Zhang et al., 2011, Berrett et al., 2020, Shah and Peters, 2020, Thams
et al., 2021]. Heinze-Deml et al. [2018] provide an overview and a comparison of several
conditional independence tests in the context of invariance.

To test whether a set S C [d] is minimally invariant, we define the decision rule

L if ¢p(S) =1or rjrgg%(s\{j}) =0,

0 otherwise,

o (S) = (5)

where ¢MT () == ¢, (). Here, ¢, is a test for the hypothesis H({S, e.g., one of the tests
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mentioned above. This decision rule rejects H(%Z either if H& g is rejected by ¢, or if
there exists j € S such that HOI S\{5} is not rejected. If ¢, has pointwise (resp. uniform)

asymptotic level and power, then qﬁﬁ/tz has pointwise (resp. uniform) asymptotic level
and pointwise (resp. uniform) asymptotic power of at least 1 — a.

Theorem 1. Let ¢p\'% be defined as in (5) and let S C [d]. Assume that the decision
rule ¢y, has pointwise asymptotic level and power for S and for all S\ {j},j € S. Then,
qﬁﬁ/‘z has pointwise asymptotic level and pointwise asymptotic power of at least 1 — «,
1.€.,
. . MT
= >1—a.
]Pellrflif‘sl nh_)r{)lo P(g(S)=1)>1—«
If ¢ has uniform asymptotic level and power, then ¢ has uniform asymptotic level
and uniform asymptotic power of at least 1 — c.

Due to Proposition 2, a test for H%I is implicitly a test for S C ANy, and can thus be
used to infer whether intervening on .S will have a potential causal effect on Y. However,
rejecting H%I is not evidence for S Z AN; it is evidence for S ¢ MZ.

5.2. Learning Sias from data

We now consider the task of estimating the set Siag from data. If we are given a test
for invariance that has asymptotic level and power and if we correct for multiple testing
appropriately, we can estimate Siag by S’IAS, which, asymptotically, is a subset of ANy
with large probability.

Theorem 2. Assume that the decision rule ¢, has pointwise asymptotic level for all min-
imally invariant sets and pointwise asymptotic power for all S C [d] such that S is not a
superset of a minimally invariant set. Define C := 2% and let T = {S C[d]| ¢n(S,aC™)
be the set of all sets for which the hypothesis of invariance is not rejected and define

MT = {S el |VvS'C S: 5 g{f} and Sias = USE/\/A\IS. It then holds that

lim P(S1as C ANy) > lim P(S1as = Stas)

>1—a.

A generic algorithm for implementing Siag is given in Appendix E.4.

Remark 1. Consider a decision rule ¢,, that just (correctly) rejects the empty set (e.g.,
because the p-value is just below the threshold «), indicating that the effect of the
environments is weak. It is likely that there are other sets S’ & Z, which the test may
not have sufficient power against and are (falsely) accepted as invariant. If one of such
sets contains non-ancestors of Y, this yields a violation of 5’1 As € ANy. To guard against
this, testing S = () can be done at a lower significance level, ag < «. This modified TAS
approach is conservative and may return SIAS = () if the environments do not have a
strong impact on Y, but it retains the guarantee lim, o IP’(S’IAS C ANy) > 1—a of
Theorem 2.
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The multiple testing correction performed in Theorem 2 is strictly conservative because
we only need to correct for the number of minimally invariant sets, and there does not
exist 2¢ minimally invariant sets. Indeed, the statement of Theorem 2 remains valid for
C = (' if the underlying DAG has at most C’ minimally invariant sets. We hypothesize
that a DAG can contain at most 3/4/31 minimally invariant sets and therefore propose
using C' = 3[%/3] in practice. If this hypothesis is true, Theorem 2 remains valid (for any
DAG), using C = 3[%/31 (see Appendix E.3 for a more detailed discussion).

Alternatively, as shown in the following section, we can restrict the search for mini-
mally invariant sets to a predetermined size. This requires milder correction factors and
comes with computational benefits.

5.3. Invariant ancestry search in large systems

We now develop a variation of Theorem 2, which allows us to search for ancestors of
Y in large graphs, at the cost of only identifying minimally invariant sets up to some a
priori determined size.

Similarly to ICP (see Section 2.2), one could restrict IAS to the variables in MBy
but the output may be smaller than Srag; in particular, there are only non-parental
ancestors in MBy if these are parents to both a parent a child of Y (For instance, in the
graph F — X1 — ... > Xy = Y, Sias = {1,...,d} but restricting IAS to MBy would
yield the set {d}.) Thus, we do not expect such an approach to be particularly fruitful
in learning ancestors.

Here, we propose an alternative approach and define

Sths = J s (6)
S:SeMZ and |S|<m

as the union of minimally invariant sets that are no larger than m < d. For computing

STk, one only needs to check invariance of the » ;" (‘f) sets that are no larger than m.
STig itself, however, can be larger than m: in the graph above (6), SIIAS ={1,...,d}.

The following proposition characterizes properties of Syig.

Proposition 5. Let m < d and let mpin and mmax be the size of a smallest and a largest
minimally invariant set, respectively. The following statements are true:

(i) Sfxg € ANy.
(ii) If m > mmax, then S{ig = Sias.
(tit) If m > muyin and E & PAy, then Sfiq € Z.
() If m > muyin and E & PAy, then Sicp C Sixg with equality if and only if Sicp € Z.

If m < mpn and Sicp # 0, then Sicp C Sixg does not hold. However, we show in
Section 6.1 using simulations that S7Rg is larger than Sicp in many sparse graphs, even
for m = 1, when few nodes are intervened on.
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In addition to the computational speedup offered by considering S73¢ instead of Sias,
the set Stas can be estimated from data using a smaller correction factor than the one
employed in Theorem 2. This has the benefit that in practice, smaller sample sizes may
be needed to detect non-invariance.

Theorem 3. Let m < d and define C(m) ==Y (‘f) Assume that the decision rule
¢n has pointwise asymptotic level for all minimally invariant sets of size at most m and
pointwise power for all sets of size at most m that are not supersets of a minimally
invariant set. Let ™ :== {S C [d] | ¢5(S,aC(m)™1) =0 and |S| < m}, be the set of all
sets of size at most m for which the hypothesis of invariance is not rejected and define
—m ~ ~ ~

MI" = {SeTm|v8' ¢ §: 8 ¢Im} and Sfks = Ugegm S- It then holds that
lim P(S%g € ANy) > lim P(Sfkq = SP
o (STas € v) 2 e (STAs = Stas)

>1—a.

The method proposed in Theorem 3 outputs a non-empty set if there exists a non-
empty set of size at most m, for which the hypothesis of invariance cannot be rejected.
In a sparse graph, it is likely that many small sets are minimally invariant, whereas if the
graph is dense, it may be that all invariant sets are larger than m, such that Sfiq = 0.
In dense graphs however, many other approaches may fail too; for example, it is also
likely that the size of the Markov boundary is so large that applying ICP on MBy is not
feasible.

6. Experiments

We apply the methods developed in this paper in a population-case experiment using
oracle knowledge (Section 6.1), a synthetic experiment using finite sample tests (Sec-
tion 6.2), and a real-world data set from a gene perturbation experiment (Section 6.3).
In Sections 6.1 and 6.2 we consider a setting with two environments: an observational
environment (E = 0) and an intervention environment (F = 1), and examine how the
strength and number of interventions affect the performance of TAS.

6.1. Oracle IAS in random graphs

For the oracle setting, we know that Sias € ANy (Proposition 2) and Sicp C Sias
(Proposition 3). We first verify that the inclusion Sicp C Siag is often strict in low-
dimensional settings when there are few interventions. Second, we show that the set S{g
is often strictly larger than the set 5’%}% in large, sparse graphs with few interventions.

In principle, for a given number of covariates, one can enumerate all DAGs and, for
each DAG, compare Sicp and Sias. However, because the space of DAGs grows super-
exponentially in the number of nodes [Chickering, 2002], this is infeasible. Instead, we
sample graphs from the space of all DAGs that satisfy Assumption 1 and Y € DEg (see
Appendix E.5.1 for details).
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In the low-dimensional setting (d < 20), we compute Sicp and Stag, whereas in the
larger graphs (d > 100), we compute Sjp and the reduced set STy for m € {1,2}
when d = 100 and for m = 1 when d = 1,000. Because there is no guarantee that IAS
outputs a superset of ICP when searching only up to sets of some size lower than d, we
compare the size of the sets output by either method. For the low-dimensional setting,
we consider both sparse and dense graphs, but for larger dimensions, we only consider
sparse graphs. In the sparse setting, the DAGs are constructed such that there is an
expected number of d + 1 edges between the d + 1 nodes X and Y’; in the dense setting,
the expected number of edges equals 0.75 - d(d + 1) /2.

The results of the simulations are displayed in Figs. 2 and 3. In the low-dimensional
setting, Stas is a strict superset of Sicp for many graphs. This effect is the more
pronounced, the larger the d and the fewer nodes are intervened on, see Fig. 2. In fact,
when there are interventions on all predictors, we know that Sag = Sicp = PAy [Peters
et al., 2016, Theorem 2], and thus the probability that Sicp C Siag is exactly zero. For
the larger graphs, we find that the set S{kq is, on average, larger than SI%IB), in particular
when d = 1,000 or when m = 2, see Fig. 3. In the setting with d = 100 and m = 1,
the two sets are roughly the same size, when 10% of the predictors are intervened on.
The set S%\é% becomes larger than SllAS after roughly 15% of the predictors nodes are
intervened on (not shown). For both d = 100 and d = 1,000, the average size of the
Markov boundary of Y was found to be approximately 3.5.

6.2. Simulated linear Gaussian SCMs

In this experiment, we show through simulation that IAS finds more ancestors than
ICP in a finite sample setting when applied to linear Gaussian SCMs. To compare the
outputs of TAS and ICP, we use the Jaccard similarity between Sias (SIlAS when d is

large) and ANy, and between Sicp (5’%% when d is large”) and ANy.0

We sample data from sparse linear Gaussian models with i.i.d. noise terms in two
scenarios, d = 6 and d = 100. In both cases, coefficients for the linear assignments are
drawn randomly. We consider two environments; one observational and one interven-
tional; in the interventional environment, we apply do-interventions of strength one to
children of FE, i.e., we fix the value of a child of F to be one. We standardize the data
along the causal order, to prevent variance accumulation along the causal order [Reisach
et al., 2021]. Throughout the section, we consider a significance level of a = 5%. For a
detailed description of the simulations, see Appendix F.5.2.

To test for invariance, we employ the test used in Peters et al. [2016]: We calculate a p-
value for the hypothesis of invariance of S by first linearly regressing Y onto Xg (ignoring
E), and second testing whether the mean and variance of the prediction residuals is equal
across environments. For details, see Peters et al. [2016, Section 3.2.1]. Schultheiss
et al. [2021] also consider the task of estimating ancestors but since their method is

5MB is a Lasso regression estimate of MBy containing at most 10 variables

5The Jaccard similarity between two sets A and B is defined as J(A, B) == |A N B|/|A U B|, with
J(@,0) = 0. The Jaccard similarity equals one if the two sets are equal, zero if they are disjoint and
takes a value in (0, 1) otherwise.
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Figure 2.: Low-dimensional oracle experiment, see Section 6.1. In all cases, as predicted
by theory, Sicp is contained in Stag. For many graphs, Siag is strictly larger
than Sicp. On average, this effect is more expressed when there are fewer
intervened nodes. P, refers to the distribution used to sample graphs and
every point in the figure is based on 50,000 independently sampled graphs; d
denotes the number of covariates X. Empirical confidence bands are plotted
around each line, but are very narrow.

uninformative for Gaussian data and does not consider environments, it is not directly
applicable here.

In Theorem 2, we assume asymptotic power of our invariance test. When d = 6, we test
hypotheses with a correction factor C' = 3//3] = 9, as suggested in Appendix E.3, in an
attempt to reduce false positive findings. In Appendix E.5.3, we repeat the experiment
of this section with C' = 26 and find almost identical results. We hypothesize, that the
effects of a reduced C' is more pronounced at larger d. When d = 100, we test hypotheses
with the correction factor C'(1) of Theorem 3. In both cases, we test the hypothesis of
invariance of the empty set at level ap = 107% (cf. Remark 1). In Appendix E.5.4,
we investigate the effects on the quantities P(Sjas € ANy) and IP)(S’IlAS C ANy) when
varying ag, confirming that choosing ag too high can lead to a reduced probability of
S’I As being a subset of ancestors.

In Fig. 4 the results of the simulations are displayed. In SCMs where the oracle versions
Stas and Sicp are not equal, S'IAS achieved, on average, a higher Jaccard similarity to
ANy than SICP. This effect is less pronounced when d = 100. We believe that the
difference in Jaccard similarities is more pronounced when using larger values of m.
When Sias = Sicp, the two procedures achieve roughly the same Jaccard similarities
to ANy, as expected. When the number of observations is one hundred, TAS generally
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Figure 3.: High-dimensional oracle experiment with sparse graphs, see Section 6.1. The
average size of the set Sfiq is larger than the average size of the set S%\é]}s),
both when using IAS to search for sets up to sizes m = 1 and m = 2. Except
for the choice of d, the setup is the same as in Fig. 2.

fails to find any ancestors and outputs the empty set (see Fig. E.2), indicating that the
we do not have power to reject the empty set when there are few observations. This is
partly by design; we test the empty set for invariance at reduced level ag in order to
protect against making false positive findings when the environment has a weak effect
on Y. However, even without testing the empty set at a reduced level, IAS has to
correct for making multiple comparisons, contrary to ICP, thus lowering the marginal
significance level each set is tested at. When computing the jaccard similarities with
either ap = a or ap = 107'2, the results were similar (not shown). We repeated the
experiments with d = 6 with a weaker influence of the environment (do-interventions of
strength 0.5 instead of 1) and found comparable results, with slightly less power in that
the empty set is found more often, see Appendix E.5.5.

We compare our method with a variant, called IASe. grapn, where we first estimate
(e.g., using methods proposed by Mooij et al. 2020 or Squires et al. 2020) a member graph
of the Markov equivalence class (‘I-MEC’) and apply the oracle algorithm from Section 4
(by reading of d-separations in that graph) to estimate MZ. In general, however, such
an approach comes with additional assumptions; furthermore, even in the linear setup
considered here, its empirical performance for large graphs is worse than the proposed
method TAS, see Appendix E.5.7.

6.3. IAS in high dimensional genetic data

We evaluate our approach in a data set on gene expression in yeast Kemmeren et al.
[2014]. The data contain full-genome mRNA expressions of d = 6,170 genes and consists
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Figure 4.: Comparison between the finite sample output of TAS and ICP and ANy on
simulated data, see Section 6.2. The plots show the Jaccard similarities be-
tween ANy and either Siag (S’IlAS when d = 100) in red or Sicp (S'Il\g;’, when
d = 100) in blue and ANy. When Sicp # Sias (left column), Sias is more
similar to ANy than Sicp. The procedures are roughly equally similar to
ANy when Sicp = Sias (right column). Graphs represented in each boxplot:
42 (top left), 58 (top right), 40 (bottom left) and 60 (bottom right).

of neps = 160 unperturbed observations (E = 0) and ni,, = 1,479 intervened-upon
observations (E = 1); each of the latter observations correspond to the deletion of a
single (known) gene. For each response gene geney € [d], we apply the procedure from
Section 5.3 with m = 1 to search for ancestors.

We first test for invariance of the empty set, i.e., whether the distribution of gene,-
differs between the observational and interventional environment. We test this at a
conservative level ag = 10712 in order to protect against a high false positive rate (see
Remark 1). For 3,631 out of 6,170 response genes, the empty set is invariant, and we
disregard them as response genes.

For each response gene, for which the empty set is not invariant, we apply our pro-
cedure. More specifically, when testing whether geney is an ancestor of geney, we
exclude any observation in which either geney or gene, was intervened on. We then
test whether the empty set is still rejected, at level ap = 10712, and whether geney is
invariant at level o = 0.25. Since a set {gene y } is deemed minimally invariant if the p-
value exceeds «, setting « large is conservative for the task of finding ancestors. Indeed,
when estimating Sﬁs, one can test the sets of size m at a higher level a; > «. This is
conservative, because falsely rejecting a minimally invariant set of size m does not break
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Figure 5.: True positive rates and number of gene pairs found in the experiment in
Section 6.3. On the z-axis, we change «g, the threshold for invariance of the
empty set. When «q is small, we only search for pairs if the environment has
a very significant effect on Y. For smaller ag, fewer pairs are found to be
invariant (blue line), but those found, are more likely to be true positives (red
line). This supports the claim that the lower «y is, the more conservative our
approach is.

the inclusion Sﬁs C ANy. However, if one has little power against the non-invariant
sets of size m, testing at level oy can protect against false positives.”

We use the held-out data point, where gene y is intervened on, to determine as ground
truth, whether gene y is indeed an ancestor of gene,-. We define gene y as a true ancestor
of geney if the value of gene, when geney is intervened on, lies in the grp = 1% tails
of the observational distribution of geney, .

We find 23 invariant pairs (geney,geney ); of these, 7 are true positives. In compar-
ison, Peters et al. [2016] applies ICP to the same data, and with the same definition of
true positives. They predict 8 pairs, of which 6 are true positives. This difference is in
coherence with the motivation put forward in Section 5.2: Our approach predicts many
more ancestral pairs (8 for ICP compared to 23 for IAS). Since ICP does not depend on
power of the test, they have a lower false positive rate (25% for ICP compared to 69.6%
for TAS).

In Fig. 5, we explore how changing ag and grp impacts the true positive rate. Reducing
oy increases the true positive rate, but lowers the number of gene pairs found (see Fig. 5).
This is because a lower «g makes it more difficult to detect non-invariance of the empty
set, making the procedure more conservative (with respect to finding ancestors); see
Remark 1. For example, when ag < 10715, the true positive rate is above 0.8; however,
5 or fewer pairs are found. When searching for ancestors, the effect of intervening may
be reduced by noise from intermediary variables, so grp = 1% might be too strict; in
Appendix E.5.6, we analyze the impact of increasing ¢rp.

"Only sets of size exactly m can be tested at level a;; the remaining hypotheses should still be corrected
by C(m) (or by the hypothesized number of minimally invariant sets).
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7. Extensions

7.1. Latent variables

In Assumption 1, we assume that all variables X are observed and that there are no
hidden variables H. Let us write X = X U Xy, where only X is observed and define
Z:={S C Xp | S invariant}. We can then define

Sias,0 = U S

SCXo:HMT true

(again with the convention that a union over the empty set is the empty set), and have
the following modification of Proposition 2.

Proposition 6. It holds that Siaso € ANy.

All results in this paper remain correct in the presence of hidden variables, except for
Proposition 3 and Proposition 5 (iii-iv).® Thus, the union of the observed minimally
invariant sets, Siaso is a subset of ANy and can be learned from data in the same way
as if no latent variables were present.

7.2. Non-exogenous environments

Throughout this paper, we have assumed that the environment variable is exogenous
(Assumption 1). However, all of the results stated in this paper, except for Proposition 4,
also hold under the alternative assumption that E is an ancestor of Y, but not necessarily
exogenous. From the remaining results, only the proof of Proposition 1 uses exogeneity
of E, but here the result follows from Tian et al. [1998]. In all other proofs, we account
for both options. This extension also remains valid in the presence of hidden variables,
using the same arguments as in Section 7.1.

8. Conclusion and Future Work

Invariant Ancestry Search (IAS) provides a framework for searching for causal ancestors
of a response variable Y through finding minimally invariant sets of predictors by exploit-
ing the existence of exogenous heterogeneity. The set Siag is a subset of the ancestors
of Y, a superset of Sicp and, contrary to Sicp, invariant itself. Furthermore, the hier-
archical structure of minimally invariant sets allows IAS to search for causal ancestors
only among subsets up to a predetermined size. This avoids exponential runtime and
allows us to apply the algorithm to large systems. We have shown that, asymptotically,
Sias can be identified from data with high probability if we are provided with a test

8These results do not hold in the presence of hidden variables, because it is not guaranteed that an
invariant set exists among Xo (e.g., consider a graph where all observed variables share a common,
unobserved confounder with Y'). However, if at least one minimally invariant set exists among the
observed variables, then all results stated in this paper hold.
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8. Conclusion and Future Work

for invariance that has asymptotic level and power. We have validated our procedure
both on simulated and real data. Our proposed framework would benefit from further
research in the maximal number of minimally invariant sets among graphs of a fixed size,
as this would provide larger finite sample power for identifying ancestors. Further it is
of interest to establish finite sample guarantees or convergence rates for IAS, possibly
by imposing additional assumptions on the class of SCMs. Finally, even though current
implementations are fast, it is an open theoretical question whether computing Siag in
the oracle setting of Section 4 is NP-hard, see Appendix E.2.
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Abstract

Instrumental variable (IV) regression relies on instruments to infer causal effects
from observational data with unobserved confounding. We consider IV regression
in time series models, such as vector auto-regressive (VAR) processes. Direct
applications of i.i.d. techniques are generally inconsistent as they do not correctly
adjust for dependencies in the past. In this paper, we propose methodology for
constructing identifying equations that can be used for consistently estimating
causal effects. To do so, we develop nuisance IV, which can be of interest even
in the i.i.d. case, as it generalizes existing IV methods. We further propose a
graph marginalization framework that allows us to apply nuisance and other IV
methods in a principled way to time series. Our framework builds on the global
Markov property, which we prove holds for VAR processes. For VAR(1) processes,
we prove identifiability conditions that relate to Jordan forms and are different
from the well-known rank conditions in the i.i.d. case (they do not require as
many instruments as covariates, for example). We provide methods, prove their
consistency, and show how the inferred causal effect can be used for distribution
generalization. Simulation experiments corroborate our theoretical results. We
provide ready-to-use Python code.

1. Introduction

Predicting a response variable Y from observations of covariates X may be insufficient
to answer a scientific question at hand. Instead, we may wish to model how the response
variable Y reacts to an intervention on X. Such modeling requires causal knowledge. For
example, for i.i.d. data from a linear model Y := X + ¢g(H, sy), it is well-known that
an ordinary least squares (OLS) regression of Y on X generally yields a biased estimator
of the linear causal effect 5 from X on Y when an unobserved effect H confounds X and
Y. Instead, we may obtain unbiased estimates of 8 by utilising instrumental variables
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(IVs) I that correlate with the covariates X, are independent of H, and affect Y only
indirectly through X. IV regression, pioneered by Wright [1928] and Reiersel [1945], is
well-established in econometrics [Angrist et al., 1996, Staiger and Stock, 1997, Angrist
and Krueger, 2001], statistics [Bowden and Turkington, 1985] and epidemiology [Hernan
and Robins, 2006, Didelez et al.; 2010]. One approach for IV estimation in the linear
i.i.d. model is the two-stage least squares (TSLS) estimator [Angrist and Imbens, 1995],
which first estimates the effect from I to X (stage 1) and then regresses Y on the fitted
values from the first regression (stage 2). Another formulation, used by Hansen [1982], is
the generalized method of moments (GMM), which uses the independence of the residual
Y — X = g(H,<¥) from the instrument I: One can estimate 3 by selecting ﬁ such that
the empirical correlation between ¥ — BX and [ is minimized. If the dimension of I is
greater than or equal to the dimension of X, these estimators are consistent [e.g., Hall,
2005].

In more recent approaches, causality and directed acyclic graph (DAG) representa-
tions have proved fruitful for studying instrumental variables for i.i.d. data [Pearl, 2009,
Hernén and Robins, 2006, Didelez et al., 2010]. Brito and Pearl [2002a] proposed ‘gen-
eralized IV’, a graphical framework that enlarges the class of graphical models, in which
IV methods can be used to identify causal effects. Similarly, ‘conditional IV’ [Pearl,
2009] relaxes the assumptions of IV by considering a conditional moment equation [see
also Henckel, 2021].

In many real-world applications (see Weigend [2018] for examples from various fields),
the data are sampled not independently but rather as a time series that exhibits mem-
ory effects, with past values affecting present ones. However, using IV methods in time
series data poses a number of challenges. For example, memory effects in the observed
processes X, Y and I can obfuscate the assumption that I only affects present values of
Y through the present value of X, because I and Y are confounded by common ancestors
in the memory of the process. Additionally, memory effects, or serially correlated errors,
in the confounder process H can make identification of the dependence on past states
of the process difficult; for such settings, Fair [1970] proposes a search-based method for
a subclass of first order vector auto-regressive (VAR) processes. If one is provided with
identifying equations with serially correlated errors (such as the ones proposed in this
paper), Newey and West [1987] construct confidence intervals by using heteroskedastic-
ity and auto-correlation consistent (HAC) estimators to estimate long-run covariance
matrices.

Graphical models have been studied (also in the context of causal inference) when data
follow a time series structure [e.g., Wiener, 1956, Granger, 1969, 1980, Dahlhaus and
Eichler, 2003, Didelez, 2008, Danks and Plis, 2013, Hyttinen et al., 2016, Peters et al.,
2017, Mogensen and Hansen, 2020] but not in the context of instrumental variables
and hidden confounders. In this work, we establish a link between graphical models
and IV methods for time series, which we then exploit to construct estimators and prove
consistency. To help build this connection, we prove (Theorem 1) that the global Markov
property [Lauritzen, 1996] holds in VAR(p) processes. To the best of our knowledge this
result has not been proved before and requires, due to the graph containing infinitely
many nodes, technically involved arguments.
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Figure 1.: Full time graph (formally defined in Section 2.2) of a process S satisfying
the conditions studied in this paper, see Assumption (A2) below. We aim
to estimate the causal effect 8 (highlighted in green) of X;_; on Y;, where
X = [X{]tez and Y = [Y]ez are subprocesses of S, that are confounded by a
latent process H = [H¢|icz. Motivated by instrumental variables, one may aim
to exploit the subprocess I = [I;];cz that is independent of H and only acts
on Y through X. However, simply using [;_2 as an instrument is generally
inconsistent; the same holds when adding X;_s and Y;_; as a conditioning set,
for example. This paper develops a graphical framework giving rise to several
consistent estimators.

Throughout this work we consider a joint process S := [ItT X H]T YtT]tTeZ where
H is latent. For simplicity, we let S be a linear VAR(1) process but we show later (see
Section 4.2.3) that the methodology applies to broader model classes, too. Fig. 1 shows
a graphical representation of the process. Our goal is to estimate the coefficient § with
which X; 1 linearly enters into Y; . The coefficient 8 can also be understood as the
direct causal effect of X;_1 on Y; (cf. Appendix F.1.3).

When S is fully observed, estimators that are consistent and asymptotically normal
for the standard form parameters of the VAR(1) process S exist; in particular, 5 can be
consistently estimated [Hamilton, 1994]. Yet in our setting H, the confounding between
X and Y is unobserved, and such estimators are not applicable. Furthermore, a direct
application of IV estimation for i.i.d. data could suggest using I;_o2 as an instrument
for estimating the effect of X;_; on Y;. We prove that in general, this does not yield a
consistent estimator (Proposition 2). The reason is that the instruments are correlated
to Y not only through the path I;_o — X;_1 — Y; but also through an infinite number
of paths in the past, due to common ancestors I;_;,j > 3 in the instrument process I.
This correlation violates the assumption that the instrument I;_s only correlates with
Y; through X, ;.

In this work, we establish a general graph marginalization technique that allows us
to find valid IV models for processes S, such as the one shown in Fig. 1. Based on
these results, we propose two solutions to identify causal effects in time series. The
first solution (‘conditional IV’ or ‘CIV’) identifies 8 using IV conditioned on one or
more past states I;_;,j > 3 of the instrument process. The second solution is based
on ‘nuisance IV’ (or ‘NIV’), a modification of IV that we develop; it can be used not
only for time series but also for i.i.d. data. It allows for stronger identifiability results
by adding nuisance treatment variables to the target causal effect. Applied to the time
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series setting, nuisance IV yields a consistent estimator for the target of inference 8 by
adding the effect of one or more nuisance regressors, e.g., Y;_1.

Similar to the i.i.d. case, these two approaches induce identifying moment equations
that are satisfied by the causal effect 5. Rank conditions guarantee that their solution
is unique, allowing us to identify the causal effect. Unlike in the i.i.d. case, however, the
standard conditions are not easily interpretable in the time series setting. We therefore
develop sufficient and necessary conditions on the parameters of the data-generating
process that provide insight on when identifiability holds. Our results imply that iden-
tifiability with nuisance IV depends on geometric multiplicities of eigenvalues of the
parameter matrix in the VAR process, and we show that if parameters are drawn at
random from a continuous distribution, the causal effect 8 of X;_1 on Y; is almost surely
identifiable. In particular, it is possible to identify the causal effect even if the instru-
ment [ is univariate and the regressor X is multivariate. For both of the approaches
(conditional IV and nuisance IV), we propose estimators and prove that, in case of
identifiability, these estimators consistently estimate the direct causal effect.

Finally, we apply our findings to the task of distribution generalization [e.g., Mein-
shausen, 2018, Rothenh&usler et al., 2021, Jakobsen and Peters, 2021]. In many systems,
the causal effects are of value in themselves because they contribute to the understanding
of the system but it also serves a purpose when predicting Y;;; under an intervention on
X¢. In a linear setting, the OLS estimator has the smallest expected mean squared error
(MSE) among all linear predictors when predicting new test data from the observational
distribution. However, as is known for the i.i.d. setting [e.g., Rojas-Carulla et al., 2018],
causal estimators have better worst-case predictive performance when the environments
are constructed by interventions on the covariates. Similarly, we show that in time series,
under arbitrary interventions on X;, our IV estimators are worst-case prediction optimal
for Yii1.

Our work is structured as follows. Section 2 introduces the model and the assumptions
considered in this paper; we review graphical representations of time series models and
prove that the global Markov property holds for VAR(p) processes. In Section 3, we
review theory on conditional instrumental variables, introduce the concept of nuisance
IV, and prove its correctness. Our main results for instrumental variable regression
for time series are presented in Section 4. We propose two approaches to overcome
confounding from past values yielding identifying equations for the causal effect: the
first one is based on CIV and the second one uses NIV. For the latter, we characterize
identifiability of the causal parameter in terms of parameters of the data-generating
process. We also discuss how to use the causal effect to perform optimal prediction
of Y;11 under interventions on X;. In Section 5 we empirically evaluate our method.
All proofs are provided in Appendix F.4. Code can be found at https://github.com/
nikolajthams/its-time.
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2. Causal Time Series Models with Confounding

2. Causal Time Series Models with Confounding

2.1. Definitions and notation

We consider multivariate time series X := [X;]iez and I := [Ii]icz, a univariate process
Y = [Yi]iez, and an unobserved multivariate process H = [H|icz. Let dx be the
dimensionality of X}, that is X; € R and similarly for dj, dy and dg, with dy = 1.
Let S = [Silicz = [I,  H, , X", V"], St € RY, with d := dx + dy +d; + dpg.

Several of our results are presented for VAR(p) processes [e.g., Brockwell and Davis,
1991], which is done for presentation purposes. Many of the results hold more generally,
see Section 4.2.3. We say that S is a VAR(p) process if there exist p € N such that the
following assumption holds:

(A1) There are coefficient matrices Ay, ..., A, € R®4 such that for all ¢ € Z:

St = Alst_l + ... +Ap5t—p+€t7 (1)
where Ay, ..., A, are such that det(Iz\P — AN — A NP2 - — A,) = 0 implies
|A| < 1, the &; constitute an i.i.d. process, and & ~ N(0,T'), where T is a diagonal

matrix.

We use the notation aﬁ(’ ; to refer to the submatrix of A; with rows corresponding to X
and columns corresponding to I (see Fig. 2a for an example), and similarly oz% ; etc. We
use superscripts to denote individual components of ¢, e.g., €. We consider Y; as the
response variable, X;_1 as covariates and our target of inference is 8 := a%/y - We refer
to 3 as the causal effect from X to Y.? Most of our results generalize to estimating total
causal effects (TCEs) instead of [3; we state Theorem 3 below in this generality, but for
simplicity we state all other results with the causal effect 5. For 1 <i,j < d and | € N,
the TCE of S;_; on Sg is defined as

( Z Al1"'Alm>

1§l17---7l'm§p
l1+“'+l7n:l

j?i

In a process satisfying Assumption (A1), the TCE of X;_1 on Y; coincides with 3; see
Appendix F.1.4 for details.

Both H and the noise € are assumed to be unobserved; while the sequence of inno-
vations ag/ is assumed to be i.i.d. and independent of X;, H can act as a confounder
between X and Y and can have an autoregressive structure. Similar to the i.i.d. case
[e.g., Hernan and Robins, 2006, Pearl, 2009, Peters et al., 2017], the existence of the

confounder H implies that we cannot identify S by simply regressing Y; on X;_;. In

9The notions of causal effect and total causal effect are motivated by interpreting the VAR equations as
a structural causal model (SCM), which we explain in detail in Appendix F.1.3. The interventional
interpretation of an SCM is not required for any results of the paper, except for the ones presented
in Section 4.3, where we discuss optimal predictions under interventions.
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(a) Matrix block structure of A; assumed in (b) Summary time graph of a VAR(1) process
Assumption (A2). satisfying Assumption (A2).

Figure 2.: The sparsity structure on the parameter matrix A; assumed in Assump-
tion (A2), and a representation of the graphical structure induced by Aj;.
Zeros in panel a) correspond to absent edges in panel b).

Appendix F.1.2; we provide an example of two VAR(1) processes with two different
parameter matrices that generate the same distribution over the observed time series.

We assume that the process has zero mean'’, so for instance cov(Xy,V;) = E{X,Y,"} €
Rex*dy  We assume that the data are sampled as follows: We obtain a sample over time
points t = 1,...,T of S such that for t = 1, S follows the stationary distribution. We
denote the sample with boldface S = [S;]L; such that S € R¥T and each column
S; represents the process observation at time ¢t. We let ES; = %Zthl S; denote the
empirical mean of the distribution (here, the index ¢ in ES; does not refer to any specific
time point). From Assumption (A1) it follows [Hamilton, 1994, Chapter 10] that

T
. 1
ES; 25 ES, and cov{S,_;S]} = 7 2SSt Ly cov{Si;S ). ()

t=j+1

Finally, in the case where S is a VAR(1) process, we will sometimes assume additional
structure on the coefficient matrix.

(A2) Assume that S satisfies Assumption (A1) for p = 1 and that A; has the sparsity
structure displayed in Fig. 2a.

Under Assumption (A2), none of the other time series components enters the assignment
for I; in that case, we refer to I as an instrumental time series.

2.2. Graph representations of VAR processes

(1) can be represented graphically. This representation will prove helpful when estab-
lishing identifying equations for causal effects and constructing consistent estimators.
The full time graph [e.g., Peters et al., 2013] is defined as an infinite directed graph with
nodes Iy, Hy, Xy, Vi, for any t € Z. For k € N, it contains a directed edge from (j,%) to

10Since we can always subtract empirical means, the assumption of vanishing means does not come with
any loss of generality.
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2. Causal Time Series Models with Confounding

(i,t+ k), i,j € {I[,H, X, Y}, if afj # 0. For a process satisfying Assumption (A2) an
extract of this graph is shown in Fig. 1. We define the full time graph for higher order
VAR processes accordingly. The summary time graph only has a single node per time
series component. It contains a directed edge from i to j, for some i,5 € {I, H, X, Y} if
and only if the full time graph contains an edge from (j,t) to (i,t + k) for some k € N.
For a process satisfying Assumption (A2), such a graph is visualized in Fig. 2b.

We now introduce some standard graph terminology [e.g., Lauritzen, 1996, Koller and
Friedman, 2009, Pearl, 2009]. A path p, p = (v1,e1,v2,...,€n—_1,0y), is an alternating
sequence of distinct vertices v; and edges e; such that v; and v;41 are connected by e;.
We say that p is a directed path from vy to v, if for every i, e; points from v; to v;y1.
For two nodes v and u, we say that w is a descendant of v if there exists a directed
path from v to u and otherwise u is a non-descendant of v. We write ND(v) and DE v
for the sets of non-descendants and descendants of v, respectively, using the convention
that neither of them contain v itself. For a path p and any i € {2,...,n — 1}, we say
that v; is a collider on p if (vi—1,e;—1,v;, €;,vi+1) is of the form v;_; — v; < v;41 and
else v; is a non-collider on p. We say that the path p is unblocked, given the set B if for
every non-collider v; in p, v; ¢ B and for every collider v; on p, (v; UDEwv;) N B # ().
Otherwise, we say that p is blocked by B. If all paths between distinct vertices v and u
are blocked by a set B neither containing v nor u, we say that v and u are d-separated
by B. Similarly, we say that disjoint sets V and U are d-separated by B if all nodes
v €V and u € U are d-separated by B.

In section Section 4.2, we also consider marginalized graphs, which are acylic directed
mixed graphs (ADMGs), containing both directed (—) and bidirected (<+) edges. If we
define v to be a collider on a path whenever two surrounding edges have arrowheads
at v (e.g. uj; <> v < u2), and define descendants only with respect to directed edges,

d-separation also extends to ADMGs. See Richardson [2003] for details.

2.2.1. Markov Properties of VAR processes

The representation described above satisfies several Markov properties, which enables
us to read off conditional independences from the full time graph. This will be an
important tool in our theory, because it enables the use of graphical models to develop
IV methodology in time series. These results do not formally follow from standard results
in for example Lauritzen [1996], as the full time graphs are infinite, but will be used in
many of the proofs.

Theorem 1. Consider a time series S generated according to Assumption (A1), and
finite disjoint collections A,B,C. If A and C are d-separated given B in Gpu then
Al C|B.

The proof of Theorem 1 and all other proofs in this paper are provided in Ap-
pendix F.4.
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Identifying Causal Effects using Instrumental Time Series

3. Nuisance Effects in Instrumental Variable Regression

In this work, we establish two identifying equations for causal effect estimation in time
series: The first one is based on conditional instrumental variables (CIV) and the second
one on a generalization that we term nuisance instrumental variables (NIV). We regard
the idea of NIV as interesting in its own right, as it can be applied in the i.i.d. setting,
too. In this section, we therefore first review CIV regression for i.i.d. data, and then
introduce NIV regression; instrumental variable (IV) regression is a special case of CIV
regression, where the conditioning set is empty. In Section 4, we extend the CIV and
NIV estimators to VAR processes via a reduction of the full time graph to a marginalized
graph.

3.1. Instrumental variables and conditional instrumental variables

Consider a linear SCM (see Appendix F.1.3) over variables V, and let Z, X, B,{Y} C V
be disjoint collections of variables'' from V, and let G be the corresponding DAG.
Assume that Z,X and Y have zero mean and finite second moment and let 8 be the
causal coefficient with which X enters the structural equation for Y, that is,

Y = BX +4W + Y,

for some variables W C V' \ X; (some of the entries of 5 can be zero, so not all variables
in X have to be parents of Y'). We consider the following three requirements on Z, X', B
and Y:

(CIV1) Z and Y are d-separated given B in the graph Gy sy, that is the graph G where
all direct edges from X to Y are removed,

(CIV2) B is not a descendant of X UY in G, and
(CIV3) the matrix E[cov(X,Z|B)| has rank dy, that is, full row rank.

If requirements (CIV1) and (CIV2) are met, Y — X 1 Z|B, and in particular § satisfies
the CIV moment equation'?

E[cov(Y — pX,Z|B)] = 0. (3)
If, additionally, requirement (CIV3) is met, 8 is the unique solution to (3),

Elcov(Y —bX,Z|B)] =0 = b=p.

"Below, the different variables will take different roles (such as instruments or regressors). We use
the calligraphic notation Z, X, and B to denote collections of observed variables, being used as
instruments, regressors, and conditioning sets, respectively. Individual variables are denoted by non-
calligraphic letters, such as 1.

2Here we use the definition cov(A, C|B) = E[AC|B]~E[A|B]E[C |B] = cov(A—E[A|B],C—E[C|B]),
which even accommodates for nonlinear relationships between the variables and B.
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3. Nuisance Effects in Instrumental Variable Regression

(Conditional IV with univariate X has been discussed in the literature [Pearl, 2009,
Henckel, 2021, Brito and Pearl, 2002a]. Since we allow dy > 1, we add a short proof
in Appendix F.4.1.) In this case, we say that g is identified by CIV or, more precisely,
identified by CIV y_y (Z|B). If requirements (CIV1) and (CIV3) are satisfied for B = ()
(requirement (CIV2) is trivially satisfied for B = (), CIVx_,y(Z|() reduces to instru-
mental variables (IV) regression [Reiersol, 1945, Anderson and Rubin, 1949, Bowden
and Turkington, 1985, Angrist et al., 1996], which we refer to as IVx_,y(Z). We use the
term proper CIV when B # ().

For a finite sample X, Y, I, and B, we consider an empirical counterpart of (3) which,
however, may not have a solution in the overidentified setting, that is when dz > dy; to
overcome this, for any positive definite weight matrix W, we define the estimator l;(W)
as

b(W) := argmin ||cov(Y —bX,IB)||%,, (4)
b

where ||z||4, := 2" Wz and c6v is the empirical covariance of the residuals after regressing
out B. We refer to this estimator as CIVx_,yv(I|B). If Z, X, Y and B are zero mean
random vectors, the minimizer of (4) is given by

-1
b(W) =Elryry | W E[ryr«] <fE[rXrIT | W I‘E[rlr;o , (5)

where ry = Y — E[Y|B] are the residuals after regressing Y on B, and similarly
rx =X — E[X|B] and 71 .= I — E[I|B].

Choosing the two-stage least squares (TSLS) weight matrix Wrsrs := E[rry |71 cor-
responds to the procedure where one regresses rx on r1 and then returns the regression
goefﬁcient of ry on the fitted values #x. In a linear Gaussian model, the IV estimator

b(Wrsrs) has the lowest asymptotic variance among all positive definite weight matrices
W [Hall, 2005].

3.2. Nuisance instrumental variables

IV estimation is a special case of CIV with the empty set as conditioning set. The
example in Fig. 3 (left) shows a graph where an effect between X and Y cannot be
identified using the IV estimator: no variable is d-separated from H, and hence no
valid instruments for (unconditional) IV exist. Yet, the causal effect is identified by'
CIVx_,y(I|B) because B satisfies requirements (CIV1) to (CIV3).

In the case shown in Fig. 3 (middle), the effect from X to Y cannot be identified
by IVx_,y(I) because of the unblocked path I — Z — Y. We cannot use proper
ClV, either, because the path I — Z < H — Y is unblocked given Z, violating
requirement (CIV1). Nevertheless, we can identify the effect from X to Y by adding
an additional regressor variable. If d; > dx + dz, then IVy X7Z}_>Y(I ) satisfies the

31n a slight abuse of notation, we sometimes omit parantheses indicating sets and write CIV x_y (I|B)
instead of CIVx_y (Z|B) if T = {I}, for example.
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G OEBD QA

Figure 3.: CIV and (proper) NIV are complementary for identifying causal effects in that
they can be used in different settings. (Left) A graph where the effect X — Y
is identified by CIV x_,y(I|B) (provided that requirement (CIV3) holds) but
not by any IV or proper NIV method. (Middle) A graph where X — Y is
identified by NIV x_,y (I, Z), but not by any proper CIV method. (Right) A
graph where X — Y is identified by both CIV x_,y(I|B) and NIVx_,y(Z, Z)
with 7 = {I, B}.

assumption for identifying the effect {X,Z} — Y. In particular, from this we can
extract the effect of interest, X — Y.

We refer to this approach as nuisance instrumental variables (NIV). More formally,
consider collections of variables Z, X', Z and a response variable Y. We say that [ satisfies
the NIV moment equation if there exist o € R% %4z guch that

cov(Y — X —aZ,7) =0. (6)

We say that 8 is identified by NIV or, more formally identified by NIV y_y(I,72) if
additionally § is the only solution to the moment equation; that is for all @ € R% x4z
and b € Ry *dx

cov(Y —bX —aZ,7)=0 = b=p. (7)

We refer to Z as a nuisance regressor. If we use both a nuisance regressor Z and
condition on a variable B, the conditions become

there exists a s.t. E[cov(Y—X—aZ,Z|B)] =0 and E[cov(Y—-bX—aZ,Z|B)]=0 = b= 3,

and we write NIV y_,y (Z, Z|B); this corresponds to extracting the entries relevant for X
from the output of CIV xyz_,y (Z|B); by choosing Z = (), NIV extends CIV. When Z # (),
we use the term proper NIV. The following theorem proves that requirements (CIV1)
to (CIV3) are sufficient to establish identifiability of NIV.

Theorem 2 (Nuisance IV). Consider a linear SCM (see Appendiz I'.1.3) over variables
V,andletZ, X, Z, B, {Y} CV be disjoint collections of variables from V, and let G be
the corresponding DAG. Assume that T,X,Z and Y have zero mean and finite second
moment and let B and a be the causal coefficients with which X and Z enter the structural
equation for Y, respectively (some of the entries of B and « can be zero, so not all
variables in X and Z have to be parents of Y ). Let X := X U Z. If requirements (CIV1)
to (C1V3) are satisfied in G for T, X, B and Y, the causal effect B of X on'Y is identified
by NIV)(_A/(I, Z|B)
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4. Instrumental Time Series Regression

Even though this is a straight-forward extension of IV regression, we are not aware of
any work describing the idea of NIV. It will prove useful in the time series setting and
even in the i.i.d. setting it is a strict generalization of CIV: there are graphs, such as the
one in Fig. 3 (middle), where the causal effect X — Y is neither identified by IV nor by
CIV.

For some graphs the effect X — Y can be identified by (proper) NIV and (proper)
CIV. For example, in the graph in Fig. 3 (right) the effect X — Y can be identified both
by CIV x_y (I|B) and by NIV x_,y ({1, B}, Z). When estimated from a finite sample, the
two resulting estimators are not identical, and, as the following proposition establishes,
the two approaches cannot in general be sorted in terms of asymptotic variance.

Proposition 1. If an effect can be identified by CIV and by NIV, then the estimators
cannot be strictly sorted in terms of asymptotic variance. More specifically, there exist
data generating processes, for which CIV has strictly smaller asymptotic variance and
others, for which NIV has strictly smaller asymptotic variance.

The idea of NIV can be naturally applied in time series settings, too. In Section 4.2
we show that causal effects in VAR(1) processes as described in Section 2 can be esti-
mated both by CIV and NIV. To establish this result, we first develop a marginalization
technique of time series graphs, which allows us to apply the above results.

4. Instrumental Time Series Regression

4.1. Time series reduction

In Section 2.2, a VAR process is represented by its full time graph (see, e.g, Fig. 1). We
now show that instruments and conditioning sets for VAR processes can be found by
considering marginalized time graphs, which are obtained by marginalization of the full
time graph to a finite set of nodes; they resemble latent projections [e.g., Verma, 1991]
but are projections of graphs that are not finite.

Definition 1. Consider a process S = [Si]icz satisfying Assumption (Al') and let Ge
be the full time graph of S as defined in Section 2.2. Let M = {S;!,...,S;™} be a finite
collection of nodes in Ggy. The marginalized time graph, Gy, is the graph over nodes

M where for all ¢,j € M there is:

1. a directed edge i — j if and only if i — j in Ggy or there exists m; € N,
Viy...,Umy & M and a directed path i — vy — -+ = vy, — J in Gpy, and

2. abidirected edge i > j if and only if there exists mi,ma € N, v1, ..., Uy, W1, .., Wiy, U ¢
M in Ggy such that there exists directed paths U — vy — ---vp, — ¢ and
U—=w = wy, = 7.

111 the ii.d. setting, the asymptotic variances of both NIV and CIV estimators can be described by
closed form expressions, see Appendix F.2.1.
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Identifying Causal Effects using Instrumental Time Series

The following theorem establishes that the CIV conditions being satisfied in a marginal-
ized time graph implies a moment condition that can be used for identifying the causal
effect. In the previous section, we stated identifiability results in terms of the causal
effect 8. The following theorem is stated in terms of the total causal effect (see Sec-
tion 2.1); this generalizes the causal effect and may for instance be interesting if some
predictors X are unobserved or are observed but cannot be intervened on. To do so, we
state a slight modification of requirement (CIV1).

(CIVY’) Z and Y are d-separated given B in the graph where we remove an edge outgoing
from X if the edge lies on a directed path from X to Y.

Theorem 3 (Time series IV by marginalization). Consider a process S = [Si|icz sat-
isfying Assumption (A1) with full time graph Gpy. Let'Y be some node in Gpy and let
X,I,Z, and B be disjoint collections of nodes from Gp,. Let X := XU Z and define
M :={Y}UXUZUZUB. Assume that requirements (CIV1’) and (CIV2) are satisfied
for I,X,B and Y in G (see Definition 1). Then, the following three statements hold.
(i) The total causal effect [B,a] of [XT,ZT]T on'Y satisfies the NIV moment equation

Elcov(Y — bX — aZ,Z|B)] = 0. (8)

(i) Further, if requirement (CIV3) is satisfied for T,X,B, then [B,a] is the unique
solution to (8). (i) If, additionally, X,Y,I,Z and B are observations of X,Y,Z,Z
and B at T time points, W is a positive definite matriz, and

[b,a) := argmin ||cov(Y — bX — aZ,1|B)||%,, (9)
b,a

then b is a consistent estimator for 3.

We now apply the above result to VAR(1) processes satisfying Assumption (A2). In
this case, the total causal effect coincides with the 5 defined in Section 2.1 (and (CIV1’)
and (CIV1) become equivalent). The generality of Theorem 3, however, can be used
to develop similar results for VAR(p) processes with p # 1 and for total causal effects
between arbitrary variables in the process.

4.2. Instrumental first-order VAR processes

We now consider estimating the causal effect 5 in VAR(1)-processes, such as the one
displayed in Fig. 4. A first attempt might be to estimate the effect S from X;_1 to Y; by
directly adapting the i.i.d. case and using IVx, ,-v;(l;—2). In Proposition 2, we prove
that this estimator, in general, is not consistent. Instead, we will later make use of the
time series reduction introduced above, which motivates two different (and consistent)
estimators.

Proposition 2 (Failure of naive IV adaption). Consider a process S = [I,', X, ,H],Y,"]\,
satisfying Assumption (A2) with df = dx = dg = dy = 1. If cov(Xy—1,1;—2) # 0 and
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Figure 4.: Part of the full time graph of a process satisfying Assumption (A2) and three
different paths from I; o to Y;. To use I;_o as an instrument to identify the
causal effect 5 of X;_1 on Y, it is required that the only open path between
I;_5 and Y; be the yellow path, I;_» — X; 1 — Y;. If we do not use any
blocking set, also the red path is unblocked. Adding X; o and Y;_1 as a con-
ditioning set (blue circles) does not suffice, since the blue path is unblocked
given X;_ o and Y;_1, for the reason that X; o acts as a collider [Pearl, 2009].
By using time series reduction, we construct consistent estimators using con-
ditional and nuisance IV (Sections 4.2.1 and 4.2.2).

arroyy # 1, the IVx, |y, (I;—2) estimator B converges in probability to
(1 — CkL[Ocy’y)_lﬂ.

Consequently, B is in general not consistent for the causal effect B of Xy—1 on Yy, unless
I orY do mot have any autoregressive structure, that is, oy 1 =0 or ay,y = 0.

This naive IV approach fails due to the memory of the processes: The instrument, I;_o,
correlates with the response, Y;, not only through the directed path I;_s — X;—1 — Y}
(vellow path in Fig. 4), but also through paths reaching into the past, such as I;_o <+
Ii 3 - Xi—9 — Y1 — Y, (red path in Fig. 4). While additionally including the
variables X;_o and Y;_; (circled blue) as conditioning sets would block the red path
it also unblocks the blue path (since marginally independent variables, such as I;_3
and H;_3, may become dependent when conditioning on a common descendant such as
Xi;—2). Consequently, the estimation would still be inconsistent. Instead, the concepts of
NIV and time series reductions introduced above provide us with a principled approach
to selecting which variables to include into the regression and allow us to construct
estimators that adjust for the past.

4.2.1. Blocking the past using conditional IV

Consider a process S satisfying Assumption (A2). By Theorem 3, any set satisfying re-
quirements (CIV1) to (CIV3) in the corresponding marginalised time graph yields a con-
sistent estimator for the causal effect of X;_1 on Y;. Thus, define M := {I;_3,I;_o, X4—9, X;—1, Yi—1, Y3}
and consider the marginalization Gy, of the full time graph with respect to M, see Fig. 5
(left). In this graph, every path from I;_o to Y; either goes through X;_; or I;_3. In-
deed, the assumptions for Theorem 3 are satisfied when choosing Z; := {I;_2} and either
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Ii 3 —» I; o Ii_o Iip1 ¥ —» L3 —» I 9
A—A \
Xt o —» X4 Xi1 X1
Yi 1 — Y, Yi o1 — Y, Yi 1 — Y,
v v

Figure 5.: Three different marginalizations of the full time graph G, of a process satis-
fying Assumption (A2) (see Fig. 1). Using Theorem 3, we use these marginal-
izations for identification using CIV (left) and NIV (middle and right). (Left)
Marginalization to nodes I;_9, Xy and Y; and their lagged values. (Mid-
dle) Marginalization to nodes I;_9, X;—1 and Y; and the lagged value of Y.
(Right) Marginalization to m instrument nodes I;_o, ..., I;_p—1, and X;_1, Y,
and thl-

B, ={l;_3} or B, := {I;_3, X;_2,Y;_1}. Formally, we have the following theorem.

Theorem 4 (Identification with conditioning set). Consider a process S = [I,', X, , H,,Y,']),
satisfying Assumption (A2). Let either By = {I;_3} or By == {I;—3, X¢—2,Y;—1}. Then,

the following three statements hold. (i) The causal effect B of Xi—1 on 'Y satisfies the CIV
moment condition E[cov(Y;—8X;_1, I;—2|B:)] = 0. (i) Furthermore, if E[cov(X¢—1, I;1—2|B:)]
has rank dx, then 3 is identified by CIVx, |y, (I1—2|B:). (i) If, additionally, Xy, Y¢, 11,

and By are observations of X, Y, I and B at T time points, then [ can be consistently
estimated as T — oo by CIVx, , v, (Ii—2|By¢), that is, the output of Algorithm 1.

Theorem 4 establishes that the bias due to confounding from the past (see beginning of
Section 4.2) can be overcome by choosing either B, = {I;_3s} or B, = {I;_3, X;—2,Y;_1} as
conditioning set. In Section 5, we compare these two choices empirically. The assumption
that axs has full rank ensures the relevance condition, requirement (CIV3). Other
choices of the marginalization set M are possible, too, and yield alternative ways of
estimating the causal effect X;_1 — Y;: We now illustrate an alternative strategy for
identification using nuisance IV.

4.2.2. Blocking the past using nuisance IV

The graph in Fig. 5 (middle) shows the marginalization of the full time graph in Fig. 4
to nodes M := {[;_2, Xy 1,Y:—1,Y;}. The effect X;_; — Y; cannot be consistently
estimated using only these variables in a CIV; if we condition on Y;_j, for example,
the path I;_o <> Y;_1 + Y} is unblocked, violating requirement (CIV1). Instead, we
can include Y;_; as a nuisance regressor: We identify the effect of X; 1 on Y; using the
instrument Z; := {I;_2} by NIVx, ,y,(Z],Yi—1), defined in Section 3.2. This model
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Algorithm 1 Estimating the causal effect 5 of X;_; on ¥; under Assumption (A2).
Input: Sample X = [Xi,...,X7] € RXXT Y = [Yy,...,Yp] € Rv*T T =
[Ly,...,Ip] € RIxT

1: Align observations, by setting Y = [Ys, ..., Y| and either

(CIV) I:= [IS_Q, e ,IT_Q] X = [Xs_l, . 7XT—1] and B = [15_3, ey IT_3]

L I
(NIV) I= o and X := [

X1 XT—1:|
Is—m+1 IT—m+1

Y1 "Yrog

where s is chosen such that all indices are positive.

2: Compute regression estimates E[X|B], E[Y|B], and E[IB].

3: Compute residual processes rx = X — E[X|B],ry = Y —
I— E[1|B].

-1
. .7 1 T
4. W= (Tferl TITy )
-1
5. 0= TYrITWTIT‘X <TXTITW7“IT}T(>

6: If I and X are chosen according to NIV, set B = Bl:dx-

E[Y|B], and r; ==

Output: Estimate of causal effect B

satisfies the (nuissance) IV requirement (CIV1), because the only open paths between
I;_5 and Y; includes either the edge X;_1 — Y; or the edge Y;_1 — Y;.

Because the resulting d x-dimensional estimate is extracted from the d x +dy-dimensional
solution IVyx, | v, 3y, (Z}), we require that rankE {[X,",, Y, ]T(Z))"} = dx +dy. If
d; < dx + dy, this rank condition is not met for Zj := {I;_2}. To overcome this, one
can increase the instrument set to Zy = {I;_9,I;—3,...,I;_m—1}: Fig. 5 (right) shows
the marginalization of the full time graph to M = Z, U {X;_1,Y;_1,Y:}. Again, re-
quirements (CIV1) and (CIV2) are satisfied in Gps, but the instrument set now has
dimension |Z| = md; and, provided the rank condition now holds, g is identified by
NIVy, ,-v;(Zt,Y;—1). The following theorem formalizes this discussion.

Theorem 5 (Identification with nuisance regressor). Consider a process S = [I,', X, , H," ;"]
satisfying Assumption (A2). Let Ty == {Ij—2,...,I1—m—1} for an m > 1 and Z; =

{Yi—1}. Then, the following three statements hold. (i) There exists o € R such that the

causal effect B of Xy—1 on Y, satisfies the NIV moment condition E[cov(Y; — fX;—1 —

aZ, ;)] = 0. (ii) Further, if B[[X," |, Z7]"Z] has rank dx + dy, B is identified

by NIVx, v (Zy, Z).  (4i) If, additionally, X4, Y, 1, and Z; are observations of

XY, T and Z at T time points, then B can be consistently estimated as T — oo by

NIVx, ,>v,(Xi, Zy), that is, the output of Algorithm 1.

Theorem 5 shows that identification is possible if rank[E {[Xt—r_ naARvA }=dx +dy
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is met, where we use the lagged instrument set Z, = {I;_a, ..., I;_,—1} (it is easy to see
that for this choice of Z;, identifiability also holds for 5 = 0 and the rank being dx).
Satisfying this relevance criterion implies requirement (CIV3). For the CIV approach in
Section 4.2.1, this is directly related to the rank of the parameter ax;. For NIV, the
relevance criterion depends on the parameter matrix in an intricate way. We now provide
necessary and sufficient conditions for when this rank condition is satisfied. Moreover,
we show in Corollary 1 below that for almost all parameter matrices one can obtain
sufficiently high rank to identify the effect X;_; — Y; by increasing the number of lags
used.
Define the following submatrices of the parameter matrix A from Assumption (A2).

arom () e = (T Q) e o

The following theorem outlines conditions for E[[X," ;,Y;;]"ZT] to have full rank when
dr =1 and we use dx + dy = dx + 1 lags as instruments:

Theorem 6. Consider a process S = (I, , X,", H,",Y,"| L, satisfying Assumption (A2).
Assume that df = dy = 1 and let Ty :== {Ij—o,...,I—m—1}, where m = dx + dy. Let
Axy and Ay be defined as in (10). The following three statements are equivalent:

1. rankE[[X, 1, Y,"]TZ,)] = dx + dy.

2. The matrix [A%YAI, A&YAI, . ,A;l(XYAI} 18 1tnvertible, where Ag(y 1s the identity
matriz of size (dx + dy) X (dx + dy).

3. Different Jordan blocks of J have different eigenvalues and for all g € {1,...,k},
the coefficient W1 o, is non-zero; here, J = Q YAxyQ is the Jordan normal
form!® of Axy, with k Jordan blocks J = diag(Jm, (A1), ..., Jm, (Ag)), each with
size m; and eigenvalue A;, and w are the coefficients of Ar in the basis of the
generalized eigenvectors Q, that is, w = QL Aj.

Intuitively, Theorem 6 states that identification of 8 is possible if the information is
passed on in a sufficiently diverse way from I;_j to (Xy,Y;). For every k € {0,...,dx},
Ak Aj corresponds to the path L (k41) 4 (X, Yik) Axy  Axy (Xt,Y:) in Fig. 1.
Theorem 6 2 requires these to be sufficiently different (that is, linearly independent),
for the matrix E[[X," ;,¥,",]TZ]] to have full rank. While there are parameter matrices
that do not satisfy Theorem 6 (see Appendix F.3.1 for examples), the following corollary
shows that, when chosen randomly, almost all parameter matrices A allow for using
multiple lags I; _o_; as instruments.

Corollary 1. Consider a VAR(1) process S with di =1 and parameter matriz A, and
assume that sparsity pattern of A is given by Assumption (A2) and that the non-zero
entries of A are drawn from any distribution which has density with respect to Lebesgue
measure. Then [ is identifiable with probability 1.

15See Appendix F.4.9 for the definition of Jordan normal forms and the notation that we use.
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The following corollary provides a sufficient condition for identifiability of 3, when
instruments are multivariate.

Corollary 2. Consider a process S satisfying Assumption (A2) with dy > 1 instrument
processes I ... I Assume that there is at least one instrument process IU) such
that both of the following conditions hold.

1. It(j) 1s independent of Is(i) for allt,s and i # j, and
2. the requirements of Theorem 6 are satisfied for the reduced process (I(j),X, Y).
Then B is identifiable.

Using a single instrument at dx +1 lags allows for a simple condition for identifiability.
But in finite samples, using instruments with high time lags may come at a loss of
efficiency as the estimation procedure may suffer from weak dependencies between the
residual and the instrument due to the mixing of the time series, see Section 5 for an
empirical investigation.

4.2.3. Extension to non-VAR Processes

The results in Sections 4.2.1 and 4.2.2 assume that the entire process S is a VAR(1)
process, see Assumption (A2), which was done mostly for presentation purposes. The key
arguments and statements hold more generally. We have argued that similar arguments
hold for VAR(p) processes and we now consider a setting, where Y; satisfies a linear
structural equation (as in a VAR(1) process) but we do not assume any VAR structure
or linearity on the remaining subprocesses. We outline the assumptions needed to obtain
the same identification results as in Sections 4.2.1 and 4.2.2 (a similar relaxation can be
applied when Y; behaves like a VAR(p) process). Let [Siliez = [I,, X,", H,, ;"] and
assume that for all t € Z

Y = BX1 +ayyYi1 +gle), Hi1), (11)

where E%/ is a sequence of i.i.d. random variables that, for all ¢, are independent of [Y;]s<;

and [Xg, I, Hg]s<¢ and ¢ is a measurable function. Without assuming a VAR process
we make the following assumptions on S.

(A1’) [Si]tez is covariance stationary.

(A2’) S satisfies (2), that is, empirical first and second moments converge to their pop-
ulation version.

(A3’) There exists a p € N such that for all i € {1,...,d}, there exists a function f? such
that for all t € Z

St = fi(Si_1,..,St_p) + €l
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This induces a full time graph Gy [Peters et al., 2013]; we assume that for all finite
disjoint collections of nodes A, B, C' from Gy, such that A and C are d-separated
given B in Gy, we have A 1 C|B. Furthermore, for all t € Z, H,_; € ND(I;_2),
Y;—1 € ND(I;_2) and &}, is independent of any finite set A C ND(Y;).

(A4’) For allt € Z and m € N, we have (], Hy_1) 1L (Ii—2, ..., [t_2_m).
Using these assumptions, we can restate Theorem 4 without the VAR(1) assumption.

Proposition 3 (Identification with conditioning set relaxing the VAR assumption).
Consider a process S = [IJ,XJ,HtT,YtT];rEZ satisfying (11) and Assumptions (A1’)
to (A3’). Let By be a set of variables satisfying PA (I;_2) C By C ND(Y;) N ND(I;—2) in
Grui- Then, (i), (i) and (iii) from Theorem j hold.

Similarly, we can extend Theorem 5 to more general time series models, too.

Proposition 4 (Identification with nuisance regressor relaxing the VAR assumption).
Consider a process S = [I;', X", H', Y, ]\, satisfying (11) and Assumptions (A1),
(A2°) and (A}’). Let Zy = {Y;—1} and Ty == {Li—2,..., L—m—1} for an m > 1. Then,
(i), (i), and (iii) from Theorem 5 hold.

So far, we have focused on estimating causal effects. Knowledge of such causal effects
can be of interest in itself. In the following section, we discuss that they can also be
used for prediction and forecasting under interventions.

4.3. Optimal prediction under interventions

Causal estimates may facilitate improved prediction under intervention. Suppose that
we have inferred the causal effect X; 1 — Y; for instance using the methods presented in
Section 4.2 above. How do we best predict Y;41 given that we perform the intervention
do(X; := x) (see Appendix F.1.3 for an introduction to do-interventions) and that we
observe the past values of the time series (but the value of X; had it not been intervened
on is not observed)?

Due to the hidden confounding, the conditional mean of Y;;1 given its past (which
could be consistently estimated by OLS regression, for example) is in general not optimal
in terms of mean square prediction error (MSPE). Intuitively, this is because the condi-
tional mean also encompasses the effects of the latent process H onto Y;y1. In the i.i.d.
setting, it has been observed that using the causal parameter yields a smaller MSPE
and can be worst-case optimal under arbitrarily large interventions [e.g., Rojas-Carulla
et al., 2018, Christiansen et al., 2021].

In VAR processes, the intervention do(X; := x) partially breaks the confounding
of X; and Y41 from the past, yet, due to the latent process H, the process (X,Y)
is not a Markov process such that the lagged observations {X;_x,k = 1,...,m} and
{Y;—;,j = 1,...,1} further improve prediction of Y;;;. Fixing the number of lags, the
following proposition shows that, under the intervention do(X; := x), the optimal linear
prediction consist of a mix of (population) regression parameters for non-intervened
variables and causal parameters for the intervened variable X;.
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5. Simulation Experiments

Proposition 5. Consider a process S = [Siliez satisfying Assumption (A2). Let 3 be
the causal effect from Xy to Y1, and let for an arbitrary m, ¢ € N (ay x,ayy) be the
population vector of coefficients when regressing Ysi1 — BXs on {Xs—g, k=1,...,m} U
{Ys—j,7=0,...,1}. Then

2

L m
(avy, B, ayx) = arg min Edo(x;:=a) { Y41 — Z a;Ye j =Xy = > ernXyg
That is, under the intervention do(X; := x), the causal coefficient can be used to

optimally predict Y;11. We state the corresponding finite sample algorithm in Ap-
pendix F.3.2.

5. Simulation Experiments

We test the empirical performance of our proposed estimators in simulation experiments.

Data generating process. We generate data by first simulating a matrix A with the
sparsity structure of Fig. 2a and all non-zero entries being drawn independently uni-
formly at random from (—0.9,—0.1) U (0.1, 0.9). By Corollary 1, the causal effect under
this sampling scheme is almost surely identifiable by the NIV. Unless specified differ-
ently, we use d;f = 3,dx = 2 and dy = 1. Any such randomly generated matrix is used
to generate data only if it satisfies the eigenvalue condition in Assumption (A1) with
a margin of 0.1. Furthermore, all noise variables €! are independently randomly drawn
from a normal distribution with mean 0 and standard deviation 1.

Evaluation of the estimators. We simulate m = 1,000 random matrices and for each
we simulate s = 10 data sets. We fit estimators j; for each j € {1,...,s}, and for a
given matrix, we compute the average error, error(3) = mean(||31 — B||3, . . ., | 3s — BlI3).

5.1. Identification of the causal effect

Consistency The estimators CIV and NIV are consistent (Theorems 4 and 5) and
we perform an experiment to compare their finite sample properties for different sample
sizes. We simulate data from the scheme described above and fit two CIVx, | v, (lt—2|B)
estimators, where B; = {I;_3} (CIVy) or By = {I;—3, X¢—2,Yi—1} (CIV xy) and two
NIVXtilﬁyt (It, }/t,l), where It = {It,Q} (NIVl lag) or It == {It,Q, It,3, It,4} (NIVg lag)~
All of these estimators are consistent (see Section 4.2). We plot the errors obtained for
different sample sizes T" in Fig. 6 (left). For all estimators, the errors decrease with in-
creasing sample size supporting the consistency results in Theorem 3. In general, there
is no empirical support for either of the NIV or CIV estimators to be strictly better
than the others in terms of speed of convergence in terms of sample size. As discussed
in Section 4.2.1, both By = {I;_3} and B; = {I;_3, X;—2,Y;—1} block confounding from
past values. We observe that removing X; o and Y;_1 from B; increases the upper tail
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Figure 6.: (Left) Distributions of the average error (in log scale) of different consistent
CIV and NIV estimators for various sample sizes T', see Section 5.1 (‘Consis-
tency’). Each point corresponds to the average over repeated draws from the
same parameter matrix, and different points correspond to different param-
eter matrices. The NIVy 1, estimators have heavier tails, corresponding to
the fact that this is a just-identified case, where we use a 3-dimensional in-
strument to estimate a 3-dimensional causal effect. (Right) Histogram of log
error ratios for two different NIV estimators in a model with a 3-dimensional
instrument. I' uses 6 lags from a 1-dimensional instrument process, while
I3 uses 2 lags of a 3-dimensional instrument process, see Section 5.1 (‘Using
more lags or additional instruments’). A value larger than zero indicates that
I' yields a larger error than I'*3. This is the case for the majority of the
considered settings.

of the error distribution, supporting the intuition that while the conditioning variables
X: o and Y;_1 are not necessary for identification, they reduce finite sample variance.
Similarly, for the NIV estimators, using 3 lags instead of a single lag shrinks the upper
tail of the error distribution.

Using more lags or additional instruments. We compare using multiple lags of a single
instrument to using multiple instrument processes. We consider the model described
above with d; = 3 independent instrument processes, and use either the first instrument
process (I') or all three instrument processes (I':3) for estimation in NIV. For I'*3 we
use 2 lags of each of the three processes (‘recent instruments’), while for I' we use 6 lags
(‘distant instruments’), such that both models use in total 6 instruments. In this way,
we can inspect the benefit of using more recent instruments if available.

Figure 6 (right) shows a histogram of the log error ratio of the two different esti-
mators: A large value indicates that model I', which uses many lags of only a single
instrument process, incurs a higher error. In the majority of parameter settings, using
recent instruments yields a lower error, in some cases several orders of magnitude, when
compared to the more distant instruments. Although adding lags of a univariate instru-
ment process can yield identifiability of the causal effect of a regressor process that is not
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Figure 7.: Median error (log scale) for the NIV estimator as we vary A, the difference
between the eigenvalues of ax x, see Section 5.1 (‘Estimation close to non-
identifiability’). The causal effect is identifiable if and only if A # 0, see Theo-
rem 6. Indeed, the error does not decrease for A = 0 and decreases the faster,

the further A is away from 0.

univariate (see Theorem 6), this simulation experiment supports the notion that using
more instruments (if available) is preferred over using more distant lags.

Estimation close to non-identifiability. Example F.1 in Appendix F.3.1 shows a set-
ting, in which f is not identifiable by NIV (in the setting of Corollary 1, this happens with
probability zero). We examine the behaviour of the NIV estimator in scenarios that are
close to this non-identifiable setting. We consider dy = 1, ax x = diag(—0.6, —0.6 + A)
and draw the remaining parameters uniformly from (—0.9,—0.1) U (0.1,0.9). As per
Corollary 1, the causal effect is identifiable, except for A = 0, in which case ax x has
two Jordan blocks with the same eigenvalue. In Fig. 7 we plot the median error for
changing A and sample size T.'9 The further A is from 0, the faster (in terms of sample
size) the estimator converges to 3. In the non-identified setting A = 0, we do not ob-
serve the error to decrease with increasing sample size. This observation is in line with
Theorem 6.

5.2. Using the causal parameter for prediction under intervention on X

We support empirically that a linear prediction using OLS parameters for non-intervened
variables and causal parameters for the intervened variables achieves minimal square loss
for prediction under intervention (see Proposition 5). We consider the model with dx =
dr = 1 and, ensuring strong hidden confounding, draw the non-zero entries «; g, @ €
{X, H,Y} uniformly at random from (—0.9, —0.5) U (0.5,0.9) (instead of (—0.9,—0.1) U
(0.1,0.9) as for the other non-zero entries of A). The prediction task follows Section 4.3:
Given observations X = [Xi,...,Xp 1] € R&X*T=L and Y = [Yy,..., Y] € RO T
with T' = 3,000, the goal is to predict Y71 € R®*! under an intervention do(Xp :=

16Here, we report the median, since the non-identifiability when A = 0 implies that the mean is ill-
behaved; for those lines where A # 0, plotting the mean instead of the median yields a similar plot
(not shown).
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Figure 8.: The figure plots the loss MSPE(Y7, ) under an intervention do(Xr = z)
when Y741 is predicted using OLS against the loss when Yry; is predicted
using one of the IV methods we develop for time series. The OLS prediction
is based on the regression Y11 ~ X; + Xy—1 + Xi—o + Y; + Y;—1 while the IV
predictions of Y711 are based on the procedure discussed in Section 4.3 (see
Algorithm F.1 in Appendix F.3.2). We plot this both for do(Xp := o) and
do(X7 := 50), where o is the standard deviation of X; in the unintervened
distribution. The results show that as the intervention strength increases, the
OLS prediction error increases at a faster rate than the IV prediction error.
17 outliers were removed from the right-hand side plot, of which 10 had a
larger OLS MSPE than IV MSPE.

n-o) where o is the standard deviation the process [X;]/' and n € {1,5}. In Section 4.3
we discuss that IV is prediction optimal under arbitrary interventions do(Xr = x). In
particular, one would expect that OLS becomes increasingly inferior to IV methods when
one increases n and thereby the intervention strength do(Xr :=n- o).

We compare prediction for Y7 via Algorithm F.1 in Appendix F.3.2 (with m = 2 and
[ = 1) with prediction based on the OLS regression Y41 ~ X+ X1+ X0+ Y+ Y
(‘OLS’). For each repetition and matrix A, we obtain CIV and NIV estimates of 5 on
a separate sample first, and then obtain predictions for Yriq following Algorithm F.1
using either Sory (‘CIV?) or Bxry (‘NIV?). For each of the m = 100 random matrices
A we compute error(YTH) as the mean of the squared prediction error (?TH —Yri1)?
over the s = 100 repetitions.

In Fig. 8, we plot the error of the OLS estimate against the error of the IV estimate
(either CIV or NIV). When (Xp = o), the intervention is within the normal range
of X, and the errors of OLS and IV estimates are similar. As we perform a stronger
intervention (X7 := 50), the OLS error exceeds the IV error in most simulations. This
robustness in prediction under intervention is in line with the result in Proposition 5.
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6. Conclusion and Future Work

In this work, we have developed IV methods for time series data that allow us to iden-
tify the causal effect of a process X on a response process Y, based on an instrument
process I that exhibits memory effects. Simple adaptations of ordinary IV estimators
generally fail to identify the causal effect due to confounding from the past, as we show
in Proposition 2. We have developed the concept of nuisance IV (NIV), see Theorem 2,
a marginalization framework for time series graphs, see Theorem 1, and a global Markov
property for VAR processes, see Theorem 3. Based on these principles, we propose two
classes of estimation methods that properly adjust for confounding from the past: one
based on choosing the correct conditioning set (CIV), see Theorem 4, and another one
based on nuisance regressors (NIV), see Theorem 5. The procedures find solutions to
moment conditions that, in their population version, are satisfied for the true causal
parameters. Unlike in the i.i.d. case, the identifiability conditions (which are usually
rank conditions) do not have a simple interpretation. Theorem 6 provides necessary and
sufficient conditions on the parameters of the underlying data-generating process for the
causal parameter being the unique solution to the corresponding moment equation.
The results of simulation experiments support the theoretical finding that the estima-
tors are consistent. In general, different choices of instruments, conditioning sets and
nuisance regressors allow us to consistently identify the causal effect but, as the exper-
iments show, they may come with different finite sample behaviour. For example, for
identifiability in the case of NIV, we only need the number of lags, m, used as instru-
ments large enough such that dj - m = dx + dy holds but using more lags may help
in finite samples in that this shrinks the upper tail of the error distribution, see Fig. 6

(left).
We have further argued that identifying the causal effect may be of interest not only
for causal inference, but also for prediction of Y under the intervention do(X; := x),

where the minimal expected squared error can be obtained by a mix of causal parameters
and regression coefficients, see Proposition 5 and Section 5.2.

For future work, it may be fruitful to develop principled techniques for deciding which
estimator yields the best finite sample performance [see, e.g., Henckel, 2021, Chapter 4]
and to construct confidence statements, either based on Appendix F.2.2 or other tech-
niques [e.g., Newey and West, 1987, Shah and Peters, 2020]. Finally, as for the i.i.d.
case [Imbens and Newey, 2009, Chesher, 2003, Saengkyongam et al., 2022], consider-
ing (higher order) independence, rather than vanishing covariances may yield stronger
identifiability results but may come with computational and statistical challenges.
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A. Appendix to Statistical Testing under
Distributional Shifts

A.1. Further comments on the framework

A.1.1. Forward and backward shifts, 7 and 7

In this paper, as mentioned in Section 2.1, we take the starting point that Q* is observed,
and view P* = 7(Q*) as a shifted version of Q*. One could instead suppose that we
started with a distribution of interest P*, from which no sample is available, and then
construct a map 7 such that Q* = n(P*) is a distribution which can be sampled from
in practice. If 7 and 7 are invertible, the two views are mathematically equivalent, but
if not, there is a subtle difference; the corresponding level guarantees take a supremum
either over Q € {Q' | n71(Q") N Hy # 0} (n view) or over Q € {Q'|7(Q') € Ho} (7
view). To see this, we first start with the (natural) level guarantee from the 7 view:
sup pe gy Py (¥n(Xn, U) = 1) < a. We then have

sSup ]P)’V](P) (wn(Xna U) = 1) <«

PeHy
= sup PQ(wn(Xna U) = 1) <«
Qen(Ho)
& sup Po(¥n(Xy,U) =1) < au

Qe{Q! In~1(Q)NHo#0}
If, alternatively, we start with the level guarantee from the 7 view, we find
sup  sup Po(y,(X,,U)=1)<a
PeHy Qer—1(P)

& sup  Po(¢n(X,,U)=1) <«
QeT—1(Hy)

& sup Po(n(Xy,U) =1) < o
Qe{Q' | 7(Q")eHo}

Comparing the last two lines yields the claim.

A.1.2. Example: Interventions in causal models

One example of a distributional shift 7 is the case where 7 represents an intervention
in a structural causal model (SCM) over X!, ..., X% [Pearl, 2009]. An SCM € over
X1 ..., X%is a collection of structural assignments f!,..., f¢ and noise distributions
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QnN1, ..., Qya such that for each j = 1,...,d, we have X7 := fi(PAJ, N7). Here, the
noise variables N7 are distributed according to N7 ~ Q; and are assumed to be jointly
independent. The sets PA7 C {X' ... X?}\{X7}' denote the causal parents of X7.
The induced graph over X',..., X% is the graph obtained by drawing directed edges
from each variable on the right-hand side of each assignment to the variables on the
left-hand side; see Bongers et al. [2021] for a more formal introduction to SCMs.

Let us assume that ¢ induces a unique observational distribution Q over X!, ..., X¢
(which is the case if the graph is acyclic, for example), and assume that @ admits a
joint density ¢ with respect to a product measure. Then ¢ satisfies the factorization
property (see Lauritzen et al. [1990] or Theorem 1.4.1 in Pearl [2009]): q(x!,...,z%) =
H;lzl Ux3|PAI (27]2PA"). In an SCM, an intervention on a variable X* replaces the tuple

(f*, PA* Q) with (f*, PA", Q) in the structural assignment for X*, and we denote
the replacement by do(X* = fk(P_Ak, NFk)) [Pearl, 2009]. This new mechanism deter-
mines a conditional that we denote by p* (xk|xP_A ). The interventional distribution is
the induced distribution with the new structural assignment, and we denote this by
P = QdolX B=F(PAYN") 1f P admits the density p, only the conditional density of X*
changes [e.g., Haavelmo, 1944, Aldrich, 1989, Pearl, 2009, Peters et al., 2017], that is, for
j # k, we have p(zj|xPAj) = q(:vj]a:PAj), for all 27 and 2PA’. Assume that for the true
but unknown distribution @Q* we know the conditional ¢* (xk|:cPAk) (e.g., because this
was part of the design when generating the data). Due to the factorization property,
the intervention do(X* = fk(P_Ak, NF¥)) can then be represented as a map 7 that acts

on the density ¢:

5A K
p*(at]z")

1 d
WQ(CE yeeey L )

(q)(zt, ..., 2%) =

Defining r(z{F}UPA" UPAk) = p*(xk|xPAk)/q*(xk|xPAk), this takes the form of (5). As
the conditional p*(mk\:UP_Ak) is fully specified by the intervention, we therefore know the
function r. Our proposed framework allows us to test statements about the distribution
QdoX *:=f(PA*,N®)) " We obtain similar expressions when intervening on several variables
at the same time.

Similar distributional shifts can be obtained, of course, if the factorization is non-
causal (see also Section 3.1), so while our framework contains intervention distributions
as a special case, it equally well applies to non-causal models.

'For notational convenience we sometimes refer to the parent sets by their indices, i.e., PA7 C

{t..di\ i}
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A.2. Efficient computation of V(n,m) in Theorem 4

A.2. Efficient computation of V(n,m) in Theorem 4

In this section, we show that for n,,m € Nand K > 1

o =(0) 5 (e

/=1

can be evaluated efficiently. If mn/2, such that for some ¢ one has m —¢ > n—m, we use
the convention that if ¢ > b then (2) = 0. If one evaluated the term (:1)_1 separately,
this could potentially cause numerical underflow, and similarly terms in the sum could
get very large, such as the summand including K™ — 1.

Denote the summands by sy, that is

_(DGIDE =
Sy = (n .

We can compute s; by:

e
)

(K —1)

(n —m)!(n —m)!

2
= K-1
m )n!(n—Qm—i—l)!
m? m_Qn—m—j
=(K-1 .
( )n—m—i-ljl;[O n—17j

This can be evaluated in O(m) time. Further, if s, # 0, the ratio of two consecutive
summands is

(1) Gt ) (K = 1)

Ser1 +1) \m—£¢—1
" (7) G ) (K = 1)
(m _ €)2 KHL 1
((+1)(n—2m+e+1) KE—1"

which for a given ¢, can be evaluated in O(1) time. Hence, we can compute Y, s¢, by

first computing s;, and for each ¢, compute sp11 = Sgl sp, as long as sy # 0 (after which

the remaining terms are 0). The overall computational cost of computing V(n,m) =
Y req Se is thus O(m).

A.2.1. Plotting the level upper bound

To illustrate how the bound in Theorem 4 depends on K = Eg[r(X)?], ap, m and n, we

plot the level bound infs¢ (g 1) (la—_“’(; + %

Fig. A.1. By choosing a very small resample size (such as m =n

>, for various values of ay,, 7, m and K in

0-2) and a conservative
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Figure A.1.: The finite level upper bound in Theorem 4 plotted for various values of m,
n, a, and K. Here K = Eg[r(X)?] is a measure of the difference between
the observed and the target domains and «, is the level of the target test
applied.

170



A.3. Algorithm for hypothesis testing with unknown distributional shift

target test (such as o, = 0.0001), the level bound grows very slowly in K. For larger
resample sizes m, the finite level is only guaranteed when K is close to 1, meaning that
P* and Q* are similar. As we note in Section 4.4.1, the finite-level bound is in many
cases weak, will lead to choices of m which reduces power, and we therefore in practice
recommend to use the GOF-heuristic (Section 4.4.1) in combination with the procedure
for combining multiple resamples (Section 4.4.2) instead.

A.3. Algorithm for hypothesis testing with unknown
distributional shift

This section contains Algorithm A.1, which describes our method for testing under dis-
tributional shifts for the case where the shift factor 7, is unknown, but can be estimated
by an estimator 7. Algorithm A.l is similar to Algorithm 1 but one additionally splits
the sample X,, into two disjoint samples X,,, and X, and uses X,,, for estimating the
weights 7,,, which are then, together with X,,,, used as an input to Algorithm 1.

We view the sample splitting as a theoretical device. In practice, we are using the full
sample both for estimating the weights and for applying the test.

Algorithm A.1 Testing a target hypothesis with unknown distributional shift and
resampling

Input: Data X,,, target sample size m, hypothesis test ¢,,, estimator # for r,, and
a.

Let ny,n2 be s.t. ny +ng =n and n{ = \/na

Xp, — X1,..., Xy,

Xy < Xng41s- - Xni+no

Tn, < estimate of r, based on on X,

\Ijggéim(xnw U) A (Xn1+i17 s ,an—i-im)

Prq,m

return ! (X, U) = 0 (Vppbs. (Xny, U))

A.4. Sampling from Upgpp

This section provides details on sampling from Wppo; , as defined by (10). We have defined

repr, and W as weighted resampling with and without replacement, respectively.
U eep can be implemented as a sequential procedure that first draws 4; with weights
7(X;)/ 3251 r(X;), and then draws iy with weights r(X;)/>°7_; ;. r(X}), and so forth.
Although both Wy " ror and Wipn sample distinct sequences (i1, .. .,%,), they are, in
general, not equivalent, as can be seen from the form of the weights wPFr and

(il:-“vim)
w?ﬁ'?‘:ﬁi) below. When there is no ambiguity, we omit superscripts and write Wpgpr,
for example. We also interchangeably consider a sample from Wppp; to be a sequence
(i1,...,%m) and a subsample (X;,,...,X;, ) of X,,.

The procedures Wpgpr, Urepr and Wyg-pepr. sample a sequence (iq, . .., 4,,) with weights
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W(i,,....im) that are, respectively, given by:
m
DRPL Hg:1 r(Xi,) .. . .
we sy = for distinct (i1,...,1
(%15 8m) Z H?:l T'(le) ( 1, 3 m)
(j17"'7j77l)
distinct
m
REPL [15 r(X,) . .
Wi -y = for all (i1,...,4m)
(81 5eeeyim) D H?:l T(ij) m
(jl?"':jm)
(X
w?iol’fﬁlzi) = — — [Ty (X, — for distinet (i1, ..., 4m)
> (X)) X r(XGy) - > 7(Xjn)
Jji=1 J2=1 Jm=1
JaFi1 Jm&{i1,esim—_1}
Here, the comment ‘for distinct (i1, .. .,4,,) implies that the weights are zero otherwise.

Most statistical software have standard implementations for sampling from Wggp and
Uyo-pepr. (known simply as sampling with or without replacement). We now detail a
number of ways to sample a sequence (iy,...,%y,) from Wpgpr. The first two sampling
methods are exact, the third sampling method is approximate.

A.4.1. Acceptance-rejection sampling with Uz, as proposal

Given a sample X,,, one can sample from Wpgpr by acceptance-rejection sampling from
WgepL, by drawing sequences (i1, . .., i) from Wggpr, until one gets a draw that is distinct,
which is then used as the draw from Wpgpr. This is a valid sampling method for Wpgpr,
because for any distinct sequence (iy, ..., i,,) we have

]P)Q(‘IJREPL = (7:1, v ,im), \IJREPL distinct | Xn)

Po (V¥ = (21,...,12 v distinct, X,,) =
Q( REPL (21, 7Zm) ’ REPL U1SUINCL, n) PQ(‘I’REPL distinct ’ Xn)
_ Po(Vrepr = (i1, - im) | Xon)
PQ(\IIREPL distinct | Xn)

REPL
(Z17"'7ZWL)

Z wREPL )
. . (]17-.~7‘7m)
(]17---7.7771)

distinct

> HT:l T(Xj.)
IT2 7(Xi)  Groim) ‘

> 0L (X)) > TIE r(X5,)

(j17“'1jnl) (]h:]m)
distinct
__,..DRPL
= Wiy, i)

=P (Yprer = (i1,.--,1m) | Xp).

By integrating over X,,, this implies that Po(Wpgpr = (i1,...,%m) | WrepeL distinct) =
Po(Ypger, = (41,...,%m)). Proposition A.1 shows that under certain assumptions, the
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probability of sampling a distinct sample from Wggp; converges to 1.

A.4.2. Acceptance-rejection sampling with Wyg_zrp; as proposal

If m is large compared to n, it may be that most of the samples drawn from Wggpr are
not distinct, and so the acceptance rejection scheme in Appendix A.4.1 may take too
many attempts to produce a distinct sample. As an alternative, one can use Wyg-pepL
as a proposal distribution for an acceptance-rejection sampler, which is typically faster,
since Wyg-gepr has the same support as Wpgpr. Given a sample X,,, we thus need to
identify an M such that

Po(Wprer = (i1, --,%m) | X
V distinet (i1,...,0n) : Q(Worer = (i1 - -, im) | Xp)

: - - < M.
PQ(‘I’NU—REPL = (21, e 7Zm) \ Xn)

We have
2r(Xy) X or(Xg) - X (X))
]P)Q(\I’DRPL = (7:1) . 7im) | Xn) _ w?ir-,’L,zm) _ J1 ’ JoFi1 ! JmFEiL,-im—1 ’

Po(Wno-rerr = (i1, - -, 0m) | X4) w?g_??l;fn) > IR r(Xy,)

T (.7177.777’1)

distinct
The denominator does not depend on 1iy,...,%,, and the numerator can be upper
bounded by
(1=0)(1 =pay)(X=pay—pa) (1 =pay— - = Pm-1));

where p(;) = min{r(X1),...,7(Xy,)} is the smallest of the weights, p(y) is the second
smallest, etc. Thus, we can choose

_ (1=0)(1=puw))(X=pay—p@e) 1 =pay—-- = Pm-1))
E H?:l T(Xje)
(jlv""jm)
distinct

We now proceed with an ordinary acceptance-rejection sampling scheme: We sample a
(distinct) sequence (i1, . ..,%,) from Wyg_gepr and an independent, uniform variable V'
on the interval (0,1). We accept (i1, ...,%n) if

Po(Worer = (i1,- -+, 0m) | Xp)

V< - -
- M . ]P)Q(\IIND—REPL = (Zl, .. .,Zm) | XTL)
_ (1 — O)(l _pi1>(1 — Diy _piQ) T (1 —Dip — - _pimfl)
(1=0)1=pu))(X=pay—p@e) (L =pay——-- = DPam-1))

Here, we have used that the denominator of M cancels with the normalization constant
of Po(Wprer = (i1, .. .,%m) | Xp). If the sample is not accepted, we draw another sample
from Wyg_gepr, until one sample is accepted.
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A.4.3. Approximate Gibbs sampling starting from Wyg_pgp;

There are cases, where the sampling schemes presented in Appendices A.4.1 and A.4.2
do not yield an accepted sample in a reasonable amount of time (this is typically due to
m being too large compared to n, see Assumption (Al)). In such cases, one can get an
approximate sample of Wpgpr by sampling Wyg-gepr, and shifting it towards Wpgpr, using a
Gibbs sampler [Geman and Geman, 1984].

Let therefore (i1, ..., %,) be an initial (distinct) sample from Wyg-ggpr, and define i_; to
be the sequence without the £’th entry. The Gibbs sampler sequentially samples i, from
the conditional distribution j | i_y in Wpgpr. To compute this conditional probability let
Uhepr be the £’th index of a sample. Then

Hl>Q(‘I’gm>L = j|\IJ];RZPL =i_y)
_ Po(Uompr = (i1, sy im))
I[DQ(\II_PfPL =i_g)
r(Xip) (X)) - r(Xiy) r(X;)

T Y, (X)) (X)) (X)) T S, (X))

i.e., the conditional distribution of one index i, given i_, is just a weighted draw among
{i1,...,im}\i—¢. This is simple to sample from and the Gibbs sampler now iterates
through the indices (i1,...,%y), at each iteration replacing the index iy, by a sample
from the conditional given i_,. Iterating this a large number of times produces an
approximate sample from Wpgpy .

A.5. Sampling with replacement

Instead of the sampling scheme Wpgpr, presented above, we can also use weighted sampling
with replacement, which we denote Wggpr (see Appendix A.4 for details). Sampling
from Wggpy, is simpler than from Wpgpr, and while sampling from Wggpr, is in some cases
disadvantageous for testing (e.g., if we test whether the target distribution has a point
mass), if the test is not prone to duplicate data points, testing based on Wggpr may
be advantageous over Wpgpy, (further examination is needed to clarify this relationship).
When sampling without weights, Bickel et al. [2012] present regularity conditions on the
test statistic that guarantee consistency even with m = o(n).

Here we show that under additional assumptions, the probability of a non-distinct
sample from Wggpr converges to 0. Consider the following strengthening of Assump-
tion (A2).

(A3) There exists L € R such that for all v > 1, Eg[r(X;)*T!] < L.

This is for instance trivially satisfied if r(X;) is @-a.s. bounded by a constant L. The
following proposition shows that under Assumptions (A1) and (A3) the probability of
drawing a distinct sample from Wggp;, converges to 1.
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Proposition A.1 (Asymptotic equivalence of REPL and DREPL for bounded weights).
Let 7 : Q — P be a distributional shift for which a known map r : X — [0,00) exists,
satisfying 7(q)(z) < r(z)q(x), see (5). Consider an arbitrary Q € Q and P = 7(Q). Let
m = m(n) be a resampling size and let Vggpr be the weighted resampling with replacement
defined in Section J.1. Then, if m and Q satisfy Assumptions (A1) and (A3), it holds
that

. r,m . . _
nh_}ngo Po (Vg (X, U) distinct) = 1.
As a corollary to Theorem 1, we also have pointwise asymptotic level of a test when
Weepr, 18 used instead of Wpgpr..

Corollary A.1 (Pointwise asymptotics — REPL). Assume the same setup and assump-
tions as in Theorem 1 and additionally assume Assumption (A3). Let Wggpr be the
weighted resampling with replacement defined in Section 4.1 and let 1, be the REPL-
based resampling test defined by ! (X, U) = @ (Vgep; (X, U)). Then, it holds that

limsup Pg(¢,,(X,,U) = 1) = a,.

n—o0

The same statement holds when replacing both limsup’s (including the one in a,) with
liminf’s.
A.6. Algorithm for the GOF-heuristic for choosing m

The GOF-heuristic is a data driven procedure to choose m in finite sample settings, see
Section 4.4.1. It is summarized in Algorithm A.2.

Algorithm A.2 GOF-heuristic: Choosing m by testing resampling validity

Input: Data X,,, shift factor r(:r:A), threshold «, initial target size mg, increment
size A, repetitions K, conditional goodness-of-fit test k.

1: qt « ac-quantile of mean(Uq, ..., Uk), where U; ~ Unif(0,1)
2: M < My

3: m_valid < true

4: while m_valid do

5: for k=1,...K do

6: resy + k(¥""(X,,))

7 if mean(resi,...,resg) > qt then
8: m<—m+ A

9: else
10: m_valid <— false
11: m++—m—A
12: return m
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A.7. Additional experiments

A.7.1. Assumption Assumption (Al) when sample size increases

As indicated by the results in Section 5.1, Assumption (A1) may sometimes be too strict
of an assumption, in the sense that level can be attained also when Assumption (A1) is
violated. We explored this for a continuous data example in Section 5.1, but here, we
investigate the effect of violating Assumption (A1) as the sample size n increases for a
binary setting.

We simulate data X,, from a binary distribution Po(X = 0) = 0.9, Po(X =1) = 0.1,
and consider the target distribution P where the probabilities are flipped , i.e. Pp(X =
0) = 0.1, Pp(X = 1) = 0.9. We consider the hypothesis Hy : Pp(X = 1) > 0.8,
which is clearly satisfied for P, but may not be detected by the resample if m = n®
for a > 0.5 chosen too large. We repeat the experiment 200 times and compute the
resulting rejection rates for various sample sizes and rates m = n®. The results are
shown in Fig. A.2. Under Assumption (A1), Theorem 1 guarantees asymptotic level.
Indeed, at all sample sizes n, the test has the correct level, when Assumption (Al) is
satisfied (that is, when a < 0.5). Yet, though this is not guaranteed by theory, we have
indications of asymptotic level also for a > 0.5.

A.7.2. Model selection under covariate shift

In this section, we apply our testing method to the problem of model selection under
covariate shift as discussed in Section 3.6. We generate a data set D = {(X;,Y;)}I~ of
size n = 3/000. Each (X;,Y;) is drawn i.i.d. according to the following data generating
process:

(X', X?) ~ GaussianMixture([3 3],[-3 —3]) V= {S?H(XQ Tey) X120
sin(3+ X; +ey), if X3 <O,

where GaussianMixture([3 3],[—3 —3]) is an even mixture (i.c., p = 0.5) of two

2-dimensional Gaussian distributions with means p1 = (3,3) ", u2 = (=3, —3) " and unit

covariance matrix, and ey is a standard Gaussian A (0, 1)-variable. Fig. A.3 illustrates

a sample of size 1’000 from this data generating process.

We randomly split the data D into a training set Dy,.qin of size 2'000 and a test set
Dyt of size 17000. Using Dyyain, We train two candidate classifiers, namely logistic re-
gression (LR) and random forest (RF) to predict ¥ from X. Both models are trained
using the Scikit-Learn Python package [Pedregosa et al., 2011] with default param-
eters. We consider the area under the curve (AUC) as the scoring function, where we
denote the AUC scores for the models LR and RF by AUC(LR) and AUC(RF), respec-
tively. Then, we apply our resampling approach on Dy.s to test whether LR outperforms
RF when the distribution of (X!, X?) is changed to a single 2-dimensional Gaussian dis-
tribution with mean g = (3,3)T and unit covariance matrix. In this experiment, we
choose the resampling size m by the GOF-heuristic (see Algorithm A.2) and assume
that the shift factor r(x) := p*(z)/¢*(x) is known, where ¢*(x) is a pdf of the mixture
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Figure A.2.: Rejection rates when m = n® points are resampled for various exponents a
and sample sizes n. Each tile represents a combination of sample size n and
exponent a, and the color indicates the rate at which the hypothesis Pp(X =
1) > 0.8 is rejected in the resampled data, when resampling m = n® points;
ideally this should be low (blue) since we consider a target distribution
where Pp(X = 1) = 0.9. Even though this is not provided by our theoretical
results, it seems that level is possible even for rates larger than 0.5.

of Gaussian GaussianMixture([3 3],[—3 —3]) and p*(z) is a pdf of the Gaussian
N((3,3)7,I,). We employ DeLong’s test [Delong et al., 1988] to test the hypothesis
AUC(LR) < AUC(RF) using the R-package pROC [Robin et al., 2011].

We repeat the experiment 500 times and report in Table A.1 how many times our
resampling test (resampling) rejects and returns that AUC(LR) > AUC(RF). As a bench-
mark, we also report the corresponding rejection rate when we perform the test directly
on a sample from the target distribution (oracle) in which the covariate distribution is
changed to p*(z). We also report the rejection rate when we perform the test on the
observed test set directly Dyes (observed), without resampling it first.

As shown in Table A.1, under the observed distribution we have AUC(LR) < AUC(RF)
(the rejection rate is 0 in the observed sample). However, under the target distribution
AUC(LR) is higher than AUC(RF) (the rejection rate is 1 in the target sample). Our
resampling approach yields high power against the alternative hypothesis, even without
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Figure A.3.: Sample from the data generating process for the experiment described in
Appendix A.7.2.

resampling  oracle observed
0.8744+0.029 1.0 0.0

Table A.1.: Rejection rates of the test with alternative AUC(LR) > AUC(RF) over 500
repetitions. The resampling test shows high power to detect the alternative.

having access to the oracle information but using resampling instead.

A.7.3. Conditional independence testing in the bikeshare dataset

Following Berrett et al. [2020], we consider the capital bikeshare dataset [Fanaee-T and
Gama, 2014]. Berrett et al. [2020] test conditional independence of the duration X
from three different outcomes Yj;, j = 1,2,3 where Y7 is a binary ‘User type’ variable
indicating whether the user is a member, Y5 is the date and Y3 is the day of the week,
conditioning on a variable Z which encodes mean and variance for the particular ride
and at that time of the day. More specifically, they use their proposed permutation test
(CPT) and the randomization test (CRT) by Candes et al. [2018]. Here, we apply our
method for testing conditional independence from Section 3.1 to the same data, using
the GOF-heuristic (Section 4.4.1) to chose m. Since both our and their method rely on
knowing the conditional ¢(x|z), we can use their estimated conditionals §(z|z) such that
differences in outcome is not because of differences in estimation.

We display the resulting p-values for the hypothesis of conditional independence in
Table A.2. At a 5% significance level, our method rejects the same hypotheses as they
do, finding that the duration is not conditionally independent of the user type, but is so
of both the date and the day of the week.
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Variable CPT CRT  Ours (combination test) Our (single test)
User type 0.0010 0.0010 1.447-1016 4.595-107°
Date 0.1146 0.1293 0.1320 0.0586

Day of week 0.1980 0.2063 0.4395 0.1246

Table A.2.: Comparison of p-values for the conditional independence hypothesis X I
Y;|Z for three different variables Y;. We compare to CPT [Berrett et al.,
2020] and CRT [Candes et al., 2018] to our method using a single test or the
combination test of Hartung [1999] as discussed in Section 4.4.2.

A.7.4. Additional simulation details

In this section, we state the models used for generating the data in Sections 5.2, 5.6, 5.9
and 5.10.

Section 5.2

The linear data in Section 5.2 was generated by the equations
Z =gy X =7+ 2x Y =27Z+0X+4 2y
and the nonlinear data was generated by the equations
X =ex Z =X —1|+4ey Y =274+0X+ 2y

where ez,ex,ey ~ N(0,1), and either § = 0 (no effect present) or § = 0.5 (effect
present).

Section 5.6

The binary data in Section 5.6 was generated by first sampling hyper-parameters:

pr ~ Dirichlet'*4(3,3,3,3)  p1 ~ B>1(1,1)  py ~ B¥4(1,1)p3 ~ BY*2(1,1)
G:pa~ B> (1,1)  H:ps~ B*(1,1),

where B(a,b) is a Beta distribution and the superscript indicates the dimension of the
sampled parameter matrix. The matrices p1, ..., ps correspond to conditional probability
tables given parent variables in the graphs G or H. The distributions are the same when
sampling from G and H, except for X, which has an additional parent in H. In each
repetition, given hyper-parameters, a data set is sampled from the structural equation
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model

H ~ choice({1,...,4}, weights = py) X1 ~ Bernoulli(p;)
X%~ Bernoulli(pz,, ) X3~ Bernoulli(ps, ,)
G: X'~ Bernoulli(py, 4) H: X~ Bernoulli(ps, 5 ., )

where the subscript ps v indicate that for an outcome of (X!, U), the Bernoulli dis-
tribution uses the probability in the corresponding entry of pa (and similar for ps and
P4)-

The Gaussian data in Section 5.6 was generated by the structural equation model

H=¢pg Xl=cxn X2 =X'4 H4ey
X3 =X2+42ys X' =0-X'+X3+H+ex

where ep7,ex; ~ N(0,1), and 6 € {0,0.3} indicates the absence or presence of the edge
X1 — x4,

The non-Gaussian data in Section 5.6 was generated by the structural equation model

Hi:%'EH'gH X1::7X1 X22:X1'H+6X2
X3=X? X% +3exs X'=0-X'+ X+ H+exa,

where ep7,ex; ~ N (0,1) and yx1 follows a I'(2)-distribution, and 6 € {0,0.3} indicates
the absence or presence of the edge X! — X4,

Section 5.9

The data in Section 5.9 was generated by the structural equation model

Xli=ecw X3 =eys X2 = X34+ X1 4 240
VY =X24+ X403y X'=-Y+X2+X340.7exu

Section 5.10

The linear data in Section 5.10 was generated by the equations

20 20

2 1
X=¢ PD=1)=o0 —E X Y =0D+ (1+6D *E X; | +0.3¢
: ( ) < 205 ) ( )<511 ) '
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and the non-linear data was generated by the equations

20
2
X =¢ PD=1)=0c| — X
20 20 2 20
Y :=0D+(1+0D)|02) X;+exp|—02 (Z XZ-> /2 | *sin(0.2) X;) | +0.3ey
=1 =1 =1

where ex ~ N(0,Idyg) and ey ~ N(0,1), and either § = 0 (no effect present) or § = 0.3
(effect present).

A.8. Proofs

A.8.1. Proof of Theorem 1

Proof of Theorem 1. We show the statement only for lim sup, the corresponding state-
ment for lim inf follows by replacing lim sup with lim inf everywhere.

Let p and ¢ denote the respective densities of P and () with respect to the dominating
measure y. By assumption p = 7(q), so p(z) « r(z)g(x). Let 7 be the normalized version
of r satisfying p(x) = 7(z)g(x). Recall that we call a sequence (i1, ...,%,) distinct if
for all ¢ # ¢/ we have iy # ip. The resampling scheme Wpgpr, defined by (10), samples
from the space of distinct sequences (i1, ...,%,), where every sequence has probability
Wi, im) < [Tpmq 7(Xi,). The normalization constant here is the sum over the weights
in the entire space of distinct sequences, that is,

W) = HZI r(Xi,) _ HZI 7(Xi,) '
Bt S ) T 71X 2o T 7(XG0)
distinct distinct

Thus, taking an expectation involving ¢, (¥pip (Xn, U)), amounts to evaluating ¢, in
all distinct sequences Xj,, ..., X;, and weighting with the probabilities w;, ;. -

7}! Z <H F(le)> ]l{ﬂam(Xil,---,Xim)il}
(n—m)! (’g,t,znz) =1
PQ(S@m(\I’ggL(Xn, U)) = ]_) = ]EQ istinc 1 _ ’
nl > I r(Xy)
m (jhv]m) =1
- distinct

(A1)

where we divide by the number of distinct sequences %), in both numerator and

(n—
denominator.
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Let ¢(n,m) and d(n,m) be the numerator and denominator terms of (A.1), i.e

c(n,m) = # Z (H > Ly (X oo Xy ) =1}

(”— M (i1,5eim)
distinct

d(n,m) = —— Z H

o= ) (150 €=1
distinct

We want to show that limsup,,_,.. Eg [22" mg] = a,. To see this, define for all § > 0
the set Ay := {|d(n,m) — 1| < ¢}. It holds for all § € (0,1) that

% i) =% Lty ) % i
B0 [[15 1 ]“E [ZEZ:ZZ% d
SEQ c(ln,ﬂ;]
Pp(pm(X1,..., Xm) = 1) + Pq (45),

where we used that Enzg < 1 and Lemma A.1 (a). Further combining Chebyshev’s
inequality with Lemma A.1 (b) and (d), it follows that

¢ Eql(d(n,m) —1)?] _ .. Vo(d(n,m)) _
n, Fo (45) < Jim, 2 T e
Hence, using that limsup,_,. Pp(vr(X1,...,X;) = 1) = a, we have shown for all
5 € (0,1) that
. c(n,m) 1
1 E < . A2
mawEq |Go] < e 42

Similarly, we also get for all § € (0, 1) the following lower bound

[ e[S S
> Ko [6(1”+”;) 11/4
> 150 clnm)].

where in the last inequality we used that c¢(n,m) > 0. Again using Lemma A.1 (a) and
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that limsupy_, . Pp(pr(Xi,...,Xk) = 1) = ay,, we get that for all § € (0,1) that

. c(n,m) 1
\ E > : A3
mowEo |70 ] > e -

using that 6 € (0, 1) is arbitrary, this proves that

. cln, m)
1 E =
s 65 <o

which completes the proof of Theorem 1.
O

Remark A.1. After Theorem 2, we discussed the conjecture that for any ¢ > 2 we can
relax Assumption (A1) tom = o(n'~/*) if one changes Assumption (A2) to Eg[r(X;)!] <
0o. We now argue why the current structure of the proof of Theorem 1 does not allow
for proving this statement. In the proof, we use that Vg[d(n,m)] converges to 0, and
the expression for the variance for U-statistics that we use in (A.7) in Lemma A.l
only depends on the second moment of the weights. In particular, the vanishing of the
variances only depends on the relation between m and n, and not higher order moments
of E[r(X)%], and even if those were finite, the counterexample in Theorem 2 shows that
the variance of ¢(n,m) and d(n,m) would still approach infinity if m # o(y/n) i.e., m
grows at least as fast as \/n.

Thus, if one were to prove a result for the case Eg[r(X;)‘] < oo, it appears to us that
one needs to change the proof of Theorem 1 to treat Eg[c(n, m)/d(n, m)] jointly rather
than using Lemma A.1 to treat each of ¢(n,m) and d(n, m) separately.

Lemma A.1 (Distinct draws). Let P € P and Q € Q have densities p and q with
respect to a dominating measure p. Let 7 : X — [0,00) satisfy for all x € X that
p(z) = 7(x)q(x). Let c(n,m) and d(n,m) be defined by

1 T
C(”ﬂ m) = Y] Z ( T(Xie)> ]l{cpm(Xil,...,Xim):l}a (A4)
/=1

(nfm)' (il 7~~-’im)
distinct

dnm) = —— 5 [7(X). (A.5)

distinct

Then, if m and Q satisfy Assumption (A1) and Assumption (A2) it holds that
(a) Eqle(n,m)] = Pp(pm(X1,.. ., Xm) = 1),
(b) Eqld(n,m)] = 1,
(¢) limy, o Vglc(n, m)] =0,
(d) lim, oo Vgld(n,m)] = 0.
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Proof. (A) we first prove the statements for the means, i.e., (a) and (b), and (B) we
then prove the statements for the variances, i.e., (¢) and (d).

Part A (means): Define 0r, := 1y, (x;,,..x;,,)=1} (for the case (A.4)) or 6 =1
(for the case (A.5)). Then, in both cases it holds that

Eq iy > <HT(XW)> Om
i
- > Eq (Hf(%)) 6m]
distinct =
_ Z /( 7(wi,)q 9312))5 dp™(xiyy o x4,,)
/=1

(n=m)! (iy,...i =1
(n_m)‘ ('517 im)
! '517 7lm)

distinct
1 m
- n! Z / (H p(xi£)> 5mdum(xi1a sy :Eim)
(n=—m)! (i1,...im) =1
distinct

:% Z EP[(sm]

(nfm)' (il a“wim)
distinct

= EP[‘Sm]

In the second and fourth equality, we use that i1, ...,4,, are all distinct, and in the last
equality, we use that the number of distinct sequences (i1, ...,0y,) is (n%n), Conse-
quently the term in (A.4) has mean Ep[L(,,, (x; ... x,)=1}] = Pr(om(X1,..., Xm) =1)

and the term in (A.5) has mean 1.

Part B (variances): We begin by expressing

f=s

L 2 (firewo) e
(n=m)! (41, .. im)

] distinct
U-statistic [Serfling, 1980]. A U-statistic has the form
1
— > hwlZiy,.. . Z,) (A.6)
(n—m)! (1yeees im)
distinct
for some symmetric function hp,(21,...,2m) (called a kernel function). In our case, the

kernel function is hp, (X, ..., X;,,) := [1)~; 7(X;,)dm. The variance of the correspond-
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ing U-statistic [see Serfling, 1980, Section 5.2] is given by

Vo i 3 (z:f(Xie)) om | = C;)_l Em: <:’;‘> <21T> G (AT)

(=)l (i1,....im) v=1
distinct

where for all v € {1,...,m}

Co = Vo Eqlhm(Xiy, ..., Xi,) | Xiys--o, Xi]) -
We now bound ¢, from above by the second moment as follows

Co <Eq [Eqlhm(Xiyy .o Xin) | Xiys -, X3, )]

Moreover, using that d,, is upper bounded by 1, we get for both cases (A.4) and (A.5)
that

Co < Eq [Eqhm(Xiys - Xin) | Xiys -5 X3, )%

2
m
<Eq |Eg [Hr(xiz) \ XX] : (A.8)
/=1
Next, since (i1, ..., %,) are distinct, the variables X ,..., X;  are independent. Hence

we have that

EQ H’F(Xl ) | Xuv 7Xw]
/=1

= (HF(Xiﬁ) H Eq [F(Xi,)]
(=1 l=v+1

_ (HHXQ)) , (A9
=1
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Next, combining (A.8) and (A.9) we get that

G <Eol(J]7(X:))?)

/=1
= HEQ [f(Xie)ﬂ
/=1
— EQ [F(Xil)Z]v .

Here, we again use the independence of the distinct terms. Plugging this into (A.7), we
get

1 mf
vo| Loy ( r(Xm) o
(=)l (i1, im) =1

distinct

<(n) H () CT)maten

(=1

By Assumption (A2), Eq [#(X;,)?] < oo, so Lemma A.2 implies that this converges
to 0 for n — oo. This shows that the variance converges to zero in both cases (A.4)
and (A.5), which completes the proof of Lemma A.1. O

Lemma A.2. Let m = o(y/n) as n goes to infinity. Then for any K >0, it holds that

Jim (nl) i <”Z> (ZJ_”;) K'=0. (A.10)

m/ =1

m—~

Remark A.2. The Chu-Vandermonde identity states that ﬁ St (D) =1, In

light of this identity, one may be surprised that when including the exponentially growing

term, K*, the sum vanishes. The reason is that the summation in (A.10) starts at £ = 1,

not ¢ = 0, and since n grows at least quadratically in m, (")) for £ = 0 dominates all

the other summands as n (and thereby also m) approaches co.

Proof. Denote by sy the £’th summand, i.e.,
m\ (n—m\
= K"
B (f)(m—f)
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It then holds for all £ € {1,...,m — 1} that

s ()G E
5t (7) G o) K
m! (n—m)!
_ (£+1)!(m—nf'—1)! (m—f:xf;—mwﬂ)! K
L(m—L0)! (m—20)!(n—2m+£)!
(m — 0
(+1)(n—2m+e+1)

m2

P —
~2(n—-2m+2)

Since, by assumption, m = o(y/n), this converges to 0 as n goes to infinity. In particular,
there exists a constant ¢ € (0,1) such that for n sufficiently large it holds for all ¢ €
{1,...,m — 1} that Si—:l < ¢. This implies that sy < s;¢/=1, and hence also

m m 1
/—1
E Sy < s E c <s
L > 951 ~ 11—6’
=1 =1

where for the last inequality we used the explicit solution of a geometric sum. We now
conclude the proof by explicitly bounding (A.10) as follows

(;117,) i <7Z) (T:n_—nD K'= (;111) i S¢
1

/=1
S1
SToc(™
_ K m(G)
l—c (1)
_ K om? () (A1D)
l—cmn (27)) '
O

A.8.2. Proof of Theorem 2

Proof. We explicitly construct an example hypothesis test for which the worst case rate
is achieved. We construct a target and observation density on [0,00). First, for fixed
a € (0,1) and all v € N\ {0} define

1
v

co=(1—a)v and p,=1-(0+1)~",
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—— observation density
—— target density

log-density

-10
1

-12
1

0 20 40 60 80 100

Figure A.4.: Visualization of densities in the proof of Theorem 2 with ¢ = 1.9. The tail
of the target density eventually becomes larger than that of the observation
density.

and ¢g := 0 and pg := 0, with € € (0, ﬁ) to be chosen below. Then, for all v € N define

fv =Cyt1 — Cpy and gy = Py+1 — Po-

Using these sequences, we define the following two densities:

(1) Target density (cdf is denoted by F'): For all z € R, we define

f(w) = Zﬂ{v§z<v+l}fv7
v=0

(2) Observation density (cdf is denoted by G): For all x € R, we define

0o
g(x) = Z 1{v§x<v+1}g’u'
v=0

As limy_ oo ¢y = limy_oo py = 1, these functions are indeed densities. Moreover, one can
verify that for all m € N, we have

F(m)=c¢n and G(m)=ppn.

A visualization of the densities is given in Fig. A .4.
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Finally, if we define, for all x > 0, r(x) := % then we get

-5 (%)
_ i (cog1 — )’

(Po+1 —po) 1

This series converges for all possible parameter choices ¢ € (0, %) because

2 as v — oo and

(a) (cy+1 — ¢p) ~ —log(l — a)v™
(b) (Pvs1 — Do) ~ v~ EH) a5 1 — 00,

(Indeed, both results follow from the mean value theorem as follows:

A.8. Proofs

First,

for (a) applying the mean value theorem to z — (1 — )/ implies that for

all v € N there exists &, € [v,v + 1] such that

Cotl — Cy (1—a)V/e
LT Joe(l — )
v+1—v og(1 - ) &2
We therefore get
2(1 — q)V/&
. B 5 B . v(l—a) _ B
Uli}rgo(cvﬂ )0 = —log(l — «) Ulg)élo —a - log(1 — a).

Similarly, for (b), we apply the mean value theorem to x — 1 — (z+ 1)7¢ to

get that for all v € N there is a §, € [v,v + 1] such that

Pv+1 —Pv —(e41)
—_— = 1 .

Again taking the limits we get
vllr&(p”“ ~ oot = EUIEEO(@ 4 1)~ EFDEHD) — g
This completes the proofs of (a) and (b).)
Now, consider the null hypothesis
Hy = {Py}.

For all m € N, we define the test ¢, : [0,00)™ — {0,1} for all z1,...,z, €

G (T1,5 -y Tin) = ]l{max(:vl,...,zm)gm}'

[0,00) by
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Then, it holds that

Pr(pm(X1,. .., Xm) =0) = Pr(max(Xq,...,X,) > m)
=1- ]P’f(XZ‘ <m)"

=1—-F(m)™
=1—cn

Hence, ¢,, achieves valid level in the target distribution f. Our goal is now to show
that any resampling procedure for testing under distributional shifts with m = n? and
q > 6771 cannot achieve asymptotic level. Let U™ be the resampling scheme from the
theorem that outputs a (not necessarily distinct) sample of size m = n?. Then, it holds
that

Py (o (U™(X1, ..., X)) = 1) = Py(max

== (m+1)~)"
= exp(nlog(l — (m+1)7°)).
Taylor expanding x +— log(z) in zp = 1 yields

log(z) = log(xo) + xlo(a: —x0) + §g(m — Z0)

for an &, € (x,1). Plugginginz =1— (m+ 1)7¢, we get

log(l—(m+1)"%)=—(m+1)"° (m+1)7%, (A.12)

1
267,
where &, is lower bounded by (1 — (m + 1)7¢), and so &, — 1 and thus ¢2, — 1 for
m — 0o. Next, observe that

n(m+1)"¢ < nm=° =n' "%,
Now if we select Z_Tl > ¢ > 1/q (this is always possible because ¢ > 1/2), we have
that g¢ > 1, and it holds that lim,_,oon'™% = 0. For the same reason, we have
n(m+1)"% <nm=° — 0 as n — oo. Combining this with the (A.12), we get

lim nlog(l—(m+1)"°) =0
n—oo
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and thus
lim Py(hm(¥™(X1,..., X)) =1) > 1.
n—o0
This completes the proof of Theorem 2. O

A.8.3. Proof of Theorem 3

Proof. The proof is similar to the proof of Theorem 1 but we will need to adjust for the
estimation of the distributional shift factor. In particular, we will reprove the results in
Lemma A.1 when using the estimator 7.

Fix any P € Hp and let Q € 7~'({P}). Denote by p and ¢ their respective densities
with respect to the dominating measure u. We begin by recalling the details for the
sample splitting procedure described in Algorithm A.1: X,, is split into two disjoint
data sets X, and X,,, of sizes ni,ng, where n; +ny = n. The assumptions n{ = \/na
and m = o(min(n?, \/n)), ensure that m = o(n{) and m = o(y/nz).> We use X,,, to fit an
estimator 7, of r, and then use X,,, for the resampling. When taking expectations over
X, we use the notation Eq,. Similarly, Eg, denotes an expectation over X,,,. We write
Eq when taking expectations with respect to the entire sample X,,. Let I; :== {1,...,n1}
and Iy .= {n1 +1,...,n1 + na} be the indices of X,,, and X,,, respectively.

Using the same argument as we used to derive (A.1) in the proof of Theorem 1, we
get that

(TLQ*’"’L)! (i17"'7i7n)
distinct from Io

n12! Z <£H1 Tny (le)) ]l{‘,Dm(X7,'17-~~7Xim):1}

PQ(QDm(\IﬁM (Xn27 U) = 1)) = EQ

m
TLIQ! Z H fn1 (Xlg)
(na—m)! (%15 yfm) /=1
L distinct from Io
(A.13)

where X;, are observations from X,,,. As in the proof of Lemma A.1, we prove the con-
vergence in probability of the numerator and denominator in (A.13) separately. Again,
we do this in two steps: (A) We show that the means converge to the desired quan-
tity and (B) we show that the variances converge to zero. First we show the following
intermediate result.
Tnq (2 n
( nf(gc))) -1

quence iy, ...,4, from the indices of X3. Then, for n; sufficiently large and using

and consider a se-

Intermediate result: Let e(n1) = sup,cy Eqg,

2When n{ = /n2 and n1 + na = n, we have n = n%“ +mn1 and n = ng + n;/@a). If a > 1/2, we have
m = o(y/n) = o(y/n3*) = o(n$), and m = o(\/n) = o(\/n2). Similar arguments apply if a < 1/2.
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|
T o (@) _1u

1 Tq (xie )

Jensen’s inequality, it holds Q,,-a.s. that

EQ1

4 Tny (Xif) _
1;[ Q(Xiz)

SEQ1[ ,
/=1

< sup Eg,

Iil,...,ximex

e (22)" 1]
<spza [|(6))" -1
= c(m). (A.14)

The last inequality holds because by assumption, m = o(n{) when n; — oo, so for ny
sufficiently large, n{ > m. For any m,k € N we have ¢tk > ¢m > 1if ¢ > 1 and
Mtk < ¢m < 1if 0 < ¢ <1, and in either case it holds that [¢™F* — 1| > |¢™ — 1].

Similarly, for 41,...,4y, and ¢|,... i, from 5, we get Qn,-a.s. that
O Py (X)) (X
| (I ()| -
<o ({56 (Hel) |
< supEo, |<if§<%)>2m B ]
< sup Eq (Zl((;))y% ! ]
o (A.15)

using that for n; sufficiently large, n{ > 2m. This concludes the intermediate result.

Before showing parts A and B, we introduce some notation. Depending on whether we
consider the numerator or denominator case, we define either 6, == 1y, ( Xiy o Xy )=1}
or 0., = 1. Furthermore, we introduce for any function r : X — (0,00) the following
random variable

M) = e 3 <Hr(xiz)> .

(nQ*m)! (ilr"ai"L)
distinct from Io

Part A (means): Since 7, () = rq(a:)r;‘ql((w)) using the independence between X,
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and X,,, we get that

Eq [M(#n)]=——— Y, Eg

(n2—m)l (i1,....im)
distinct from Io

1
=—ur— 2. Eo

(n27m)! (ilr--aim)
distinct from Io

(A.16)

We emphasize that the expectation Eg, only averages over the randomness in estimating
7, and does take expectations over X;,. which is drawn from @,,. Furthermore, using
the intermediate result (A.14), we get the following upper bound

Eq [M(fn,)] < Eq, [M(rg)] (1 + &(n1))
and lower bound
Eq [M(7n,)] = Eq, [M(rq)] (1 — £(n1)).

Since m = o(y/n2), we can apply Lemma A.1 (a) and (b) to get that the means
Eqg[M (#y,)] of the denominator and numerator converge to the desired values.

Part B (variances): Next, we show that both for the numerator and denominator
the variance converges to zero. To this end, we expand the second moment as follows

Bo [M()Y =g |—or o Y 3 (H fm(XiE)> (H m(&-;)) Sy,
(=1 =1

(ng—m)! (ng—m)! (315 eyimm,) i,

distinct from I2 distinct from Io

1 m m
=EQy | =g r > > (H T(Xie)) (H T(Xi;)>
(na—m)! (ng—m)! (1, -yim) ey, =1 =1
distinct from I2 distinct from I
Bo, | (7725 (17725 | 5,05, .
/=1 Tq (XZZ) /=1 Tq (XZZ)

Here 0y, =11, (x, ,..x, )=1}- Using the intermediate result (A.15) we get the following
117 ? Zm
upper bound
Eq [M(7n,)?] < Eq, [M(rg)?] (1 +2(n1))

and lower bound
Eq [M(70,)%] > Eq, [M(rg)?] (1 - e(m)).

In Lemma A.1 (c) and (d) we have shown that lim, . Vo(M(ry)) = 0. Hence, com-
bining these bounds on the second moment with the above bounds on the first moment
shows that also limy, oo V(M (7, )) = 0. This completes the proof of Theorem 3.  [J
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A.8.4. Proof of Theorem 4

Proof of Theorem /. The first part of the proof follows that of Theorem 1. Let p and ¢
denote the respective densities of P and () with respect to the dominating measure pu.
Recall that we call a sequence (i1, ..., %,,) distinct if for all £ # ¢ we have iy # ipr. The
resampling scheme Wpgpr, samples from the space of distinct sequences (i1, . . ., iy, ), where
every sequence has probability w;, ;v o< [[j~; 7(Xi,). The normalization constant is
the sum over the weights in the entire space of distinct sequences, that is,

w(' ) = H?:l r(Xiz) '
P Gt egon) L1 (X))

distinct

Thus, taking an expectation involving ¢, (¥pipr (Xp, U)), amounts to evaluating ¢, in
all distinct sequences Xj,,..., X;, and weighting with the probabilities w;, ;.-

im

m

o > (H T(Xie)> Lt (X4 o X )=1}

(n—m)! (i1,-im) =1
distinct

m
71! > I r(X5)
(n=m)! (J1,-sdm) £=1
distinct

PQ(SOm(\IJggL(Xm U)=1)= Eq

(A17)

where we divide by the number of distinct sequences (n%;n), in both numerator and
denominator.

Let ¢(n,m) and d(n,m) be the numerator and denominator terms of (A.17), i.e.,

1 m
C(na m) = Y] Z ( T(Xie)> ]l{gom(Xil,...,Xim):l}a
/=1

(n_m)! (il ,---7im)
distinct

d(n,m) = i! Z HT(X]'Z).

(n=m)! (j1,....jm) £=1
distinct

Define for all § > 0 the set As := {d(n,m) >1—§}. It holds for all § € (0,1) that

) = B i) 2o ot
) )

c(n,m c(n,m
<Eg s ﬂA5]+EQ [d(n m)]lAg]
c(n,m .
< Eq (1_5)] +Pq (45)
-
=1 6Pp(<pm(X1, o, Xom) = 1) 4+ Pg (45),
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where we used that fl("i’m% < 1 and Lemma A.1 (a). Further, by applying Cantelli’s

(n,m

inequality to Pg(AS), it follows that

. VARg(d(n, m))
Fo (45) = VARq(d(n, m)) + 6%

Finally, we can apply (A.7),

1 m
V(n,m) = VARq(d(n,m)) =VAR | —— > (H r(Xl-e)>
(n—m)! (31,...,%) (=1
istinct

() B G

.7)) is given by

HT’(XQ) | Xil, e 7XiU]>

/=1

(
=g ( e: r(X,»Z)> Eq L:]ir(Xn)D
(

=

where we use that ¢, (used in (

Cv :VQ

sy

v

=1
= Eq[r(Xi,)*)" - 1.

Plugging in this upper bound for Pg(AS) yields

1 V(n,m)
Pq(om(Upppr (X, U)) = 1) = 1= 5PP(90m(X1a o Xm) =1+ Vin,m)+ 82
Since § € (0,1) was arbitrary, the theorem statement follows. O
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A.8.5. Proof of Theorem 5

Proof. We adjust part of the proof of Theorem 1 to the uniform case. Again, let c¢(n,m)
and d(n, m) be the numerator and denominator terms of (A.1), i.e

c(n,m) = 1 Z (H )11{<pm(Xi1,...,Xim)l}’

(n_ ) (117 Jm)
distinct

d(n,m) = —— 1 Z HF Xj,)-

(’I’L m) (]17 7]m)£ 1
distinct

We want to show that limsup,,_, supge,-1(my) Eq [C(n’m)} < ay,. To see this, define

d(n,m)

for all § > 0 the set As := {|d(n,m) — 1| < §}, and take any P € Hy and Q € 7' ({P}).
It holds for all 6 € (0,1) that

] o] 2 G
] [iZ:M
SEQ Cln 5]
Pp(om(X1,..., Xm) = 1) +Pq (45) ,

where we used that En Zg < 1 and that Eq [¢(n,m)] = Pp(pm(X1,...,Xm) = 1), as
shown in Lemma A.1 (a). Further, given the uniform bound on the weights, combining
Chebyshev’s inequality with Lemma A.1 (b) and (d) leads to lim,—c0 SUpger—1(s,) Po (45) =
0. Hence, using that ¢ has uniform asymptotic level o, we have shown for all § € (0,1)
that

limsup sup E [C(n,m)] < L «
n—oo QET—I(HO) Q d(n,m) - 1 - 6 i

Using that ¢ € (0, 1) is arbitrary, completes the proof of Theorem 5. O

A.8.6. Proof of Corollary A.1
Proof. We have

PQ(‘Pm(\I/QETgL(Xm U))=1)
= Po(om(Pgepr (X, U)) = 1 | Upipy (X, U) distinet)Po (Ugip; (X, U) distinet)
+ P (om (PrapL (X, U)) = 1| Ugepr (X, U) not distinet)Pg(Vpgpr (X, U) not distinct).
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This converges to the same limit as Pg(@m (Prapr(Xn, U)) = 1 | Ypapr (X, U) distinct)
(because Pg(Wgep (X, U) distinet) converges to 1, see Proposition A.1), which, as we
argue in Appendix A .4, equals Pg(¢m (Ppzer.(Xn, U)) = 1). The result then follows from
Theorem 1. O

A.8.7. Proof of Proposition A.1

Proof. When sampling with replacement, Wgzo: (X, U) contains non-distinct draws with
positive probability (assuming, wlog, that m isnot 1). Yet, we show that P (Wggpr (X, U) distinct)
approaches 1 as m — oo. By assumption p = 7(q), so p(z) x r(x)q(x). Let 7 be the
normalized version of r satisfying, for all z, p(z) = 7(x)q(x). The probability w(, .

of drawing a sequence X;,,...,X;, is defined by (10) as the product of weights 7:
w, ) = H;nzl T(Xiz) _ H;nzl F(Xiz)
ety iy L (X5 G T 7(XG,)
where the sum over (j1, ..., jm) in the denominator is over all sequences of length m (in-

cluding distinct and non-distinct sequences). The probability of drawing a non-distinct
sequence equals the sum of the weights corresponding to all non-distinct sequences

W(iy,....im)- Lherefore,

P (Pggpr (X, U) not distinct)

=Eq Z W(iq,...rim)

(il geee :im)
| not distinct

Hznzl f(Xie)
m —
(i1 2t enigon) L= T(XGip)
| not distinct
_ m
>, 1T r(Xy)
(i1,-vim) =1
o EQ not distinct

_ m -
e TT7R(X,)
(il,‘.A.,i.m) /=1
_ EQ : mnit distinct : e ) (A18)
o2 X))+ 2 T17(Xy)
(1,5eeeytm) £=1 (i1yeeeyim) =1
L not distinct distinct A

Observe that this expectation is taken both over X,, and U. By Lemma A.3, the numer-
ator of (A.18) (which equals the first term in the denominator) converges to 0 in L'. The
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second term in the denominator converges in probability to 1 by Lemma A.1 (this requires
Assumption (A2), which is implied by Assumption (A3)); thus, the entire denominator
converges to 1 in probability. By Slutsky’s lemma, the entire fraction (inside the mean)
converges to 0 in probability. Since the fraction is lower bounded by 0 and upper bounded
by 1, convergence in probability implies convergence of the mean (see the proof of The-
orem 1 for an argument for this), and it follows that Pg(¥gepr.(Xn, U) not distinct) —
0. O

Lemma A.3 (Non-distinct draws). Let P € P and Q € Q be distributions with densities
p and q with respect to a dominating measure . Let 7 : X — (0, 00) satisfy for allz € X
that p(z) = 7(x)q(x). Then, under Assumptions (A1) and (A3) it holds that

1 T
S Be|om 2 x| =o
(7"17~--aim) =1
not distinct

In particular, since the integrand is non-negative, this implies that

D H as n — co.

(i15eim) £

not distinct
Proof. We first rewrite the sum using the number £ of distinct draws, i.e., we consider
cases, in which there are k distinct elements among ¢y, ..., %,. The number k is at least
1 and, since not all draws are distinct, at most m — 1. For fixed k, we then further sum
over the numbers rq, ..., r; of occurrences of each index, i.e., j, appears r, times.

-1

> Hr 0 :]; > lf[lf(x

(315eersim) £ (41,...,¢m ) with k distinct entries
not distinct (i-e. je€(i1,...,im) appears ;>0 times,
T4 =m)

Using the independence across distinct observations, this implies that

m m—1 k
Eo | > JIrxi)| = > [1Eqlr(x
(1yeeeyim) £=1 k=1 (%1,...,im) with k distinct entries ~ ¢=1
not distinct (i-e. je€(i1,...,im) appears ;>0 times,

ri4-+rr=m)
(A.19)

We now use the uniform bound on the Weights given in Assumption (A3) and the fact
that Eq[F(X;)!] = [7(;)q(x:)F(z:)  du(x:) = [ pla)r(x;) ! dp(z;) = Ep[F(X;) to
get for all i € {1,...,n} and all t € {1,...,m — 1} that

Eq[r(Xy)"] = Eplr(X;)' '] < L'~
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E| > e]j[lf(xiz) < > Lmk

(315 sfm ) (%1,...,¢m ) with k distinct entries
not distinct (i.e. je€(i1,...,im) appears ;>0 times,
ri+-+rE=m)

(Z) w(m, k)L™ *

<Z> #(m, k)L™, (A.20)

3

£
Il
—

m—1

o

—_

3

IN

k=

—_

where m(m, k) is the number of words of length m using k letters such that each letter

is used at least once and |
m!

(m — k)"

The last inequality holds because we have m(m, k) < 7(m, k): Consider constructing a
word of length m by first distributing one of each of the k letters (ensuring that each
letter is used at least once) among the m positions, which can be done in m!/(m — k)!
ways. For the remaining m — k positions pick any combination of letters, which can be
done in k™ % ways. In total, this two-step procedure has 7(m, k) possible outcomes.
This enumeration contains all words of length m using k letters such that each is used at
least once, so w(m, k) < (m, k). We do not have equality, because 7 counts some words
several times, but with different intermediate steps. For example if £ = 2 and m = 3,
7 counts (a,_,b) + (—,a,—) and (_,a,b) + (a,_,_) as two distinct words, although they
both yield (a,a,b); indeed 7(3,2) = 6 and 7(3,2) = 12.

7(m, k) = kmk

Then, with sy, == (})#(m, k)L™ % it holds that

Skl (ppq) 7 (m, ke +1)Lm*t

Sk (3)7(m, k)Lm=*
_ln—km—k(k—i—l)m_k_l
LEk+1 1 km—k
_ln—km-Fk (k+1 m—k
CLk+1k+1 k
>ln—m—|—1
- L m?
=:c,

where the inequality follows by using k£ < m—1 and (k+1)/k > 1. By Assumption (A1)
(i.e., m = o(y/n)) it holds for n sufficiently large that ¢ > 1. Iterating this inequality,
we get (again for n sufficiently large) that s < ¢~ (m=1=k)g | which we can plug into
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(A.20) to get

m m—1 m—1 m—2 1
El > JIr&E)| <D ski<smad ™ =5, 0> ¢F <o T
(i1,.yim) =1 k=1 k=1 k=0 c
not distinct
(A.21)

In the last inequality, we use the trivial bound Y7 2 ¢ < 30 ¢ Fand 0 < ¢! < 1.

Finally, observe that

n Mspmo1=n"" <mn )fr(m, m— 1)L
—— n! (m 1)m—(m—1) m! L
(n— (m —=1)(m —1)! (m = (m —1))!
_,-m n! m(m — 1)
N (n—m)!(n—m+1)
B m(m — 1)
N &g(n,—/m‘ (n—m+1)"

(n—m)!

which by Lemma A.4 converges to zero (by the assumption m = o(y/n)). Therefore, we
have that

m
_ _ _ 1
E|n™™ Z HT(XZ‘@) <n msm_11_1—>0,
(i1ymim) £=1 c
not distinct

which completes the proof of Lemma A.3. O

Lemma A.4. Define for all n,m € N the function

n! —m
g(n,m) = mn .
Then, it holds that
0 ifg€(3.1)
Jim gt ) = Sesol-4) 4=}
1 if g € |0, %)
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Proof. First, apply the Stirling approximation to get for n sufficiently large that

g(n,m) ~ n"tE e (n— m)m*"*% R
= (n — m)m*"*% e m

= exp{(n —m + 1) log(n) + (m —n — ) log(n — m) — m}.
Next, we look at cases where m = n? for some ¢ € [0,1). The above expression can then
be simplified further as
g(n,n?) ~ exp{(n — n? + %) log(n) + (n? —n — %) log(n —n9) —ni}

=exp{(n —n?+ %) log(n) + (n? —n — %)[log(n) +log(1 — n? 1] — nd}

= exp{(n? —n — 3)log(1 — n?") — ni}.
Finally, since n9~! — 0 as n goes to infinity we can use the following Taylor expansion

log(1 —ni™1) = —na=1 — %nQ(qfl) +0(n3a1),

which results in

g(n,n?) ~exp{(n? —n — %) log(1 — nq_l) —n}
= exp{(nq —n— %)(_nq—l _ %nQ(q—l) + O(n3(q—1))) _ nq}
_ exp{inm]—l . %77,3(1_2 +nd 4 %77,3(1_2 + %nq—l + in2q—2 + O(n2q_1) . nq}
= exp{—§n*1"" + O(n"7?)}.

From this we see that

0 ifge(3,1)
: _ 1y e 1
nhﬁrglog(n, n?) = dexp(—3) ifqg=3
1 if g €[0,3).
This completes the proof of Lemma A 4. O

A.8.8. Proof of Corollary 1

As discussed in Section 2.3, the proposed procedure in Section 4.1 can also be used
to construct a test for a hypothesis HOQ in the observed domain, satisfying the same
theoretical guarantees.

Corollary A.2 (Pointwise level in the observed domain - detailed version). Consider
hypotheses HOQ C Q and Hg’ C P in the observational and in the target domain, respec-
tively. Let 7 : Q — P be a distributional shift for which there exist a known map r :
X — (0,00) and a set A satisfying for all ¢ € Q and all x € Z that 7(q)(x) o r(z4)q(x),
see (5). Assume T(HS) C HE. Let @1, be a sequence of tests for HY with pointwise
asymptotic level on,. Let m = m(n) be a resampling size and let 1)), be the DRPL-based
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resampling test defined by Y% (X, U) = @m(Vpep (X, U)), see Algorithm 1. Then, if
m satisfies Assumption (A1) and all Q € HOQ satisfy Assumption (A2), it holds that

sup limsupPg (¢, (X,,U) =1) < ay,,
QGHOQ n—o00

i.e., Py satisfies pointwise asymptotic level o for the hypothesis HOQ.

Clearly, the condition H® C 7(H[) is satisfied when HJ = 7(HS). This is the case
for the conditional independence test described in Section 3.1, for example.

Proof. We have
T(H) C HY = Hg C7 '(HY)
and therefore

sup limsupPg(¢;, =1) < sup  limsupPg(¢;, =1).
QeHS nToe Qer—Y(HF) m—o

Since Assumption (A2) is satisfied for all Q € HOQ, the statement follows from Theorem 1.
This completes the proof of Corollary 1. O

A.8.9. Proof of Proposition 1

Proof. We analyze the output of Algorithm 2. For each i € {1,...,n}, we discard X; if
U; > T(ﬁi), where U; is uniform on (0, 1). The probability of the event E; that X; is not
discarded equals

oE) = [ aElaatein = [ Sawan = [ §E g = 4.

where ¢ is a constant such that r(x)g(z) = ¢p(z). and the conditional density of X;
given that the sample is not discarded, q(z;|F;), is given by

q(x;) M ¢ p(z;)
q(zi|E;) q(Ei)Q( ilzi) = q(z) ¢ M q(z;) p(x;)
If X;,,...,X;, arethe points that are not discarded, this means that (Xj;,,..., X, ) is

distributed as if it was m i.i.d. draws from P* (where m is random). In particular, by
the assumption that the probability that for all k € Z: Pp(¢r(Zi) = 1) = ay, for k
i.i.d. samples Zj from Pp, it follows that Pg(¢;,(Xn,U) = 1) = Po(e(Xiy, ..., Xi,,)) =
Q. O
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A.9. Analyzing Assumption (A2) in a linear Gaussian model

In this section, we show conditions for assumption Assumption (A2) to be satisfied when
we consider the shift that changes a Gaussian conditional into a marginal, independent
Gaussian target distribution.

Proposition A.2. Consider a linear Gaussian setting where ¥ = X + & with ¢ ~
N(0,02%) and X ~ N(0,0%), with o-,0x known. Assume that we are interested in the
distributional shift that replaces the conditional q(y|x) (an N(z,02)-density, evaluated
at y) with an independent N'(0,02) target distribution p(y). Formally, define the shift
factor v for all x,y € R as

p(y)
r(x,y) = :
)= Gl
Then Assumption (A2) is satisfied for @Q if and only if

o? < 2(0? — o%).

Proof. We begin by directly expanding the second moment of the factor r under the
observational distribution ) as follows,

<qg?19|/) ))2

Eq [r(X,Y)?*] =Eq

o2 [ 0% g?
= U—;EQ _exp <— . W) exp (02>] , (A.22)

where W := (X/ox +¢/ox)?. Next, observe that, conditioned on &, W has a non-central
X%l)—distribution with non-centrality parameter €2/ Ug(. The moment generating function

of W is given by My (t) = (1 — 2t)~"/2exp <;—§ﬁ) for all t < 1/2. Hence, continuing
X
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the computation in (A.22) and by conditioning on e, we get

2

2

2 Oc¢ U%( €
Eq [r(X,Y)?!] = %5Eq |Eq [exp (—ZXW ) [¢| exp ( =
3
2 2 2
o X% €
=—=Eq |Mw | —— —
o> [ W( 02>exp (ﬁﬂ
. -
2 2\ "3 2 _ 2 1 2
=% <1 + QUX) Eq |exp £ T9x exp <>
2 2 Q 2 2 o2 2
o o Ox 97 1+2%% Ie
L ag
1
2 2\ "2 r 2 2
oz 0% € of
=—(14+2= E — [ 1-
o’ < i 02) “PT <03 < 02+2a§(>)}
1
2 2\ "3 2
O¢ Ox O¢
=—=|14+2—= Mg|l— —5——
02( + 02) S< 02—0—203(-)7

where S = (¢/0.)? and Mg is the moment generating function of a (central) x?, distri-

bution. Mg(t) is finite if and only if ¢ < 1/2, corresponding to 1 —

is equivalent to 0% < 2(0? — 0%).
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B. Appendix to Evaluating Robustness to
Dataset Shift via Parametric Robustness
Sets

Appendix

This appendix is structured as follows:

e In Appendix B.1, we provide details on the synthetic lab testing example, including
how we generate the loss landscape in Fig. 1 (right).

e In Appendix B.2, we provide a “user’s guide” to defining and interpreting paramet-
ric shifts, including worked examples for many common conditional distributions,
as well as guidance on how to define and interpret the shift functions s(Z;9).

e In Appendix B.3, we provide additional details on the worst-case optimization
problem, as well as comparisons of the reweighting-based approach to the Taylor
approximation approach. We also demonstrate that the quadratic approximation
is exact, for particularly simple structural causal models.

e In Appendix B.4, we compare our approach to that of worst-case conditional sub-
population shifts, in the context of a simpler laboratory testing example where we
can explicitly compute the worst-case conditional subpopulations. Here, we demon-
strate that our approach can capture more realistic intuition regarding which shifts
are plausible in practice.

e In Appendix B.5, we give additional experimental details, as well as illustrative
samples from the generative model, for the CelebA experiment described in Sec-
tion 4.

e In Appendix B.6, we give proofs for all the results in the main paper.
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B.1. Details of Fig. 1

In Fig. 1 (right), we consider the following, artificial, generative model, which resembles
the setup in Section 4.1, but with the addition of age as a continuous variable.

Age ~ N(0,0.5%)
P(Disease = 1|Age) = sigmoid(0.5 - Age — 1)
P(Order = 1|Disease, Age) = sigmoid(2 - Disease 4+ 0.5 - Age — 1)
Test Result|Order = 1, Disease ~ N(—0.5 + Disease, 1)

where if Order = 0, the test result is a placeholder value of zero. In Fig. 1 (right),
we consider a simple predictive model: If lab tests are not available (Order = 0), this
model predicts disease based on an unregularized logistic regression model, which uses
age to predict disease. If a lab test is available, then it uses both age and the lab test
for prediction. This model is trained on 100,000 samples from the training distribution.
To construct the loss landscape shown in Fig. 1 (right), we first observe that

P(O = 1|Disease, Age) = sigmoid(n(Disease, Age)),

where that 7(Disease, Age) = 2 - Disease + 0.5 - Age — 1. We construct shifts using the
shift function s(Disease, Age; d) = ¢ - (1 — Disease) + d; - Disease, and for a grid of values
for (8o,81) € [—5,5]> we consider perturbed distributions with a different conditional
distribution of testing,

Ps(O = 1|Disease, Age) = sigmoid (n(Disease, Age) + 6o - (1 — Disease) + 97 - Disease),

but where all other parts of the generative model are fixed. For each value of (dp,d1) €
[—5, 5]2, we draw 10,000 samples from the corresponding distribution, and compute the
negative log-likelihood of the original predictive model under this new distribution. The
resulting surface is plotted in Fig. 1 (right).

B.2. A user’s guide to defining parametric shifts

In this section, we discuss practical considerations in designing parametric shift functions
for different distributions.

e In Appendix B.2.1, we give examples of conditional exponential families, illustra-
tive shift functions, and how to interpret them.

e In Appendix B.2.2, we formalize the idea that one can choose shift functions which
depend on additional variables, other than the causal parents of a variable W;.

e In Appendix B.2.3 we give guidance on how to define shift functions when the
parameters 7(Z) are constrained to lie in a particular domain, which is relevant
for considering shifts such as changing the variance of a conditional Gaussian.
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Table B.1.: Examples of conditional exponential family distributions.

Distribution Parameter space Sufficient statistic Inverse parameter map

Binary(p) n(Z)eR T(W)=W p(W = 1|Z) = sigmoid(n(Z))
Categorical(p1,...,px) n(Z) € R* [TW)); =1{W =i} P(W =i|Z) = [softmax(n(2))];
Poisson(\) n(Z)eR T(W)=W A =exp(n(Z))

Gaussian(y, 02) N2y eRN(Z)y <0  T(W)=(W,W?2) w(2) = - 4L 6%(2) = — 5
Gamma(a, ) 0(Z)1 > -1Ln(Z)2 <0 TW) = (logW, W)  a(Z) =n(Z)1+1,8(2) = —n(2)2

B.2.1. Conditional exponential family models and interpretations of shifts

In this section, we give examples of exponential families and their sufficient statistics, and
discuss design considerations in specifying the shift function s(Z;¢). Here, we restrict
attention to shifts in a single variable, for ease of notation. In Table B.1 we give examples
of conditional exponential families, along with their typical parameterizations. In the
examples below, we review how shift functions s(Z;¢) impact these parameters, and how
they can also be interpreted on the scale of more commonly considered parameters (e.g.,
conditional means and variances).

Example B.1 (Log-odds shift in a binary variable). Consider the distribution of a
binary variable W conditioned on variables Z. Without loss of generality, we can write
that

P(W =1|2) = 0(n(2))

where o is the sigmoid function, and n(Z) is an arbitrary measurable function of Z,
taking on values in the extended real line n(Z) € RU{—o0,+o00}. This can be written
in canonical form as

P(W|Z) = exp {n(Z) - W —log(1+ exp"(Z))}

where n(Z) is the canonical parameter (the log-odds ratio), T(W) = W is the sufficient
statistic, and h(0) = log(1+exp™?)) is the normalizing constant. We can consider shifts
ns(Z) = n(Z) + 6, yielding the new conditional distribution

Ps(W =1|2) = o(n(Z) +9),

which is well-defined for any § € R.

Here, we note that these shifts occur on the “natural” parameter scale n(Z) (e.g., the
log-odds), which at first glance may seem difficult to interpret: Why should we care
about changes on the log-odds scale, instead of on the original probability scale? In
addition to mathematical convenience, we argue that in some settings, working with
natural parameters is advantageous for retaining a common scale across across multiple
variables.

For instance, consider shifts in the two independent variables W; and W,, where
V; ~ Bernoulli(p;), with p; = 10™* and ps = 0.6. Suppose we wished to consider an
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additive shift on the probability scale, e.g., p| = p1 + 0.1,p5 = pa + 0.1. Setting aside
the inconvenience that we need to ensure pj,ps € [0,1], we argue that these shifts are
not truly of a comparable scale. In particular, this shift in p; may seem implausible in
magnitude, while the same shift in p» seems more reasonable. On the other hand, an
additive shift in the log-odds captures some aspect of this idea.

Of course, there is some flexibility to incorporate prior expectations of shifts in absolute
probabilities. For instance, in binary variable with no causal parents, we can always
construct a one-to-one map of § to a change in the marginal probability. For conditional
shifts, we can similarly construct a one-to-one map between the value of § in a shift
s(Z;0) = ¢ and the resulting marginal probability of W;, as formalized below.

Proposition B.1. Consider a binary random variable W with conditional distribution
Ps(W =1]2Z) = a(n(Z) + 0)

for an arbitrary measurable function n(Z) whose range is the extended real numbers
n(Z) € RU {400, —c0}. Let py :==P(n(Z) = +o0), p— =P(n(Z) = —0), and assume
that py +p— < 1. Then, the marginal probability

ps =DPs(W =1)
is a strictly monotonically increasing function of 6 € R whose range is (p+,1 —p_),

Proposition B.1 states that, for any achievable marginal probability ps = Ps(W = 1),
there exists a unique value of § that achieves this probability. Because this relationship is
strictly monotonic, we can hope to efficiently find such a value by e.g., binary search. In
the laboratory testing example of Example 1, this would allow us to specify a plausible
strength for the conditional shift § in terms of an impact on the overall testing rate, e.g.,
modelling a scenario where the testing rate decreases from 20% to 15%.

Similar to the binary case, we can (if desired) directly parameterize shifts in terms of
the conditional mean of a Gaussian distribution, as illustrated in Example B.2, which
operates on the scale of p(Z) alone.

Example B.2 (Mean shift in a conditional Gaussian). Consider the distribution of a
multi-variate Gaussian variable W conditioned on a binary variable Z, where we write

(d)
p(wlz) = N(w; u(z), 5(2))
where N (w; u(2),%(z)) denotes the Gaussian density with mean u(z) and covariance
Y(z). This can be written as an exponential family model with natural parameters n(Z) =
[E(Z)_IM(Z),—%E(Z)_I] and sufficient statistic T(W) = [W,WW ]. Here, a shift in
the mean can be parameterized by s(Z;9) = [E(Z)_ld, 0], such that

ps(w]z) Y N (w; p(z) + 6, 5(2)).

However, shifts of the same magnitude in the conditional mean may not be comparable.
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Suppose that

PW|Z=0) L N0.1) and PW|Z=1) Y A(0,0.001),

such that § = 1 in Example B.2 corresponds to

d d
Pso(W1Z=0) 2 N(1,1)  and  Pe(W[Z = 1) L A(1,0.001).
While it may seem plausible that the mean of W|Z = 0 can increase by 1, it may
seem unrealistic for W|Z = 1. Here, it may be more reasonable to consider a different
parameterization of s(Z;J), where the impact of the shift in a direction is proportional
to the variance in that direction; we discuss this in the next example.

Example B.3 (Variance-scaled mean shift in a conditional Gaussian). Consider the
distribution of a multi-variate Gaussian variable W conditioned on variables Z, where
we write

p(w]z) & N (w; p(2),(2))

where N'(w; pu(z),X(2)) denotes the Gaussian density with mean p(z) and covariance
Y(2z). This can be written as an exponential family model with natural parameters n(Z) =
[E(Z)flu(Z),—%E(Z)fl] and sufficient statistic T(W) = [W,WWT]. Here, a shift in
the mean can be parameterized by s(Z;0) = [0,0], such that

ps(w]z) & N (w; p(z) + 67 5(2), 5(2)).

In Example B.3, the parameter § has a different interpretation, as a variance-scaled
mean-shift. If W is one-dimensional, we can see that this becomes
D A (- 2 2
ps(wl|z) = N(w; pu(2) + 60°(Z),07(2)).
As we demonstrate in Appendix B.3.2, this particular example of a parameterization

has other benefits: For instance, for estimation of shift gradients and Hessians at § = 0
can be done without knowledge of (7).

B.2.2. Adding causal edges to the graph

In Section 2, we consider the case where the shift function s(Z;¢) alters a conditional
P(W|Z) by a shift function s(Z;d). We now discuss shift functions that use a larger set
Z'. In particular, we consider the setting where Z represents the parents in a graph
G (that is, Z := PAg(W)), and consider shift functions that correspond to adding
additional parents in that causal graph. Our definitions and results immediately extend
to measuring the impact of shifts that add edges to the graph, in the form of shift
functions that depend on non-descendants of W.

Building intuition with a simple example: To build intuition, consider the causal
graph given in Fig. B.1. We consider a shift in X5, with a shift function which depends
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S(Xl, Y; 5)

|
(=)

Figure B.1.: Illustrative example of an intervention s(Xi,Y;0), and modified causal
graph, which creates a dependence between X; and Xs that bypasses Y.

not only on the causal parent Y, but also on X;. Suppose that the distribution P(X2|Y)
is a conditional exponential family, given by

P(X,|Y) = g(Xa) exp(n(Y)  T(X2) — h(n(Y))).

Using that Xy L X;|Y, we have P(X32]Y) = P(X3|Y, X3), and the joint probability
factorizes as

P(X1, X2, Y) = P(X,|YV)P(Y|X)P(Xy) = P(X,|Y, X1)P(Y]|X1)P(X1).

This enables us to consider Z = (Y, X;) as the conditioning set in the context of Assump-
tion 1. This is useful, because it allows us to consider shift functions that depend on Z,
which includes X7 in addition to Y. The J-perturbation of this conditional distribution
under the shift function s(Y, X1;9) is given by

P5(XalY, X1) = g(Xa) oxp ({nm (¥, X3 8)) T T(X) — h(n(Y) + (Y X 6))),

and we can observe that under both graphs, the distribution factorizes in the same
fashion, where

Ps(X1, X2,Y) = Ps(Xo|Y, X1)P(Y|X71)P(X1),

keeping the same convention that s(Y, X1;6 = 0) = 0, such that Py = P. This is one
example of how our results can be applied with shift functions that effectively add edges
to the causal graph. Of course, not all edges are permitted, so we give a more general
treatment below.

General guidelines for adding edges: Allowing for the use of non-causal parents in
the shift functions is straightforward, and can be done safely as follows, without violating
Assumption 1: Given knowledge of the directed acyclic graph G which generates the
observed distribution P, we can add edges to the graph, as long as they do not create
cycles.

Formally, let G = (V, E) denote the causal DAG which generates the distribution P,
where V denotes variables and F denotes the set of edges, where we denote a directed
edge by e = (V;,V}), going from V; to V;. Let ¢’ = (V', E’) denote another DAG (of
our creation) with the constraint that we can only add edges, and that the graph must
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remain acyclic, such that £/ D E, and V' = V.

For any variable W; € V| this implies that PAg/(W;) D PAg(W;). Moreover, any
new causal parent V; of W; in G’ must have been a non-descendant of W; in the original
graph, as otherwise the graph G’ would have a cycle from W; — V; — W,;. For ease of
notation, let N (W;) = PAg/(W;) \ PAg(W;) denote the set of new causal parents of W;
in G’. For any variable W; such that N(W;) # &, we can write that

Wi L gN(W;)| PAg(W;) (B.1)

by the rules of d-separation [Pearl, 2009]. Asin Assumption 1, we use W = {W1,..., W}
to denote the set of variables to be intervened upon, and accordingly will assume that
in the causal graph G’, we have not added new parents to any other variables, i.e.,
N(V;) = @ for any V; C W.

By (B.1), we can write that the distribution PP factorizes as

P(V)=| [] PWilPAg(W) | [ P(VilPAg(V))
W;eW V;eV\W

because P(W;| PAg/ (W;)) = P(W;| PAg(W;), and if P(W;| PAg(W;)) is a conditional ex-
ponential family satisfying Definition 2, then P(W;| PAg(W;)) also satisfies this defini-
tion, where the function n(PAg(W;), N(W;)) is constant with respect to fluctuation in
the variables N(Wj;). Thus, taking Z; := PAg/(W;) as the conditioning set satisfies As-
sumption 1, and the rest of our results hold, where the corresponding J-perturbations
in Definition 4 are given by

Ps(V)=( [] Ps(WilPAG(W:))) [ P(VilPAG(V:))
Wi, eW V,eEV\W

with shift function s;(PAg/(W;);d;) that are parametric functions of causal parents in
the modified graph G'.

B.2.3. Domain-preserving parameterizations of shift

For both of the examples considered above, we did not need to restrict the magnitude
of the additive change to n(Z). However, in some cases, such as changing the variance
of a conditional Gaussian, we have the restriction that ns(Z) = n(Z) + s(Z;9) must
lie in the proper domain, e.g., we cannot consider a shift which causes the conditional
variance to become negative. For a conditional Gaussian, we can consider unrestricted
shifts in 7(Z)1, which controls the mean, because the mean has unrestricted domain. On
the other hand, 1(Z)2 = (—202(Z))~! controls the variance, and must remain negative,
such that n(Z)2 4+ s(Z;0)2 < 0 for the shifts we consider.

This can be resolved in one of two ways. First, one can consider parameterizations of
s(Z;0) which are guaranteed to preserve the correct domain with an additional constraint
on the values of §, such as the multiplicative shift below, which is sign-preserving for
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0> —1

n5(Z)2 =n(Z2)2 + on(Z)2 = (1 4 0)n(Z)2.
——
5(Z;:6)
To handle the general case, at the expense of some additional complexity in the gradients
of s(Z;9), one can define the shifts as follows for parameters n(Z) that have a lower bound
L, with an equivalent formulation for shifts where the parameters have an upper bound,
for any desired shift function s'(Z; )

1(Z) + §'(Z;9) - sigmoid(y - [(n(Z) + 5'(Z30)) — (L +¢)])
s(Z;6)

where sigmoid(y-(z—(L+¢))) is a smooth relaxation of the indicator function 1 {z > L + ¢},
for a sufficiently large temperature parameter v > 0 and a small € > 0. This transfor-
mation preserves the twice-differentiable nature of s(Z;0). In practice, however, we
typically evaluate the gradient of s(Z;9) at 6 = 0, where 1(Z) does not lie at the bound-
ary of allowable parameter space, such that we can consider simpler parameterizations
like

n(2)+5(Z;6) - 1{n(2)+§(Z;6) > L + ¢}

s(Z:0)

as long as € is taken sufficient small such that n(Z) > L + ¢ almost everywhere in P.

B.3. Considerations and additional results for evaluation of the
worst-case loss

In this section, we present additional results on the Taylor approximation and compare
how the Taylor approximation compares to the reweighting approach in evaluation and
worst-case optimization of the shifted loss.

e In Appendix B.3.1 we give a full treatment of how shift gradients and Hessians are
estimated from samples, following Theorem 1.

e In Appendix B.3.2, we demonstrate in some cases, one does not need to estimate
all of n(Z), but only the parts of n(Z) that is shifting.

e In Appendix B.3.3, we demonstrate that the second-order Taylor expansion is exact
in a linear-Gaussian setting, which gives a conceptual connection between this
work and that of Anchor Regression [Rothenhausler et al., 2021], which considered
a restricted type of additive shift intervention in a globally linear structural causal
model.

e In Appendix B.3.4, we work out the expression for the shift gradient and Hessian
when we condition on binary variables.
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e In Appendices B.3.5 to B.3.7, we provide experiments that compare the variance
of the importance sampling estimate Es1g (see (6)) to the variance of the Taylor
estimate Es Taylor (see (7)) of the loss in a shifted distribution.

B.3.1. Algorithm for Estimation of Shift Gradients and Hessians

Here, we recall the form of the shift gradients and Hessians in Theorem 1, and demon-
strate how to compute them in practice using a set of auxiliary regression functions fit
to the validation data.

Theorem 1 (Shift gradients and Hessians as covariances). Assume that Ps, P satisfy
Definition /, with intervened variables W = {Wy, ..., Wy, } and shift functions s;(Z;; 0;),
where § = (81,...,0m). Then the shift gradient is given by SG* = (SG1,...,SGL) ¢ R%

where
)

and the shift Hessian is a matriz of size (ds X ds), where the (i, j)th block of size ds, X ds;
equals

7

SGI =E [DTI cov <£, T;(W;)

E [DL cov (57 5Ti\Z1-5£.|Zi’Zi) Di,1:| -E [ﬁ . DZQETM} i=j

{SG?},; = .
cov (¥, DglgTi|Zi€£|Zij71) 1% 7,
where D; j, = V’gisi(Zi;(Si)\(;:O, is the gradient of the shift function for k = 1, and the
Hessian for k = 2. Here, T;(W;) is the sufficient statistic of P(W;|Z;) and etz =
T:(Ws) — E[T(W;)| Zi].

Notation and Dimensions: Let W = {Wj,...,W,,} denote the set of m intervened
variables, and let Z = {71, ..., Z,,} denote the conditioning sets. Note that for a single
W; € RWi | we will generally have it that Z; € R%, where dyy is the dimension of W
(typically 1) and dz is the number of conditioning variables, and when considering n
samples, W; will be a matrix in R™%W and Z; will be a matrix R"*%Z. The sufficient
statistic T;(W;) maps from R to R where dr is the dimension of the sufficient
statistic. For many common distributions, T;(W;) = W;, the identity function. For
others, like the conditional multi-variate Gaussian, T;(W;) = [W;, W;W,"], where W €
RW and WiWiT € R¥w>dw n these cases, we squeeze T;(W;) to be a single vector, so
in this case dr = dw + d12/V'

Auxiliary models: To estimate the shift gradients and Hessians, we first learn aux-
iliary predictive models, which are required for computing the relevant conditional co-
variances. For simplicity, we do not consider sample-splitting in the algorithm given
below, but one could employ sample-splitting to learn these predictive models on an
independent validation sample.

e For each W;, we learn fiw,(Z;) as a regression model for E[T;(W;)|Z;]. Because
T;(W;) may have multiple dimensions, this is a function from R to R4,
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e For each conditioning set Z;, we learn fi,(Z;) as a regression model for E[¢|Z;].
Because the loss is one-dimensional, this is a function from R?2 to R.

We then construct the following, which are defined for each data point in the sample.

e For each W;, we construct ér,z, = T;(W;) — fiw,(Z;), which is a vector of length
dr..

7

e For each conditioning set Z;, for the loss ¢, we construct &z, == £ — fig(Z;), which
is a real number.

e For each conditioning set Z;, we compute D; 1(Z;) as Vs, si(Z;; 52-)‘5:0, which is a
matrix of size dr x ds;, and a function of Z; that we can evaluate on each sample.

e For each conditioning set Z;, we compute D;2(Z;) as V?;isi(Zi; 51)‘6:0’ which is a
tensor of size dp x ds, X ds;, and a function of Z; that we can evaluate on each
sample.

Estimating shift gradients The shift gradient and Hessian in Theorem 1 are ex-
pressed as conditional covariance. Since E[cov(A, B|C)] = E[eacep|c] Where €4¢ =
A — E[A|C] and epc := B — E[B|C], we can use the estimated conditional means
above, to compute the shift gradient and Hessian. Suppose that we observe N samples,
n € {l,...,N}. For each index i € [m] :={1,...,m},

n) A(n)
i Nz Z\Z zl ) 6T‘Z

which yields a vector of length ds,, and these are concatenated together for each 7 to
yield the entire shift gradient. The shift Hessian is constructed block-wise, for each index
i,j € [m] x [m] as follows: If i = j, then we construct the corresponding ds, x ds, block

as
2 1 m) T\ (T
SGi,i:NZéazi' <Di71(Zi ) éT|Z> _Di72(Zi ) éTilZi
n=1

where v®2 denotes the outer product so that v®2 = vv ', and the transpose of D; o refers
to a transpose which has dimension ds, x ds, X dr. On the other hand, if 7 # j we have

N
st;ij:%Z(e(n)—Z).(Di,l(zf”))%gfjl)zi) (Dia (2™, )T
n=1

where £ is the average value of ¢ in the validation sample.

B.3.2. Shifts where estimating all of 7(Z) is not necessary for estimating
shift gradient and Hessian

The following example shows that when a shift occurs in an exponential conditional
distribution with parameter 1(Z), we do not necessarily need to model all of n(Z) in
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order to compute the shift gradient and Hessian. In particular, we only need to model
the parts of n(Z) that shift. This is different from estimating the shifted loss using
importance sampling, where 7(Z) needs to be evaluated to evaluate (5).

Example B.4. Consider the distribution of W conditioned on variables Z that is a
multi-variate Gaussian variable,

W|Z = N(u(2),%(2)),

for unknown functions u,%. The sufficient statistic for the multivariate Gaussian distri-
bution is T(W) = (W,WW ) and the canonical parameter isn(Z) = ((Z)'u(Z),—5%(Z)71).!
The first component of n(Z) is a signal-to-variance ratio and the second is the inverse
covariance matriz. For a shift (6,0) that only affects the first component, we show that
we do not need to model ¥(Z), but only u(Z). This is beneficial, since estimating a con-
ditional covariance from data can be challenging, especially if W is high-dimensional.

For 6 € RW | let 5(Z;6) = (6,0)", and suppose that we wish to estimate Es[f] using
(7). The derivative of s is given by

1 0 of {0 O 0
) 0 1 0 [0 O 0

Dy =V3s(Z;6) = ) ,
0 0 1 0 0 0

where the first block is a dyw X dw diagonal matriz, and the second is a dyy X d%,v matriz of
zeros. The second derivative of s is Do = 0. Hence, using Theorem 1, the shift gradient
18

SG! = E[D; cov(¢, (W, WW )| Z)] = E[cov(£, W|Z)],
and
SG? =E [Dl cov (¥, (W —E[W|Z,WW T — E[WWT|Z]®2> |Z)D1T}
—E [cov(z, (W — E[W\Z])®2|Z)] .

Conditional covariances can be computed by only residualizing one of the wvariables:
E[cov(A, B|C)] = E[A(B — E[B|C])]. Thus, if we only residualize £, we get

SG! =E[(¢ —E[¢|Z)W]  and  SG*=E[(l—E[|Z])- (W — u(Z))*?.

Therefore, given data from P, we can estimate the shift gradients by plugging in estima-

'Or, more formally, T(W) = (W,vec(WW ")) and 1(Z) = (o(2) ' u(Z), — % vec(u(2))), where vec
denotes the vectorization operation. For a detailed walk through of the exponential family parame-
terization of multivariate Gaussian distributions, see https://maurocamaraescudero.netlify.app/

post/multivariate-normal-as-an-exponential-family-distribution/.
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Figure B.2.: (Left) Graphical model assumed by (B.2). The undirected edges represent
either any directed configuration of directed edges or the dependence struc-
tures arising due to an acyclic SCM [Bongers et al., 2021]. (Middle) Plotting
Es[(Y —~"X)?] as a function of 6 € R? for a fixed predictor . (Right)
Plotting Es[(Y — 7' X)?] as a function of § € R3, with the loss indicated
by the color. The loss only varies with changes in 2 (corresponding in
Lemma B.1 to v, o (0,1,0)7).

tors ((Z) of E(W|Z] and L(Z) of E[¢|Z]. It follows that we do not need to model $(Z)
in order to estimate the shift gradients and Hessian at § = 0.

The story is different for a reweighting based estimator that seeks to estimate Egs[/]
using importance sampling (see Section 3.1), where the weights are given by

wns(Z) = (W — u(2))T6 - 56725,
and hence estimating wy 5(Z) requires estimation of X(Z).

B.3.3. The quadratic approximation is exact, for mean shifts in linear
models

We now consider data generated by a linear model, and show that the shifted loss is
a quadratic function of J, meaning that the Taylor approximation Ejraylor is globally
exact. Suppose that data is sampled from a linear structural causal model, and a shift
in mean occurs in an variable A that does not have any causal parents. In particular,
let A have a normal distribution with mean p and finite variance and let

X X
Y| |=B|Y|+MA+e (B.2)
H H

This is the model assumed by Rothenhausler et al. [2021], and the corresponding graphi-
cal model is shown in Fig. B.2 (left). We consider the linear predictor f,(X) =~ X and
the mean squared loss ¢(f,(X),Y) = (Y — f(X))% Due to the linearity of the model,
the loss under a mean shift in A is quadratic [Rothenhiusler et al., 2021].

Lemma B.1. Suppose A ~ N (u, ) and that (X,Y, H) are generated according to (B.2).
For v € R define £ := (Y — " X)2. Then there exist Uy Upy € R such that for all
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shifts 6 € R4
Es[f] = E[0] + 0 "y + %5T’UWU:YF(S,

where Eg corresponds to taking the mean in the distribution where A ~ N(u + 6,%).
Further uy,, =0 if p = 0.

Proposition B.2 elicits two properties of this linear model: First the loss is described
by a quadratic function globally, i.e. also for very large §. In Fig. B.2 (middle), we plot
Es[¢] as a function of §. We observe a ‘valley’ in the loss, in which the expected loss does
not at all change with 6. This is a consequence of Lemma B.1, and particularly that
if 0 is orthogonal to both u, , and v, then Es[¢] = E[/]. In higher dimensions dg > 2,
since ’U«,U,I has rank 1, the ‘valley’ persists in that the loss does not grow at all in d4 — 2
dimensions (or d4 — 1 if A has mean p = 0), see Fig. B.2 (right).

We now show that coefficients in the quadratic form in Lemma B.1 is equal to the
shift gradient and Hessian. We use that the Gaussian distribution with known variance
¥ can be parameterized as an exponential family with sufficient statistic T(A4) = XA
and parameter n = p.”

Proposition B.2. Suppose A ~ N (u,>) and that (X,Y, H) are generated according to
(B.2). Then the shift gradient and Hessian are given by

SGl =cov((,27'4)  and  SGZ=cov({, XN A—p)(A—p)'8")
and the loss under a mean shift of § in A is given by
Es[¢] =E[(] + 6" SG' +167 SG? 4,

where £ := (Y —~"X)? and E; corresponds to taking the mean in the distribution where
A~N(p+4,%).

This elicits a connection to anchor regression [Rothenhausler et al.; 2021]: Under the
generative model (B.2) and using the quadratic loss £ = (Y —~ " X)? for v € RX, they
show that for any A > 0, the worst-case loss Es[f] over a set A = {§|667 < ANE[AAT]}
equals the objective £ar = E[f] + AE[E[Y — v X|A]?], which is computable from the
observed distribution.

Because of Proposition B.2, for also equals the solution of the optimization problem
(9) over the constraint set A. Therefore minimizing the anchor regression objective over
~ or minimizing (9) over v will lead to the same estimator. Since our proposed Taylor
approximation in (9) does not assume linearity, one could use the approximation to
extend the rationale of anchor regression of minimizing the worst-case loss to non-linear
models. This however comes at the cost of not optimizing the exact worst-case loss,
but rather an approximation, whose quality is given by Theorem 2. Further, this would
involving a minimax problem, minimizing (9) over models f, and there are questions,
such as convexity and tractability, which would need to be solved.

2Tt can also be parameterized as T(A) = »7Y24,n =272, which would yield the same result.
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B.3.4. Estimating the shift gradient and Hessian for conditional on binary
variables

To build intuition for the shift gradient and Hessian, we here give an example where
we condition on variables Z that take a finite number of values and write out explicit
expressions for the shift gradient and Hessian. However, we emphasize, that in most
practical scenarios, one will not have to work out the shift gradient and Hessian explicitly,
but can simply estimate them as covariances from the data (Theorem 1).

Example B.5 (Shift Function of Discrete Parents). Consider a conditional distribution
W|Z where Z takes values in a finite set Z. This is for instance the case if Z =
(Z1,...,2Zq) where each Z; is binary, so |Z| = 2%. Instead of a shift n(Z) + &, where
the parameter increases by the same amount for all values of Z, we may consider a shift
N(Z) 4 s(Z;0) where s(Z;6) =3 ,c 2 6:17—., meaning that the shift is different in each
category Z. Since n(Z) only takes a finite number of variables, this shift corresponds to
an arbitrary change in n(Z).

s(Z;6) is a differentiable function in &, and if dr = 1 the shift gradient is a (1 x 2)-
row vector, Vss(Z;8) = (1z=.):ez, and the shift Hessian vanishes, V3s(Z;8) = 0.
Enumerating Z = {1,...,2%}, the i ’th entry in the shift gradient becomes

(SG); =E [1Z:i cov (z, T(W)'Z)] =P(Z =i)cov(t, T(W)|Z = i),
and the i, j 'th entry of the shift Hessian becomes 0 if j #£ i and else

(SG2)M =FE [1Z=i CoVg <€, 6%22

Z)] =P(Z =) cov(t,e77|Z = i).

Consider for example the case where both W and Z are binary. Then T(W) = W
and s(Z;0) = 1z7-000 + 1z=101 and s = (1z=0,12z=1) and s = 0. The conditional
covariance can be evaluated by residualizing only one of the variables, E[cov(A, B|C)] =
E[A(B—E[B|C])], so we can chose to residualize only W (for SG') or (W —E[W|Z = i])?
(for SG?). Finally, if we let p; = P(W = 1|Z = i) and use that E[W|Z = i] = p; and
E[(W — p;)?Z =i] = var(W|Z = i) = p;i(1 — p;), we get that

sl )

and

_ po{ (W —po)* — po(1 — po) } 0
SGQ_E[( 0 fpl{(W—pl)z—]h(l—pl)})] '
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Figure B.3.: We plot the mean and confidence intervals of EA(;’Taylor and EAMS when the
shifted loss as in the lab test ordering example Example 1. (Left) We
consider a shift in the logits of ordering lab tests from 7(Z) to n(Z) + do.
(Right) We consider a shift in the mean of Age. In the observed distribution
n = u/o =0 and we shift to a mean of n = 4.

B.3.5. Comparison of variance of reweighting and Taylor estimates in the
lab ordering example

To compare the bias and variance of the Taylor and the importance sampling estimates of
the shifted loss, we simulate data from the following, artificial, generative model (which
is the same generative model that was used to construct the loss landscape in Fig. 1

(right)).

Age ~ N(0,0.5%)
P(Disease = 1|Age) = sigmoid (0.5 - Age — 1)
P(Order = 1|Disease, Age) = sigmoid(2 - Disease 4+ 0.5 - Age — 1)
Test Result|Order = 1, Disease ~ N (—0.5 + Disease, 1)

where if Order = 0, the test result is a placeholder value of zero.

We consider either a shift in the logits of ordering lab tests n5(Z) = n(Z)+6 (Fig. B.3
left) or a mean shift in the Gaussian distribution of age s = 0 (Fig. B.3 right). For each
d in a grid, we compute estimates E5 1s and E5 ‘Taylor Of the loss under a shift of size 9,
We repeat this n = 1,000 times, and plot the mean and point-wise prediction intervals
(the pointwise 0.05 and 0.95 quantiles) for EAMS and EA'(;,Taylor. We also simulate ground
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truth data from Pgs, to compute the actual loss under shift.

For shifts in the binary variable (Fig. B.3, left), both estimates capture the loss well
for small shifts, but as § gets larger, the quadratic approximation increasingly deviates
from the true mean; the importance sampling estimate remains very close to the ground
truth shifted loss. On the contrary, for the Gaussian mean shift (Fig. B.3, right), the
importance sampling weights are ill-behaved, and the variance dramatically increases as
0 becomes larger. This supports the intuition, that while importance sampling tends
to work well for binary variables, the variance can be large in continuous distributions,
such as the Gaussian distribution.

B.3.6. Comparison of theoretical variance of reweighting and Taylor
estimates

Example B.6. To demonstrate the reduction in variance obtained from using the Taylor
approximation of the importance weights, we consider a simple example where P(X) ~
N(0,1) and Ps(X) ~ N(5,1) and we wish to estimate Es[l(X)] for some loss function
¢(X).? The importance sampling weights are given by ws(X) = exp(f%(s2 + X -9), and
the shift gradient and Hessians are SG* = E[¢(X)X] and SG? = E[¢(X)X?].

Therefore samples X1, ..., X, from P consider the estimators, for any loss function
(X)), two estimators of Es[l] are

X 1< X 1<
nis = ﬁ Zl wé(Xz)é(Xz) and M Taylor = ﬁ Zlg(Xz) +0- K(Xz)Xz + %52€(X1)XZ23

and the variances of the estimators are

2
va(jgs) = SO 2 o)
var(ji tuyior) = (UX) +5XUX) + 582 X20(X))

The variance of fireyior grows like 6% and the variance of fizg grows exponentially fast
(unless B[{¢(X + 26)}?] also diminishes exponentially fast, which is generally not the
case), and so except for small §, the variance of the importance sampling estimator
will be orders of magnitude larger than the variance of the estimator using the Taylor
approzimation. While, firs is an unbiased estimator of Es[¢(X)] and fireyior is a biased,
the overall mean squared error will be smaller for the Taylor approximation, unless the
bias of the Taylor approximation also grows exponentially.

For the sake of analysis, consider the simple example ¢(X) = X. In this case, the
Taylor estimate is unbiased because Es[X| = 0 is a linear function of 0, so the quadratic

3In practice one would not use importance sampling estimation for such a simple shift, but use other
approaches, such as analytically work out an estimate of Es[¢].
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Figure B.4.: Median and quantiles of the error in predicting Es[¢] under a shift o.

approrimation is adequate. Further, the variances are given by

2 2\ £2 1+ 5624 1544
exp(6?)(1+46%) -6 Var(mm):u-

var(firg) = n -

In particular, the variance of the importance sampling estimate grows like exp(62) while
that of the Taylor estimate grows like 6*.

B.3.7. Comparison of variance of reweighting and Taylor estimates in a
simple synthetic example

In this experiment, we compare the variance of importance sampling and Taylor esti-
mates in a simple synthetic example. We simulate data from P where X € R? and
Y € R! depend either linearly or quadratically on W € R3,

X

W ~ N(0,1ds) and <Y

> = (Idy —B) 'MW + o(W & W) +¢),

where © refers to entrywise multiplication, e ~ A(0,1d4), « is either 0 (linear) or 3
(nonlinear) and

2 1 0 1 2 1 0
2 2 0 3 2 1 1
B = 330 2 and M = 9 92 0
4 2 4 0 4 1 1

On the simulated data from P, we then fit a linear predictor f(X) of Y, and consider a
shift in the mean of W from P(W) ~ A(0,1d3) to Ps(W) ~ N(6,1d3), where § = [s, s, s] |
for some shift strength s > 0. We then compute the shift gradient SG! = cov(¢, W) and
Hessian SG2 = cov(¢, WW ), and approximate E;[¢] by EA(;,Taylor (see (7)). In the linear
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data, the Taylor approximation is exact (see Appendix B.3.3), such that any prediction
error can be attributed to finite-sample fluctuation, whereas both model misspecification
and finite-sample fluctuation contribute to the error in the nonlinear setting.

Similarly, we estimate Es[¢] by importance sampling, Es[¢] = E[ws(W){] = % > ws(W)E,
where ws(W) = I%;((W)) STW — 15T5 , and compare this to ground truth data sampled
from Ps; we do the same for an 1mp0rtance sampling estimator with weights ‘clipped’
at the 99% quantile.

We compare the predicted loss Es[¢] by actually simulating data from Ps and evaluating
Es[¢] (where £ is still the model trained on data from P). We then compute the prediction
error, as the difference Es[¢] — E57Tay10r or Es[¢] — EMS.

For a number of different shift strengths s, we repeat this procedure M = 1,000 times,
and in Fig. B.4 we plot the median and a confidence interval defined by the 2.5 and the
97.5% quantiles of the prediction error.

In the linear case, bot the importance sampling and the Taylor approximation retains a
median error close to 0, with the variance of E5 1s being larger than E5 /Taylor- Lhe clipped
importance sampling estimate has a smaller variance than that of ordinary importance
sampling, though the median deviates further from 0, and the variance is not smaller
than that of the Taylor estimate.

In the non-linear cases, all three models underestimate the shifted loss. For E(;,Taylor,
this happens because as the mean of W shift, the mean shift is amplified by the non-
linearity, such that the quadratic approximation of the loss is an underestimate. While
the variance of the clipped importance sampling is smaller than the variance of the
ordinary importance sampling estimate and comparable to the variance of the Taylor
estimate, this prediction is further from 0 than the Taylor estimate.

Since importance sampling methods are known to produce very large outliers, the use
of the median and quantiles, as opposed to the mean an confidence intervals based on
the standard deviation, is favouring importance sampling; the Taylor method looks even
more favourable if we instead plot the mean and standard deviations.

B.4. Limitations of worst-case conditional subpopulation shift
for defining plausible robustness sets

For the example in Section 4.1, we can contrast the type of shift we consider with
the worst-case (1 — a)-conditional subpopulation shift considered by Subbaswamy et al.
[2021].

In this section, we will make the following points: First, worst-case conditional (1 —«)-
subpopulation shifts can be too pessimistic, with even moderate values of « leading to
implausible conditional distributions. Second, we will argue that parametric robustness
sets enable more fine-grained control over the set of plausible shifts, leading to more
informative estimates of worst-case risk. Overall, we argue that the two approaches are
complementary, with different strengths.

Before we proceed, we define a conditional (1 — «) subpopulation shift. A (1 — «)
subpopulation shift in the conditional distribution P(O]Y") is defined by a weighting
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function h : O x Y + [0,1], which has the property that E[h(O,Y)|Y] =1 — « for all
values of Y. This can be used to construct a worst-case objective, which measures the
worst-case loss under such a shift:

1
sup
h:{0,1}2[0,1] (1-a)

s.t. Eh(O, Y)Y =y|=1—a, forye{0,1}

E[R(O,Y)u(0,Y)] (B.3)

where u(0,Y) = E[{(Y, f)|O, Y], for a predictor f and loss ¢. This has the effect of
leaving the distribution P(Y') untouched, while changing the conditional distribution
P(O]Y). Throughout this section, we will use the same predictor f(O, L) described in
Section 4.1. The rest of this section is structured as follows:

In Appendix B.4.1, we derive the feasible set of conditional distributions P(O|Y)
implicitly considered by this objective in the simple generative model of Section 4.1,
which only involves variables O,L and Y. We do so by showing that (for discrete
0,Y), maximizing (B.3) over h is equivalent to solving a linear program, where we
can characterize the constraints on h exactly, and translate them into constraints on
P(O = 1Y = 1),P(O = 1Y = 0). Here, we show that the resulting feasible set is
quite large, even for moderately large subpopulations. In particular, whenever (1 —a) <
min{P(O = 1Y = 0),P(O = 0]Y = 1)}, all conditional distributions are possible.

In Appendix B.4.2, we derive the value of h that maximizes (B.3), and show that,
as we vary «, the worst-case shift is always in the same “direction” probability space:
Healthy patients (Y = 0) are tested more, and sick patients (Y = 1) are tested less,
and for o < 0.27, the worst-case subpopulation shift is the (unrealistic) scenario where
healthy patients are always tested, and sick patients are never tested.

In Appendix B.4.3, we illustrate how this type of behavior can be avoided with our
approach. We first give a parameterized shift function s(Z; dg, d1) such that we can reach
any conditional distribution of P(O|Y’), for sufficiently large values of dg,d1. We then
demonstrate how an iterative process might play out with domain experts, where we
consider different constraint sets until we find a constraint set that contains plausible
shifts.

B.4.1. Feasible conditional subpopulations in Section 4.1

For the simple example in Section 4.1, we give a self-contained derivation of the feasible
region for 1 — « conditional subpopulations in the distribution P(O|Y). The advantage
of working with this simple generative model is that the conditional distribution can be
described by only two numbers, P(O = 1]Y = 1) and P(O = 1|Y = 0), and so we can
visualize the resulting conditional distribution.

Because O,Y are discrete, the worst-case subpopulation in this simple example can
be solved via a linear program, for a fixed a. We have an optimization problem in
two variables, since h11P(O = 1|Y = 1) + ho1P(O = 0]Y = 1) = 1 — a, and likewise
for hig, hoo, where hj; = h(O = i,Y = j). We also have the constraint that each
variable must live in [0, 1]. Meanwhile, the loss to maximize is a linear function, as an
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expectation of E[h(O,Y)u(0,Y)], where pu(O,Y") takes on four possible values, where
we write p;; = P(O = i|Y = j), and p;; similarly.
max  hooftoo + hiop1o0 + hotpor + haipan (B.4)
st., hupi+hon(l-pn)=1-a
hiopio + hoo(1 — p1o) =1 — «
0< hi; <1,Vi,j

This linear program is simple enough to solve by hand, and we will do here to build
intuition. In this section, we begin by characterizing the feasible region of h, and then
translating that into a feasible region for P, (O|Y"), which we can plot in two dimensions.

Characterizing feasible values of h: Here, we focus on characterizing the feasible
set that h can lie in, as a way of characterizing the feasible set for P(O|Y). From the
constraints, we can write that

1—a—hupn

hipii +ho(l1—pn)=1—-«a == ho1 = B —
— P11

1 —a — hiopio

hiop1o + hoo(1 —p1o) =1 -« = hoo = ————— oo

There are only two constraints on hj1: Those directly imposed by 0 < hy; < 1, and those
which are imposed by the equality constraint with hg; and the fact that 0 < hg; < 1.
For the latter, with some algebra we can write that

l—a—nh — 1-—
0< Lo mipi <1 — pin — @ <hy < &
I—pn P11 P11
So that the constraints on hq; become
_ 1 —
max{(),p11 a} < hp1 < min{l, a} (B.5)
P11 p11

which recovers our intuition that if & = 0, it must be that hy; = 1 and hgy = 1.

Bounding feasible values of P,(O|Y) The parameters h can be understood as
importance weights whose expectation is 1 — « instead of 1, that reweight P to a new
distribution P, when appropriately normalized. To compute conditional probabilities
Pr(O = ilY = j) under the new distribution, we can compute the expectation of
1{0 =1i,Y = j}, and normalize by P(Y = j).

, , 1 . . hij
B0 =4,V = j) = = E[h(O0,Y)1{0=4,Y = j}] = -

1—«a

P(O =i,Y = j)

= Pp(O=1Y =j) = P(O =ilY =)

where the implication follows from the fact that Py(Y) = P(Y). This allows us to
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translate bounds on h;; directly into bounds on P, (O = i|Y" = j). Making use of (B.5),
we can write that

_ 1—
max{o,p“ O‘}' i gIP’h(O:1|Y:1)§min{1, O‘}- i
P11 -« P11 11—«

which yields

)
—

max{(), pil - O‘} <P O=1Y =1) < min{lpll 1}
(6%

We can apply a similar logic to hig, which is identical except for pi; being replaced
by pio, ylelding

max{(),pio_a} <Pu(O = 1]y = 0) <min{1p10 ,1}
«

Visualizing the constraint set: Figure B.5 gives feasible conditional distributions
under different values of a. We can observe that when o = 0.8, all conditional dis-
tributions are feasible, including the distribution where P(O = 1Y = 0) = 1 and
P(O = 1Y = 1) = 0, representing the case where every healthy patient gets tested,
and no sick patients receive a test. This is generally possible in this example whenever
1 —a <min{P(O = 1Y =0),P(O =0]Y = 1)}, as it permits the following subpopula-
tion function, which yields this result.

1«

MO=0Y =4 =p0=v=y

1{o #y}

B.4.2. Worst-case conditional subpopulation shifts

Given the constraint set which describes the feasible set of conditional distributions
under the (1 — «)-conditional subpopulation objective, we can derive the worst-case
conditional distribution. Here, since Y, O are both binary, the expected loss under a new
distribution P, is given by

Enll] = u(0,y)Pa(0 = o]V = y)P(Y =)
Y,0

which we can write in terms of the constrained probabilities P, as follows, where ¢11 ==
PrL(O =1]Y =1) and q19 == Pr(O = 1Y = 0)

P(Y = 1)[(L, g + p(0, 1)(1 = qu)] + P(Y = 0)[u(1, 0)g10 + (0, 0)(1 — q10)]

which also gives us a direction in which the loss is maximized, since the loss is given by

Epll] = qui - P(Y = 1) - (u(1,1) = (0, 1)) + quoP(Y = 0) - ((1,0) — p(0,0)) + C (B.6)
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Figure B.5.: Feasible sets, worst-case directions, and worst-case solutions for a (1 — «)
subpopulation shift in the conditional distribution P(O|Y") for differing val-
ues of a. Worst-case directions are computed using (B.6), as unit-norm
vectors re-scaled to fit in the plot, and the colored dots give the worst-case
solutions, all of which lie in the lower-right corner of the constraint set. The
original conditional distribution is given by the black dot.

where C = P(Y = 1)p(0,1) + P(Y = 0)u(0,0). Since ¢i1,q10 can be optimized in-
dependently, the worst-case solution is given by taking the maximum value of ¢q; if
w(1,1) > p(0,1) and the minimum value if u(1,1) < w(0,1), and likewise taking
the maximum value of qig if ©(1,0) > ©(0,0), and the minimum value otherwise. If
wu(1,1) = p(0,1) or p(1,0) = p(0,0), then the objective is unaffected by the choice of g1
or qio respectively.

Visualizing the worst-case conditional distributions The worst-case directions
on the probability scale, and the resulting worst-case conditional distribution obtained by
solving (B.4), are given in Fig. B.5. The red line arrow visualizes the direction from (B.6),
and the worst-case distribution is the point which is furthest in this direction in the
constraint set. Here, we are finding the worst-case accuracy of the same predictive model
f(O, L) described in Section 4.1. We can observe that the worst-case loss is obtained
by seeking to reverse the correlation between Y and O, decreasing the probability that
a sick patient (Y = 1) gets a test ordered, and increasing the probability that a healthy
patient (Y = 0) gets a test ordered.

B.4.3. Iterating with domain experts to define realistic parametric
robustness sets

In the previous sections, we saw that (1 — «)-conditional subpopulation shift does not
always produce realistic worst-case conditional distributions. Moreover, given only the
parameter «, there is limited ability to control the nature of the resulting worst-case
conditional distribution P(O|Y’). In this section, we contrast this limitation with the
finer-grained control enabled by considering parametric robustness sets. In particular,
we argue that parametric shifts allow for end-users to customize robustness sets, ruling
out shifts that represent unrealistic changes.
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Figure B.6.: Each figure shows the set of conditional probability distributions (“CPDs”)
P(O|Y) that can be represented by a shift of (g, 01) € Ag x Ay, along with
the worst-case distribution (given by the red star) for the 0-1 loss. In this ex-
ample, the expected loss under Py is a linear function of the two conditional
probabilities (see Appendix B.4.2), where the loss increases along the red
arrow. (a) captures (nearly) all conditional probability distributions, with
Ay, A1 unconstrained. (b) shows a set of CPDs with Ay unconstrained, and
Ay = [—1, 1], with resulting worst-case accuracy of 50%. (c) shows a more
restrictive set of shifts, where Ag = [—1.05,1.05], A1 = {0}. The worst-case
accuracy in this case is 69%, comparable to the accuracy of 75% on the
original distribution.

In practice, we imagine that the following iterative process could be a useful tool in
model development: (i) Define a class of shifts with an appropriate s(Z;d) and con-
straint set A, and search for a worst-case shift 0. (ii) Present to domain experts both
the worst-case shift ¢ (in terms of summary statistics of the resulting distribution Py)
alongside the associated estimate of the worst-case loss. For instance, report both the
worst-case loss, as well as corresponding rate of testing among sick and healthy patients.
(iii) If the shift itself is unrealistic, further the constrain parameter set or shift function,
and repeat the process.

In Fig. B.6, we give a concrete example. Each sub-figure shows the set of conditional
probability distributions P(O|Y") that can be represented by a shift of (dg, 1) € Ag x Ay,
along with the worst-case conditional distribution (given by the red star) for the 0-1 loss.
Recall that we use the shift function s(Y;0) = dp + 61Y, where §p controls a general
increase or decrease in testing, while §; controls a shift in the testing rate for only sick
patients, and allows for a different change in the testing rate of sick vs healthy patients.

Iteration 1: We might imagine starting with a relatively unconstrained robustness
set, where §p and ¢; are unconstrained. Figure B.6a shows the resulting robustness set
of conditional distributions, and finds a shift with with a worst-case accuracy of 16%,
compared to accuracy of 75% on the original distribution. However, the corresponding 6-
perturbation Py is unrealistic, where all healthy patients (and no sick patients) are tested.
Luckily, because we have parameterized the shift, we can constrain the robustness set
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to exclude these types of results.

Iteration 2: A benefit of our approach is that we can refine the robustness set, with
this type of feedback in mind. In Fig. B.6b, we restrict the support of é; to [—1,1], to
avoid large changes in the relative probability of testing sick vs healthy patients. Here,
the resulting worst-case accuracy is much higher (50%), but the corresponding worst-
case conditional probability distribution is perhaps still unrealistic: No patients undergo
laboratory testing at all!

Tteration 3: Finally, we consider only shifts that affect all patients in a similar way,
generally raising or lowering the conditional probability of a lab test, represented by
shifts in &y alone. This may correspond to a more realistic scenario where (in a new
hospital) laboratory testing use is more or less constrained. Additionally, we can specify
that this shift should decrease testing rates by at most 20%, which translates directly into
a lower-bound on 6y.* Figure B.6c shows the resulting robustness set of distributions,
where the worst-case shift may seem more plausible: A reduction in testing rates for both
populations. The worst-case accuracy in this case is 69%, comparable to the accuracy
of 75% on the original distribution.

B.5. CelebA: Experiment details and additional results

In this section, we give details of the computer vision experiment in Section 4.2.

B.5.1. Details for the experiment

Creating the training distribution To construct the training distribution P, we use the
conditional GAN in Kocaoglu et al. [2018]. In particular, we use their CausalBEGAN,
which is an extends the boundary equillibrium GAN [Berthelot et al., 2017] to also take
attributes as inputs. We train the Causal BEGAN using the default hyper parameters
in the implementation provided by Kocaoglu et al. [2018], available under the MIT
license. The model is trained for 250,000 iterations on a single GPU, taking around
approximately 16 hours.

Similar to Kocaoglu et al. [2018], we use the CelebA dataset [Liu et al., 2015], which
contains approximately 200,000 images of faces, along 40 binary attributes. Of those,
we use the following attributes 9 attributes {Male, Young, Wearing Lipstick, Bald, Mus-
tache, Eyeglasses, Narrow Eyes, Smiling, Mouth Slightly Open}. The CelebA dataset
is licensed for non-commercial research purposes only, and consists of publicly available
images of celebrities, which were collected from the internet. Although the data set has
been widely used, Liu et al. [2015] do not make any mention of consent by the individ-
uals to have the images included in the data set, and it is therefore likely that those
celebrities did not provide consent.

4In Proposition B.1, we prove that for binary random variables with a shift n(Z) + ¢, there is a one-
to-one mapping between a new marginal distribution (P(O = 1) in this case) and the value of the
parameter 9.
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Age Gender
Eyeglasses Bald ustache Smlhng earing Lipstick
Mouth Slightly Open Narrow Eyes

Figure B.7.: Causal graph over attributes, where lightning bolts indicate changes in
mechanisms. Also displayed in Fig. 4.

Training distribution over attributes For the training distribution, we simulate binary
attributes according to the structural causal model in Fig. 4 (for convenience also copied
to Fig. B.7), where the model parameters are

P(Young =1
P(Male =1

)
)

P(Eyeglasses = 1|Young .0 — 0.4 - Young)
P(Bald = 1|Young, Male —3.0 4+ 3.5 - Male — Young)

) = (0.0

) = (0.0

) =

) =
P(Mustache = 1|Young, Male) = o(—2.5 + 2.5 - Male — Young)

)= o

)= o

) =0

) =o(

0.
0.
0

P(Smiling = 1|Young, Male 0.25 — 0.5 - Male 4 0.5 - Young)
P(Wearing Lipstick = 1|Young, Male 3.0 — 5.0 - Male — 0.5 - Young)
P(Mouth Slightly Open = 1|Young, Smiling —1.04 0.5 - Young + Smiling)
P(Narrow Eyes = 1|Male, Young, Smiling —0.54 0.3 - Male + 0.2 - Young + Smiling),

where each variable either takes the value 0 or 1 and o indicates the sigmoid. To generate
data, we first simulate attributes from this binary Bayesian network, which we then pass
as inputs to the GAN to simulate images (in addition to the random noise used by
the GANs to simulate different images). In Figs. B.8 and B.9, we plot examples of the
training images that were generated.

Predictive model We simulate a training set of 12,000 attribute-image pairs, and a
validation set of 2,000 pairs. The training set is used to fit a classifier f, and the
validation set is used for model selection. To build a classifier f, we use the ResNet-50
[He et al., 2016] model implemented in the python package torch. We add a final fully
connected layer to adapt the ResNet model to a binary classification task, and fine-tune
the model on the training data by (only) learning the weights and bias of the final layer.
The model is trained using the negative log-likelihood criterion and an ADAM optimizer.
The model is trained for 25 epochs and we select the model which after a full epoch had
the best validation set performance. Given the learned model f, we simulate a separate
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validation dataset of n = 1,000 samples, and make model predictions f(X). We then
compute the model accuracy as £ = 1{f(X) = Y}, which is the input to computing the
shift gradient and Hessian.

Estimation of shifted loss We apply the methods in Section 3.2 to estimate the worst-

case shift to the distribution P (given by the binary probabilities above). For each condi-
tional P(W;| PA(W;)), we consider a shift s, (PA(W;)) = n(PA(W;))+>".c 2 1{PA(W;) = 2} &,
which corresponds to arbitrarily shifting the conditional distribution (see Appendix B.3.4).

For example, for W; = Bald, where n(Young, Male) = —3.0 + 3.5 - Male — 1.0 - Young,

the shift would be

0Bald,0, Young = 0, Male = 0

dBald,1, Young = 0,Male =1

N5gaq (Young, Male) = n(Young, Male) + (B.7)

0Bald,2, Young = 1,Male =0

(5Bald,3a Young = 1, Male = 1.

For each W;, this means that d; is RQ‘PA(WM, and in total § = (d1,...,d3) € R3 (we do

not consider shifts in the distribution of gender, since this is the label we are predicting).

We compute the shift gradient and Hessian using Theorem 1. In particular, since W;

is binary, the sufficient statistic is T'(W;) = W;, so the shift gradients and Hessians given

by Appendix B.3.4. See Appendix B.3.1 for a detailed walk through of computing the
shift gradient and Hessian from a sample.

For any given §, the shifted distribution of W; is given by Ps(W; = 1|PA(W;)) =

o(ns;), where ns, is computed similar to (B.7), and o is the sigmoid function. Then the
importance sampling weights are given by

8
1y 2015, (PA(WA))
“’“E o(n(PA(W))

Using these, for any 0, we can estimate Es[¢] by EA(;,IS and EA(;,Taylor using (6) and (8),
respectively.

B.5.2. Full table of worst-case shift in Section 4.2

In Section 4.2, we find the worst-case shift §, and display the 5 largest components. In
Table B.2, we display the full vector § € R3!, sorted by absolute value of the size of the
component.

B.5.3. Sample images from training distribution in Section 4.2

In Fig. B.8, for the 4 attributes {Bald, Smiling, Wearing Lipstick, Male}, we display
images generated from the training distribution P (i.e. by the GAN) with that particular
attribute. In Fig. B.9 we show 10 randomly drawn images from the training distribution
P as well as the test distribution Ps corresponding to the worst-case d found in Section 4.2.
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Conditional 0;
Bald — Male= 0, Young= 0 0.899
Bald — Male= 1, Young=1 -0.800
Bald — Male= 1, Young= 0 -0.680
Wearing Lipstick — Male= 0, Young= 1 -0.618
Wearing Lipstick — Male= 0, Young= 0 -0.543
Eyeglasses — Young=1 0.507
Mustache — Male= 1, Young= 0 -0.476
Mustache — Male= 0, Young= 0 0.449
Mustache — Male= 1, Young=1 -0.415
Eyeglasses — Young= 0 0.399
Smiling — Male= 0, Young= 0 -0.261
Wearing Lipstick — Male= 1, Young= 0 0.205

Narrow Eyes — Male= 0, Smiling= 0, Young=0 0.192
Mouth Slightly Open — Smiling= 1, Young=1 0.191
Smiling — Male= 1, Young= 0 0.183
Narrow Eyes — Male= 1, Smiling= 1, Young=1 0.179
Mouth Slightly Open — Smiling= 0, Young=1  -0.153
Mustache — Male= 0, Young= 1 0.133
Bald — Male= 0, Young=1 0.128
Mouth Slightly Open — Smiling= 1, Young=0  -0.127
Narrow Eyes — Male= 0, Smiling= 1, Young=0 -0.125
Wearing Lipstick — Male= 1, Young= 1 0.123
Narrow Eyes — Male= 1, Smiling= 1, Young=0 -0.117
Narrow Eyes — Male= 0, Smiling= 0, Young=1 0.106
Young — No parents 0.092
Narrow Eyes — Male= 0, Smiling= 1, Young=1  0.057
Narrow Eyes — Male= 1, Smiling= 0, Young=1 -0.050
Narrow Eyes — Male= 1, Smiling= 0, Young=0 -0.039
Mouth Slightly Open — Smiling= 0, Young= 0 0.028
Smiling — Male= 1, Young=1 0.028
Smiling — Male= 0, Young=1 0.017

Table B.2.: Worst case shift in the § € R identified by the Taylor approach in Sec-
tion 4.2. Each entry corresponds to a shift in a conditional distribution
given a particular outcome, and the squared sum of the entries equal \? = 4.
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Smiling

Figure B.8.: Examples of images from the training distribution P. Each of the four
groups (Bald, Smiling, Wearing Lipstick, Male) show training images who
have that characteristic.

Training

Figure B.9.: Examples of images from the training distribution P and the test distribu-
tion Ps that is characterized by the worst-case shift J, see Fig. 4.

B.6. Proofs

B.6.1. Proof of Proposition 1

Proposition 1. For any Ps(V),P(V) that satisfy Definition 4, supp(P) = supp(Ps) and
the density ratio ws = Ps/P is given by

ws(V) = exp (Z si(Zs; 5¢)TTi(Wi)) exp <Z h(mi(Z:)) — h(n(Z:) + si(Zi; 5i))> -
=1 =1
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Proof. By Definition 4 and Assumption 1, we have that

Ps(V)=][®sWilz)) ] P(V;IU;)

i1 V,eV\W
=[[rwilz)) ] PW;lUy.
i=1 V;eVAW

It follows that the supports of Ps and P are the same: Since the exponential family
density is given by the base measure g;(W;) times a exponential term (which is always
strictly positive), and since the terms ]_[Vj eviw P(V;j|U;) are shared between Ps and P,
their supports agree.

To get the density ratio, we take the ratio of Ps(V) and P(V), and the terms V; €
V\ W cancel:

Ps(V)
P(V)
Py, (WilZ)
P(WiZ;)

ws(V) =

’,:13

By Definition 4 and Assumption 1, each Ps,(W;|Z;) is a d;-perturbation around the CEF
distribuition P(W;|Z;), so plugging in the exponential family densities, we get

g(W)eXp<{m( )+ 5i(Zis 63} TTUOW) — hi<m<zz->+si<zi;6i>>)

ws(V) =1
i=1 g(W;) exp <?72(Zz)TTz(WZ) - hz(m(Zz))>
= TTexw (52 00T07) ~ han(20) + 5(2660) + o 2)
=1
— exp (Z si(Zi; 51)T1(W)> exp <Zh@(m(zl)) hi(0i(Z;) + si( 2336 ))>

B.6.2. Proof of Theorem 1

Theorem 1 (Shift gradients and Hessians as covariances). Assume that Ps,P satisfy
Definition 4, with intervened variables W = {Wy, ..., Wy} and shift functions s;(Z;; 0;),
where § = (61,...,0m). Then the shift gradient is given by SG* = (SG1,...,SGL) € R%

where
ZZ> :| y

SG! =E [Dzlcov <e, Ty (W;)
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and the shift Hessian is a matriz of size (ds X ds), where the (i, j)th block of size ds, X ds;
equals

B [DiT,l cov (57 gTi\Zi5£|zi’Zi> Dz‘,l} —E [5 : DiT,25T|Z} =]

{SG?}i; = o
COV('€7 D;I:lgTi|Zi€£|Zij71) ? #]7

where D; j, 1= V’gisi(Zi;éi)b:O, is the gradient of the shift function for k = 1, and the
Hessian for k = 2. Here, T;(W;) is the sufficient statistic of P(W;|Z;) and e, 7, =
T,(W;) — E[T(W)| Zi].

Proof. For simplicity throughout, we use hz(l) to denote the gradient of the log-partition
function Vh;(-) with respect to the arguments, which is a column vector of length dr;,

and we use h§2) to denote the Hessian V2h;(-), which is a matrix of size dr, x dr,. We
also use 7, (z;) as short-hand for 7;(z;) + s;(zi; 0;).

Shift Gradient: By Definition 4, the probability density / mass function Py factorizes
as follows, where § = (d1,...,0m)

Ps(V)=[ ] Ps(Wil2) I PviPAW)) |, (B.8)
W,eW V,eV\W

and the gradient with respect to shift parameters ¢; is given by

Vs,05(v) = ps(v) Vs, log ps(v) = ps(v) Vs, log ps, (wizi)

where the last equality follows from additivity of the log-likelihood in the conditionals,
the factorization above, and the fact that §; only enters into the given conditional dis-
tribution. Given the assumed form of log ps, (w;|z;) given in Definition 3, we can observe
that

Vs, log ps, (wilzi) = Vs, [(mi(z:) + si(240:)) " Ti(ws) — hi(n(z:) + si(2136:))
= (Vs,5i(2::6:))  Ty(wi) — (Vs,5i(2136:)) T Vhi(n(z:) + si(2i:0:))
= (Va,si(2i50:)) " (Ti(aws) — bV (s, (20))) (B.9)

where Vs, s;(2;;0;) € R %% and Vh(n(z;) + si(2i;6;)) is the gradient of the function
h; : R — R, which is a column vector of length dr,. It follows from known proper-
ties of the log-partition function [Wainwright and Jordan, 2008, Proposition 3.1], that
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WY (s, (2:)) = Es[T,(Wi)|z]. This gives us that
Vi Esll] = B [0 (V,5:(2i:6)) (T:(W:) — Es[Ti(Wh) | 23]
= s |(Va,s:(Zi380)) Esl( - (T(W:) — Bo[Ti(W))| 21)) 21
= Es |(Vs,8:(2538:)) " covs(6. T:(W0)| Z0)|
where the second equality follows from the tower property and Z;-measurability of
Vs.si(Z;;6;), and the final equality follows from the definition of the conditional co-
variance. This expression, evaluated at § = 0, gives us the desired result, that

SG = Vs Eslll],_o = E [ D], cov(6, (W) Z)]

where D; 1 = Vs,5i(Z;, 6;)|s=0. The result follows from the definition that gradients are
taken entry-wise, giving SG* = (SG1,...,SGL) € R%1+dom

Shift Hessian (Diagonal): For the shift Hessian, we first compute the diagonal
entries of V2E;[¢]|s=0, which are blocks of size R%:*%:. We begin by computing the
Hessian of the likelihood.

V3 ps(v)

v, <p5<v>v5i log ps, <w,~\zz~>>
() ((v&. log ps, (1 1)) %2 + V3, log ps <wirzz->)
— ps(v) ({va,-Si(zi;csz-)}T(Ti(wi) — Y (05, (20))) “2 (V5,125 60) }
— (V25125360 ) (Ti(wi) — B (n5,(22)))
(Vi 80) TR (6, (20)) V50 5»}),
— ps(v) ({Vaisi<zi; 517 ((ﬂ-(wn D (5, (20)))® h?)(nai(zz-))) (Vs.51(z2:61)}

(VR 00} (Ti) h§”<n5i<zi>>))

where we use the notation v®2 := vov, and we note that Vgis(zi; d;) is a tensor of size
dr, x ds, X ds5,, and {Vgl si(zi; 51)}Th§1)(-) is a matrix of size ds, x ds,, where the (m,n)’th
entry is {%%s(zi; 6i)}Th(1)(-).

Now, using the fact that () (15, (2)) = Es[T;(W;)| 2] and h®) (ns, (2;)) = vars[Ti(W;)| 2]
[Wainwright and Jordan, 2008, Proposition 3.1], and the definition ez, 5, = T;(W;) —
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Es[T;(W;)|Z;], we obtain

Vi, Es[(]

— By |0 (a2} (5%, — vans(TOV) ) ) (V45266

— Es [f A{V3 s:(Zi; 5i)}T5Ti\Z1}

= ]E5 {Vdisi(Zi; (51)}T COVy§ <€, 5%2|Zi

Zi) {véisi(zﬁ(si)}]
~Es [0 {V35:(Z30)} ez,
which gives the desired result when we evaluate at 6 = 0.
Shift Hessian (Off-Diagonal) For ¢ # j, we have that

V5, Vs;ps(v)

= Vs, (ps(v) Vs, log ps,; (w;lz;))

= Vs5,(ps(v) Vs, log ps, (w;]25))

= p5(v) Vs, log ps, (wil z:) (Vs, log ps, (wj|z;)) |

— ps(0) ({vaisxzz-;éz»)f(n(wi) - hgl)(nai(zz‘)))>
]
({vgj 55232 0,)) T (T ) — hé”(naj(zj-))))

where the third line follows from the fact that Vs (Vs logps, (w;]z;)) = 0, and the
last line follows from the derivation of the gradient of the log-likelihood in (B.9). We

can again use the fact that hz(l)(ngi(Zi)) = Es[Ti(W;)|Z;] and the shorthand er, 5, =
T;(W;) — Es[T;(W;)| Z;] to write that

V(;Z.V(;j Es[¢]
= 55 [ (Vi) ()~ 02
(1) !
(7300) = 105, (0 ) (7550250
and when we evaluate this expression at 4 = 0, we obtain
V(;Z,V(;].E(;[E] ‘6:0 = [ﬁ . Di—,rlgTHZi (ETj\Zj)TDj,l] = COV(K7 D;l,—lgTi\Zig;’rj\Zij,l)'
Where the last equality follows because IE[DlT 16T\ Z; 5% Z, Dj;] = 0. To see this, note that

one of W;, W; must be a non-descendant of the other, and we will assume without loss
of generality that W} is a non-descendant of W; in the causal graph consistent with the
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factorization given in (B.8), which implies that Z; (the parents of W; in the underlying
graph) are also non-descendants of W;.Thus, W; 1L (W;, Z;)|Z;, because (W}, Z;) are
both non-descendants of W;. Then, observe that D;; is a function of Z;, and &g,z
is a variable with zero-mean conditioned on Z;. Thus, IE[D;r 161312;|1 2] = 0, for all Z;.
Moreover, given Z;, we have that DZ 161;|7; 18 independent of D;laTﬂ Z;- As a result, we
can write that

E[D]\en 61,17, Dj1] = EIE[D 61267, 7, D)1 | Zi]]

E[E[D] 12| Z:)Eler, 7, D)1 Zi]]
E[0 - Ele, 5, Djal Zil]
0

B.6.3. Proof of Corollary 1

Corollary 1 (Simple shift in a single variable). Assume the setup of Theorem 1, re-
stricted to a shift in a single variable W, and that s(Z;0) = 6. Then Dy =1, Dy =0,

g N

where T'(W) is the sufficient statistic of W and ep z == T(W) — E[T(W)|Z].

SG!' =E |:COV (K,T(W)‘Z)} and SGZ=F |:COV (6,&[25;2

Proof. We have Vss(Z;8) = Vs§ =1 and V3s(Z;8) = V3§ = 0. The result now follows
from Theorem 1. O

B.6.4. Proof of Theorem 2

Theorem 2. Assume that Ps, P satisfy the conditions of Theorem 1, with a shift in a
single variable W, where s(Z;0) = 6. Let Es, Tayior be the population Taylor estimate
((7)) and let o(M) denote the largest absolute value of the eigenvalues of a matriz M.
Then

< %t&[(l)pl] U(COVt~6(€>5t-6,TZE;|.—5,Tz) - COV(£7£O,T|25(—|):T2)> : H5||27
€0,

E6 [f] - E6, Taylor

where T'(W) is the sufficient statistic of W|Z and ey.5pz = TW|Z) — E5[T(W|Z)].

Proof. The expectation is continuous and twice-differentiable with respect to ¢, because
of the smoothness of the exponential family in the parameter, the fact that the shift
function s is twice-differentiable, and because the support does not change. Thus, ap-
plying Taylors remainder theorem to the function ¢ — E;s[¢], it follows that there exist
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a to € [0,1] such that

Eralf] - Baslf] - (#Eesl0) (B.10)

— (;(ﬁm.ém)
t=0

= SG! and by the same arguments (see the proof of Theo-
t=0

rem 1), it follows that ( dZtEt 5[6])

t=to

We have (C‘ftEt.g [E])

= 0" covy.s(, Et 6T|Z)5' Plugging this in, and
t=to

subtracting 26" SG?§ on both sides of (B.10) yields

E(S [E] - E5,Taylor

;5T(covt0.5(€,5t 6T|Z) COV(5750T|Z))5’

<% sup 5T<C0Vt-6(€75t5T|Z) COV(£’60T2)>5‘

t€[0,1]
Let K := <c0vt.5(€,et5TZ) cov (¥, eg%z)). Since K is symmetric and real valued,
it is diagonalizeable, K = UTAU for an orthonormal matrix U and diagonal matrix
A = diag(ay, ..., aq). We then have
6T K6 =6 UTAUS|
= [(AY2U8) T (AY2U )|
= [|AY2Us13
A2 1311613
a(K)]6]13,
where A2 = diag(\/a71, . .., /q), || - ||2 denotes the supremum-norm when applied to
matrices and the 2-norm when applied to vectors and ||Ud||2 = ||6]|2 because [|U§||3 =

STUTUS =676 = ||6]|2, using orthonormality of U. Plugging in this inequality, we get
that

IA

E6 [g] - Eé,Taylor

< %tzl[él)l]tr(covt.a(& 5t5T|z) cov(l, e, T|Z)) 15113,

which concludes the proof. O

B.6.5. Proof of Proposition B.1

Proposition B.1. Consider a binary random variable W with conditional distribution
Bs(W = 112) = o(n(2) + )

for an arbitrary measurable function n(Z) whose range is the extended real numbers
n(Z) € RU {400, —0}. Let py :=P(n(Z) = +0), p— :=P(n(Z) = —), and assume

238



B.6. Proofs

that py +p— < 1. Then, the marginal probability
=Ps(W =1)

is a strictly monotonically increasing function of 6 € R whose range is (p+,1 —p_),

Proof. Let F' denote the event that n(Z) is finite (i.e., n(Z) ¢ {—o0,+00}). Under F,
the conditional probability function o(n(Z) + J) is a strictly monotonically increasing
function of §, and if n(Z) € {—o0, 400}, then the conditional probability is a constant
function of ¢ (zero or one, respectively). Hence, we can write that

Ps(W =1) =Ps(W =1|F)(1 —py —p-) +p+

and by assumption, 1 —p4 —p_ > 0. The marginal probability Ps(W = 1|F) is a strictly
monotonically increasing function of §, with a limit of 1 as § — oo, and a limit of 0 as
d — —oo. As a result, it is bounded in (p4,1 —p_). O

B.6.6. Proof of Lemma B.1

Lemma B.1. Suppose A ~ N (u,X) and that (X,Y, H) are generated according to (B.2).
For v € R define £ := (Y — " X)2. Then there exist Uy, Uy y € R4 such that for all
shifts 6 € R4 ;

Es[f] = B[] 40wy + %51—1)7015,

where Eg corresponds to taking the mean in the distribution where A ~ N(u + 6,%).
Further uy,, =0 if p=0.

Proof. Tt follows from (B.2) that one can write (X', YT, H") = (1 — B)"'{(MA + ¢),
and for a given +, there exist by, k, such that ¥ — 7TX = b;r A+ /11 ¢ [Rothenh&usler
et al., 2021]. In Ps, we can write A = p+ 0 + €4, where e4 ~ N(0,), for all values of
w and J. Plugging this in yields

Es[(by A+ k) e)?]

[(b] (46 +ea) + K] e)?]

(b) (n+ea)+£"e)?] + (2] u)5 by + 0 bybl 6
(

Y =T X)% + (2by 11)8 by + 6T byb] 6.

Es[(Y —~v"X)?

Es
E[
E[

where we do not put a subscript on the expectation in the third line because it is taking
expectations over €4 and &, both which do not depend on the choice of © and §. The
statement of the lemma follows by letting u, , = QbI p and vy, = \/va. O
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B.6.7. Proof of Proposition B.2

Proposition B.2. Suppose A ~ N (u,X) and that (X,Y, H) are generated according to
(B.2). Then the shift gradient and Hessian are given by

SG =cov((,27'4)  and  SGZ=cov({, N A—p)(A—p)'8T)
and the loss under a mean shift of § in A is given by
Es[¢] =E[¢] + 6 SG' +167 SG? 4,
where £ := (Y —~ " X)? and Es corresponds to taking the mean in the distribution where

A~N(p+46,%).

Proof. Similar to Lemma B.1, we rewrite Y — ' X = b;r A+ k'e, and by rewriting
A=p+06+ea, where e4 ~ N(0,X), we obtain

Es[(Y — 7" X)?] =E(by (1 +ea) +r'e)? (B.11)
+ (2by )3 b (B.12)
+6"bb'" 6. (B.13)

We recognize that (B.11) equals E(Y — ' X)2. Similarly, we now show that (1.12)
and (B.13) match the shift gradients (multiplied appropriately with §).

First, we assume that ¥ = Id. Since A is a Gaussian with (known) mean Id, the
sufficient statistic is T'(A) = A. Hence, according to Theorem 1, we can compute the
shift gradient as

SG! = cov(A4, ) = cov(A, (Y — 7 X)?) = cov(A4, (bj/—A)2).
We can calculate the ¢’th entrance of this vector as:

SG! = cov(4;, (b] A)?) = cov(4; — s, (b A)?))
= COV(AZ' — Ui, b,QWAZQ + 2 Z bibinAj)
J#i
= b?y,i cov(A; — pi, A?) + 2b. Z bj cov(A; — pi, AiA;),
J#i
where in the first equality we use that subtracting a constant doesn’t change the covari-

ance, and we use independence of A; from A;A; when i ¢ {j,j'}. Using the assumption
that A; has unit variance, we now get that

cov(A; — pi, A7) = BA} — A7) = (1 + 3ps) — i +1) = 2p
cov(Ai — pi, AiAj) = E[A} — A E[A)] = (i + 1 — pif)pg = pj.
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By plugging in, we obtain
SG (i) = 262 41 + 2015 by
J#i
= 2by:b] pu.
Since this was element-wise, we obtain that the full vector is SG! = Zbe;r 1, which, when
multiplied with § yields (B.12).

We compute SG? similarly. The diagonal entries are given by

8G2, = cov((A; — )%, (b] A4)?)
= cov((As — )%, 02 AT 4+ 03 Y by jAGA))
J#i
= b'Qy,i COV((AZ‘ — ,U,Z‘)Q, A?) + b%i Z b%j COV((AZ‘ - ,u,i)Z, AZA])
J#i
Because X = Id, the second through fourth moments of A; are given by E[A?] = p? + 1,
E[A?] = p? + 3u; and E[A}] = uf + 642 + 3. Using this, we get
cov((Ai — m)*, A7) = E[A} — 20, A7 + 157 A7) — E[(A; — :)*JE[A]]
= (i + 64 +3) = 2pi (s + 3pa) + i (1 +1) = 1+ (4 + 1)

=2,
and for j # i
cov(As — j15)2, AiAy) = cov(( A — i), (As — 1) Ayg) + cov(As — 1), 1iAy)
= cov((4; 1)27( pi)Aj)
= E[(A; — 1)’ JE[4;] — E[(A; — 1) |E[(A; — p1i)[E[A]
=0-0,

using linearity of the covariance, that A; I A; and that the first and third moments are
zero for a centered Gaussian A; — p;. Plugging this in, we get that the diagonal entries
are given by

SG7,; =202 ;.
We can compute the off-diagonal entries similarly. For i # j, we have:
SG2, = cov ((Ai )45 — ), (B.14)
b2 AT 02 AT+ 2by b jAA; +2 > by ibyyAiAy + bwbwAjAv)

V@4t T Py,
ve{ij}
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Using the independence of A; and A;, we have
cov((Ai — i) (A = 17), A7)
— E[A2(As — i) | E[A; — 1]~ E[A; — ui] E[A; — i |E[A7

=0 =0

=0,
and similarly cov((A4; — p;)(A4; — pj), A2 7) = 0. Using the same reasoning, for v ¢ {3, j}

cov((Ai — pi) (A5 — p5), AiAy)
= E[(Ai — 1) AiE[A; — 1y E[Ay] — E[(Ai — 1) JE[A]E[A; — ;] E[A]
0,

and the same for cov((A; — 1) (A; — 15), A;Ay). Finally, we have

cov((Ai — wi)(A; ) AiAj)

= E[(Ai — i) AE[(A) — pj) Aj] — E[(A; — ) |E[AJE[(A; — ) ]E[A;]
= E[(A Mz)Az]E[(A - Nj)Aj]

= E[AZQ - NIAZ] [A2 Aj]

= [ + 1) — @113 + 1) = p3])

Plugging into (B.14), we get that
SG7; = 2by,iby.
and hence for both diagonal and off-diagonal entries, SG?J = 2by;b, j, implying that
SG? = 2b,b] .

In particular 36" SG? § matches (B.13).

Finally, we consider the case ¥ # Id. Let £~/2 be the ‘square-root’ of ¥, such that
»~1/25=T/2 (where the latter denotes (X~1/2)T .

The sufficient statistics for the mean in a multivariate Gaussian distribution with
known variance is given by T(A) = £~ A. We then have

SG! = cov(S7'4, (b] A)?)
2—1/2 COV( —1/2A ((21/21)7)7'2—1/214)2)
= X2 covi(4, (b] A)?),

where A = 27124 =~ N(fi,1d), i = £~ Y2y and l~) = El/zb . In particular, since A

*Formally, if 571 = UAUT where A = diag(\1,..., A, ), define X~ Y2 .= U diag(vVAq, - - v/ Ady)-
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has unit variance, we can use the above derivations to obtain
SG! =25 7V2(byb] fi) = 2byb] p.
In particular, the first shift gradient is the when ¥ # Id as when 3 = Id. Similarly,
SG2 = cov(Z (A — ) (A— ) TS, (b A)?)
_ COV(E_1/22_1/2(A o ,Uf)(A - M)TE—T/2E—T/27 (El/Qb-y)TE_I/QA)2)
=2 eova((A- (A~ )", (b A=~/
—1/267 7 Ty—T
=x122p,b] n T/
= 2byb].

Hence, also when ¥ # Id, the terms of (B.12) and (B.13) matches the expression given
by SG! and SG2. This concludes the proof. O
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C.

Appendix to Regularizing towards Causal
Invariance: Linear Models with Proxies

Supplementary Materials

The supplementary materials are organized as follows

C.1.

(Appendix C.1): First, we give a simple 1D example to build intuition for the
theoretical results.

(Appendix C.2): In the context of Section 3.1, we give a concrete example to
demonstrate the non-identifiability of Qy, defined in (12). We focus on the simple
case when W is one dimensional, and the matrix Qy reduces to a single number
oW o= 5{%{//(5124/ + 0{2,[/), indicating the signal-to-variance ratio of W. We give an
example of an observed distribution for which py is not identified, and moreover,
the optimal predictor with respect to the robustness set C4()\) is not identified
(see Fig. C.2).

(Appendix C.3): Proofs for results stated in the main paper.

(Appendix C.4): Additional results (and proofs) for Proxy Targeted Anchor Re-
gression (PTAR) and Cross-Proxy TAR, deferred from the main paper.

(Appendix C.5): Details for implementation of all experiments

(Appendix C.6): Additional synthetic experimental results

An example for building intuition

To illustrate the problem, consider the following setup, where we observe A, XY at
training time, and wish to learn a predictor § = « + yx that will generalize to a new
environment where P (A) # Py, (A).

A

N

X Y

Figure C.1.: Simple example where X,Y, A € R.
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Suppose that our data is generated under Py, as follows

A=eq, ea~N(0,1)
X =A+ey, ex ~N(0,0%)
Y:A—|—€y, 5% NN(O,O‘%),

where €4, ex, ey are jointly independent. This simple example demonstrates a few con-
cepts:

e Assuming 0% > 0, the conditional expectation E[Y | X] changes as the distribution
of A changes.

e We can write the residuals Y — Y as a linear function in A and the noise variables.
This holds, even if the errors are non-Gaussian.

e The test population MSE is a convex function of «, .

In particular, we will see that the parameters «, trade off between the variance of A
and ex: There exists an invariant solution, where a = 0,7* = 1, such that the MSE is
completely independent of A, but this is only optimal in the setting where var(A4) — oc.

Conditional Expectation depends on A Starting with the assumption that A, X,Y

are multivariate Gaussian, we can write down the optimal predictor in the target envi-
d
ronment, supposing that at test time Py (A) @ N(pa,o?).

covee(X,Y)
B[V | X = 2] = B [V] 4 20 2) (R, (X
elY | x] te|Y] + vary (X) (xz te| X])
2
_ TA (o,
_MA+UZ1+U§( (x MA)
¥

= pa(l =) + 7y,

where if ex = 0, then v = 1 and the optimal solution does not depend on the parameters
of A, and is given by
Ei[Y|X = 2] = . (C.1)

However, for any o2 > 0, the optimal solution under P.(A) depends on ji4, 0124.
Rewriting residuals Regardless of whether the Gaussian assumption holds, for a given

predictor Y = a+ yx, we can write the error Y — Y as a function that is linear in A and
the noise variables

Y -Y=(A+ey)—v(A+ex) —a
=A(l—7)+ (ey —vex — ).
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Optimizing for a known target distribution The mean squared error E[(Y — }})2] can

be written as a function of «,~, and the mean and variance of A under P;.(A). Here,
all expectations are taken with respect to the test distribution.

Erel(y — 9)%] = Eee[Erel(y — 9)° | Al
= a? — 2aE.[A](1 — )
+ (1= 7)°Eee[A%] + 7202 + 0. (C.2)

By first-order conditions, this expression is minimized by

2
* 0A

o = pa(l —~") V= (C.3)

2 2
o3+ ox

When 6% — oo, then v* — 1 from (C.3). This is intuitive, because in (C.2), v = 1
renders the MSE functionally independent of the distribution of A.

Optimizing for a worst-case distribution (C.3) shows the optimal solution under a
known target distribution, if 4, 0124 were known in advance. However, a similar intuition
applies to the case where Py (A) is unknown, but we expect it to lie in a particular class.
Consider interventions of the form do(A = v), where we constrain v to lie in the set of
random variables C'(\) := {v : E[v?] < A}. In this case, our worst-case loss is given by

sup E,[(Y - V)7
veC(A)
= sup (1—7) [~2aE[v] + (1 — VE[?]
veC(N)

+a? +7%0% + o,

where the last line does not depend on v. We observe that a* = 0, by analyzing two
cases. First, if v = 1, then the first term is eliminated, and the only term that depends
on a is 2. Second, if v # 1, then (1 —~)? > 0, the first term is partially maximized
when E[v?] = A, and if a # 0, then the expression can be made even larger by choosing
a deterministic » = £v/X (instead of e.g., a random v ~ N(0,?)), depending on the
sign of a(1—7+). From this (and the presence of the o term in the second line) it follows
that o* = 0, in this case as well. When a = 0, the supremum is obtained by any random
or deterministic v such that E[v?] = \.
With o* = 0 and taking E[v?] = X in the supremum, this expression simplifies to
A2
sup E [(Y —Y) ]
veC()

=1 -9)°A++%0% + ot
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Figure C.2.: (a) SCM parameters that all give rise to the same observational distribution,
and observe that (b) the parameter y4p(4) (as if A were observed) can
diverge substantially from the solution vpsgrw), when a single proxy is
available. A = 5 for this example.

Differentiating with respect to -y, we obtain

A
a§(+)\'

*

"y:

Here, A\ trades off accuracy and stability; As A — oo, we recover the solution where
~* =1, but for situations where a§( is large and A is bounded, we are better off choosing
v < 1.

C.2. Example: Non-identifiability of ()

Overview In the context of Section 3.1, we give a concrete example to demonstrate
the non-identifiability of Qyy, defined in (12). We focus on the simple case when W
is one dimensional, and the matrix Qyy reduces to a single number py = ,B‘Q,V / (5‘24/ +
UIQ/V), indicating the signal-to-variance ratio of W. We give an example of an observed
distribution for which py is not identified, and moreover, the optimal predictor with
respect to the robustness set C'4(\) is not identified (see Fig. C.2).

Setup If (X,Y, W) € R? is distributed multivariate normal with zero mean, then their
covariance matrix fully determines the observed distribution. Let that covariance matrix
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be denoted by X(x y,w) € R3*3 which gives us six observed moments of the distribution

E[X?]
Sxyw) = | E[XY] E[Y?]
EWX] EWY] E[W?

where we only show the lower triangular portion, since the matrix is symmetric. Suppose
that we knew that this observed distribution was generated by the following SCM, but
that we do not know the values for the parameters (fw, Bx, By, «, O'IQ/V, O'g(, 02)

Y
A::€A EANN(Oa]-)
W = 0BwA+ew Ew ~ _/\/’(070"2/[/)
X = fxA+ex ex ~N(0,0%)
Y =aX+fByA+ey ey ~N(0,0%),

where € 4, ey, €x, €y are jointly independent. We can attempt to identify the parameters
using the following relationships implied by the SCM, and matching these to the moments
that we observe

E[WY] = Bw (By + abx)
E[X?) = % + 0%

However, as we will see, this does not identify the parameters. In particular, there is a
set of parameterizations which all give rise to the same observed distribution, and which
imply different values of the signal-to-variance ratio py = 5‘24// (512/1/ + U%V).

A class of observationally equivalent SCMs Let 6 := (8w, 8x, By, a,05,,0%,0%) €
R7 be the parameters of the SCM, and let ¥ = f(f) be the covariance matrix over

(X, Y, W) implied by these parameters.

For any covariance matrix ¥, there exists a subset C' C [0, 1] such that for any py € C,
we can write the parameters as a function of pyy, such that f(6(pw)) = X. The set
C' is constrained by the observed moments: In particular, as we show below, py >
corr(W, X)? due to the constraint that o3 > 0, and the condition that o2 > 0 also
imposes a lower bound. In particular, for the covariance matrix below, we demonstrate
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numerically that [0.06,1] C C.

Yxyw) =

= W ©
N © W
Nl NI

We now give a strategy for constructing 6(pyw ), given a desired py (including checking
the constraint that this py € C). Suppose that W and X are positively correlated, as
in this example. Fixing some py € [0, 1], we start by writing Sy, ow as functions of
pw, Where

Bw = VEW?|pw

ot = EIW3(1 — pw).
The first constraint, that c% > 0, can be captured as follows. Let px = 3% /E[X?].
Observe that /pxpw = corr(W, X). This implies a lower bound on py, given by

pw > corr(W, X )2, since px < 1 due to 03( > 0. This also implies that px is determined
uniquely by pw, and is given by px = corr(W, X )2 /pw. From this we can write

Bx = VE[X?px
0% =E[X?](1 - px).

These choices for (8w, 03, Bx, 0% ) match the observed moments E[X?], E[W?], E[W X].
Then the rest of the parameters can be found as follows, where Sy, Bx are fixed as above

. 1 _ E[XY]E[WX]
By = o) <E[WY] E[X7 )

_E[XY] - fyBx

o E[X?]

0% =E[Y? - B — 20PyBx — ’E[X?]

where all of these are functions of pyy, in that By, Bx are functions of py,. It remains
to verify that for a given choice of py, we satisfy the constraint that o3 > 0. For
simplicity, we check this constraint computationally in the context of Example 1, for a
range of values of py, and we give the set of observationally-equivalent parameters in
Fig. C.2a, where valid values of py range over [0.06, 1].

Next we show that the Proxy Anchor Regression estimator, yp gy, differs from the
Anchor Regression estimator, y4p(4), and more so when py becomes small. This is
shown in Fig. C.2b, for A = 5, and we give the relevant computations here.
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Solution to PAR(W) If we have a single proxy, then we can write down the optimiza-
tion problem (10) as

minE[(Y —7X)%] + AE[(Y - A X)WPPE[W?] !

=min E[Y?] — 29E[Y X] + +*E[X?]
+AE[YW] — 1E[XW])?E[W?] ",

from which we obtain the optimal solution

_ E[YX|E[W?] + XE[Y W]
TYPAR(W) = E[X2E[W?2] + AE[XW]"

Solution to AR(A) First, we can write the residual as

Y -V =Y —4X

=aX +PyA+ey —v8xA—yex

= a(BxA+ex)+BrA+ey —vBxA—vex
= A((a = 7)Bx + By) + (a —v)ex + ey,

such that the expected squared error is given by

IEclo(A::l/) (Y - Y)z
= ((a = 7)Bx + By EW?] + (a —7)*0X + o7, (C.4)

and when v € {v : E[v?] < (1 + \)}, taking the supremum involves replacing E[?] with
(1+ X). Optimizing (C.4) with respect to 7, we obtain

5 (@ =B+ A+ 2 + (0 =)k + 0}

= —2Bx(aBx —vBx + By)(1+A) — 2(a —7)o%,
which implies that
0= Bx(aBfx —¥Bx + By)(1+A) + (. — 7)ok
= (af% + BxBy)(1+A) = 8% (1 + A) + aok — 0%,
so that the optimal choice of 7 is given by

(aB% + BxBy)(1 + \) + ac%
B2 (1+ A) + 0% '

YAR(A) —

If A = —1, this recovers the causal effect of X on Y, and if A — oo, this recovers a set of
coefficients that are invariant to variation in A, as can be seen by plugging the resulting
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coefficient v = a + By /Bx into (C.4).

C.3. Proofs

C.3.1. Auxiliary results

First, we show that the proof of Theorem 1 of Rothenhiusler et al. [2021] can be decom-
posed into two parts, and use this observation to simplify the proof of our Theorem 1.
Proposition C.1 establishes that £p; g can be written as a quadratic form in the structural
parameters wI M 4. Proposition C.2 is a straightforward generalization of the techniques
used in Rothenhiusler et al. [2021], and establishes that any regularization term that
can be written in this way naturally implies a robustness guarantee.

By Assumption 1, our SCM can be written in the following form, where ¢ 1L A, and
all variables are mean-zero and have bounded covariance.

X
Y | = (Id— B) " {(M4A +¢). (C.5)
H

In this context, we use the following notational shorthand,

;
wy = ((1d=B)gly,, =2 (=B ) (C.6)

such that we can write the residual as a function of both the exogenous noise € and A

as
R(y) =Y — 7' X = w, (e + MaA), (C.7)

under the training distribution. (This identity explains the valley in the loss landscape
displayed in Fig. 3: If d4 > 2, for any parameter 7y, there exist an orthogonal intervention
direction v € (w:Yr Ma)*, to which the loss is invariant.)

Proposition C.1. Under Assumption 1,

ZPLS(X7 Y) A7 7)
= w)] MAE[AATIM fw,, (C.8)

where w,, is defined by (C.6). If additionally Assumption 2 holds then

ePLS(Xa Y7 W7 7)
— w] MAE[AW TJE[WW ] E[W AT M w,. (C.9)
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Proof. The first statement follows from (6) and the observation that
E[R(y)A'] = E[w, (¢ + M4A)AT]
=w, EleA"] +w] MAE[AAT]
= w, MAE[AAT],
where we used € I A. Similarly

lprs(X,Y,W;7)

= E[R(\)W EWW | E[WR(y)]

— Elw] (e + MaAYWTEWW ] 'E[WR(7)"]
— w] MAE[AW TJE[WW ] E[W AT M w,,

where the first equality follows from (6), and the final equality follows from the fact that
el W. O

Proposition C.2. Under Assumption 1, for any A and any real, symmetric Q such that
0 < E[AAT] + \Q, any loss function of the form

0y, A) = Lrs(X,Y;57) + )\wIMAQMXwV, (C.10)

where w., is defined by (C.6), is equal to the following worst-case loss under bounded
perturbations

2
é(ﬂya A) = sup Edo(A::V)[(Y - PYTX) ]7
veC(A)

where

C\) = {v:Epw'] < E[AAT] + \Q}.
Proof. We have, making use of the fact that e 1. A, and E[e] =0
2
sup IEclo(A::zz) |:(Y - VTX) ]
veC(\)

2
= sup Egya—y (wT(5 + Mav))
Veol) do( ) [ v }

—E[(wle)’| + sup E[(w] Mav)]
- - veC(A)

=E _(wj/—s)2- + sup w:'/—MAIE[UVT]MATUJ,y
- veC(N)

—E [(w]e)?] + w] Ma(B[AAT] +AQ) M4 w,
T
v

+w) MAE[AAT| My w,
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+ )\w,IMAQMATwW
_E [(wI (e + MaA))’| + Aw] MaQM4Tw,
= 015(X,Y3y) + Aw] MaQM 4 w,

=7, A),
where in the fifth line we used the definition of C'(\). The supremum is achievable even
if v is a deterministic vector, since we can take v = \/% where S = E[AAT] 4+ AQ

. . T
and b .= M Ava. Then the supremum value is achieved by v, as vv! = 517@55

bTovTh = Z’Tfﬁig)‘% = b"Sb. To show that vv" < S, such that v € C()\), we can take

any conformable vector x to see that

and

TSw's
e (S—ww )z =2aSz— %
_ (z,b)?
- <x7 x> <b, b)
>0,
where we use the fact that (e, f) = e'Sf defines an inner product, and we apply
Cauchy-Schwarz: (z,z)(b,b) > (x,b)2. O

In the proofs for Section 3, we will occasionally make use of the following fact, which
we prove here to simplify exposition later on.

Proposition C.3. In the setting of a single prozy (i.e., under Assumptions 1 and 2)
let Qw be defined as follows

Q= EAW T EWW ] 'E[WAT]. (C.11)

Then Quw < E[AAT]. Furthermore, if }E[swe%] is positive definite, then this inequality
is strict, that is, Qu < E[AAT].

Proof. Recall that E[AA"] and E[WW ] are invertible (and hence positive definite) by
assumption. The inequality Qy < E[AAT] is equivalent to showing that S = E[AAT] —
E[AWT]E[WWT]AE[WAT] = 0. Observe that S is the Schur complement of the matrix

«==|() (i) |

if E[AAT] is positive definite (true by assumption) and S is PSD (see Zhang [2006,
Theorem 1.12b]). Since K is PSD by construction, as the covariance matrix of A, W,
this implies that S > 0.

Similarly, K is positive definite (PD) if and only if E[AAT] and S are both PD (see
Zhang [2006, Theorem 1.12a]). Under the condition that E[ewef] is full-rank, then K
is PD, and the second inequality follows. O

The matrix K is positive semi-definite (PSD) if and only
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C.3.2. Proof of additional results
Proof of (9). It follows from Proposition C.1 that
lpps(X,Y, A;y) = w) MaQa M w,

Cprs(X,Y,W;7) = w] MaQw M jw,,

where Qpy 1= E[AWT]E[WWT]_I]E[WAT} and Q4 := E[AAT] are both full rank because
E[AW ] = E[AAT]Bw and by assumptions that E[WW T],E[AAT] and By are full rank.
Hence both ¢prs(X,Y, A;) and £prs(X,Y, W; ) are zero exactly when wIMA =0. O

C.3.3. Proof of main results
C.3.3.1. Section 3

Proof of Theorem 1. We use the fact that ¢ is mean-zero and independent of both A
and W. Recall that

Cpar(W5v,A) =Lrs(y) + Mprs(W;7),

where we suppress the dependence on X,Y in the notation. Letting w. be as defined in
(C.6), it follows from (C.9) that

EPLS(X7 Y7 W7 ’Y)
— w! MyE[AW T EWW | EWAT] M]w,.

Qw

The statement then follows from the application of Proposition C.2, and the fact that
Qw < E[AAT] (by Proposition C.3), such that E[AAT] + AQy = 0 for all A > —1. O

Proof of Proposition 1. Recall that the guarantee regions are given by

Ca(\) = {v :E[ww"] < E[AAT] + AE[AAT]}
Cw(\) ={v:Eww'] <E[AAT] + A\Qw}
<E

Cors ={v: E[UVT] [AAT]},

where .
Qw =E[AW 'E[WW ]| "E[WAT].

The fact that IE[WVVTF1 >~ 0 implies Qu = 0, and this implies that Cors C Cy (\) for
A > 0. Showing Cy(\) C C4()\) amounts to showing that Qy < E[AAT], which holds
by Proposition C.3 when Efeyey,] = 0.

Next, we prove that Cyy is monotonically decreasing in the noise E[eye,], in the
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sense that if Elewey,] < E[nwn,),] then

-1
E,[AW T]E,[WW ] E,[WAT]
<EJAWTEWWT] 'E.WAT],
where E, is the expectation in the SCM where W = 3;}, A 1+ nw (and similiﬂ for E.).
Suppose that E[ewef,] < Elpwny;]. Then E,[WW T < E.[WW '] ", and since
E,[AWT] = E.JAW ], for any vector x € R%4 it holds that,
(B[ AT]a) By (W] (B, [WAT]2)
< (B WA )2) EWW T (EWAT]2).
This establishes the matrix inequality.

To conclude the proof, suppose that E[Ewé“a/] =0, dg = dw and that Sy has full
rank. It then follows that

Qu = E[AWTE[WW ] 'E[WwAT]
= E[AAT 15w (B3 EIAAT|6w) ™ Bl E[AAT]
= E[AAT 8w B E[AAT] ' B, Bl E[AAT]
=R[AAT],
such that Cy(\) = E[AAT] + Ay = (1 + NE[AAT] = C4(N). O

Proof of Theorem 2. Let w,, be defined as in (C.6). We can write the population quantity
as follows, making use of the fact that e, ez, and ey are jointly independent, and that
all errors have zero mean.

(W, Z39)

= Bl(Y X)W EZW T EZ(Y -7 X))

= Efuw] (MaA+ )W E[ZW ]
‘E[Z(ATM] +&")w,)

=w] MAR[AW TR ZW T ' E[ZAT|M}w,

= w) MAE[A(AT B + eyy)]
E[(B A +e2) (AT Bw + &))"
E[(B5 A+ ez)ATIM}w,

— wl MyE[AAT) G (BFELAA )
BLE[AATIM jw,

= w] MAE[AAT |y 6 BlAAT] 7 (57)
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BLE[AATIM{w,
— w] MAE[AATIE[AAT] 'E[AAT]M ] w,
= w) MAE[AATIM{w,

The result follows from Proposition C.1. O

In the main text, we state that the xPAR(W, Z) objective is convex in v and has a
closed form solution. We give the proof here:

Proposition C.4. Under Assumptions 1, 3 and 4, the loss in (14) is convex in vy, and
its minimizer is given by

—1
YVipar = (ZEXXT]+ ML+ L))
(2E[XYT] P+ Kg)) ,
where we define

L:=EXWTEZW | 'E[ZzX "],
Ky :=EXW |E[ZW ] 'E[ZY ]
Ky =E[XZEWZ|T'EWYT].

Proof. By Theorem 2 and (7), {xpar(W, Z;v,\) = Lar(X,Y, A;v,A), and the latter is
convex in 7, since it is the sum £1g, which is convex, and AMprs(X,Y, A;~), which is a
quadratic form by Proposition C.1 and hence convex.

Consequently optimal solution can be found by taking the gradient of £y par(W, Z;~, \) =
(s + My with respect to v and equating it to 0. Letting D := E[ZW "]™!, we can dif-
ferentiate ¢y par term wise, using (13) to rewrite £:

0=27y EXX']-2E[YX']
— AE[YW |DE[ZX "]
—AE[YZ"|D'TEWX ]
+ ML +LT),
where L := E[XW T|E[ZW T]7'E[ZX T]. Defining K; := E[XW |DE[ZY "] and K3 :=
E[XZT]DTE[WY ], and rearranging, we obtain:
YTEREXX T+ ML+ L))
=2E[YX ']+ MK + K, ),

so by transposing and solving for v, we get the expression from the statement. O
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C.3.3.2. Section 4

Proof of Proposition 2. Let w, be defined by (C.6) and for any v let b; = wIMA. We
can write the loss as follows

2
IEdo(A::y) [(Y - ’YTX - a) ]

— E[(w] (e + Mav) — )]
= E[(UJIE + wIMAV — a)2]
= El(w]e)’] + E[(w] Mav — a)’]
= E[(w] )] + E[(w] MsA)]
— Bf(w] MaA)*] + E[(w] Mav — a)’]
= (15(7) — E[(b] A)°] + E[(b]v — )]
= lrs(v) —bJE[AAT]b]
+ b E[vv by — 2E[b] v]a + o
— 015(v) +b] (E[WT] - E[AAT]) b,
- 2E[b;ru]oz + o?
={rs(7)
+0] (E[WT] - E[AAT]) by — (bTE[V])”

’)

2
+ (b;rE[V]) - 2]E[b;ru]oz + o?
T T 2
= lr5(7) + b (S — D) by + (bVE[y] - a) ,
where for any value of ~y, that minimizing with respect to « yields a* = b,I E[v], where
bI = wI M. Given that we can write the structural relationship Y —~ T X = b; A—I—%T g,

and knowing that E[e] = 0 and that ¢ 1L A, we know that b,j A is the conditional
expectation of R(y) given A. O

In the main text, we note that (16) (the objective function ¢74r) is convex in v, «,
and has a closed form solution. We prove that result here.

Proposition C.5. Under Assumption 1, the minimizer v g, apag of (16) is given by

V= <E[XXT] + E[XAT]QIE[AXTD_I
(E[XYT] + E[XAT]QE[AYT])
ot = b;,u,,,

1

where Q@ = E[AAT) ™' (S, — SA)E[AAT] ™", and b] is defined in (15).
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Proof of Proposition C.5. Let wy be as defined in (C.6) and let bI = wIMA. Since
E[(Y —~7"X) | A] = E[w;r [MaA+¢] | A] = b;rA, for any ~, bI is the linear regression
coefficient of (Y — " X) onto A, so we may write b], = E[(Y —~T X)AT]E[AAT]~!.
Plugging in the optimal value a(y) = b;r ly, we obtain

ETAR(A; My, 21/7 v O[(’Y))

= ls(7) + b5 (S — Za) by

.
=l1s(7) +E[(Y =7  X)ATIQE[A(Y 7' X) ]

This objective is convex in . The derivative of the loss with respect to vy is
“2(E[(Y - X)X ] +E[(Y -7 X)ATIQE[AX ),
and equating to 0 and solving for v yields
V= (E[XXT] +E[XAT]QE[AXT])_1
(E[XYT] + E[XAT]QE[AYT]) :
O]

We also claim in the main text that if v is a constant, then the minimizer of (16) can
be found by performing OLS using both X, A as predictors, and then plugging in the
known value v for A in prediction. We prove that result here.

Proof. 1f v is a constant, then we can write the first two terms as follows, where w, is
defined in (C.6).

lrs — by Sab,
[(w] (MAA +€))] - w] MAE[AAT]M] b,

El(w
E[(w] (MaA +€))’] = E[(w] MaA)’]
El(w 2

[(wye)’]

which is equivalent to the objective for the loss when Y, X are residualized with respect to
A (see Section 8.6 of Rothenhiusler et al. [2021]). By the Frish-Waugh-Lovell theorem
[Lovell, 1963, 2008], this yields the same coefficients v for X as if we had performed
regression on X, A together. For this value of ~, bI is the coefficient that we would
obtain for A in the joint regression, because it equals the regression coefficients for
Y —~7"X on A. O

Proof of Proposition 3. We use v to denote the random shift. Let v € T'(u,,%,), or
equivalently, let v = p, 46, where p, is fixed and ¢ satisfies the constraint that E[§6 '] <
¥y, where ¥, is a symmetric positive definite matrix. Let w, be defined by (C.6) and
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for any v let b,I = wI M 4. We can write the loss as follows

2
sup IE:(Jlo(A::l/)[(Yv - VTX - Oé) ]

veT
= sup E[(wI(E + Myv) — a)Q]
veT
= sup }E[(wl—e + wIMAV - a)2]
veT
2 2
= E[(wie) |+ supE[(wIMAz/ —a)]

veT
— E[(w] £)’] + E[(w] MsA))
- E[(wIMAA)Q] + sggE[(wIMAV - 06)2]

2 2
= (1s(7) — El(b) A)"] +supE[(byv — a)'],
veT
where on the fourth line we used the fact that E[ev] = 0 by the fact that v = p, + 0,
and ¢ is independent of . In the last line we replaced w;r My by bI . We can re-write

the last term as follows, where the supremum with respect to ¢ is constrained in the set
E[66T] =%,

sup E[(bIV - oz)2]
veT

2
= s E[B](0+m) - a)]
SE[65T|=S,

= SupE[(b] 0 + b] 1y — )]
8

2

%)+ 2E((b] )] (0] j1s — @) + E[(b] 1y — a)’]

= sup E[(bl—(s)
0

2
= bIS,b, +2b, |, - jbjuy - a) + (b s — ),

where [|by ||y, = /b ¥, is the norm induced by the inner product defined with respect
to X,. In the last line, we have used the fact that the expression is maximized (subject
to the constraint) by the deterministic distribution J, = + 2% where the sign

NOPbTS
depends on the sign of (bI,u,, — «a): . satisfies b;ré*&l—bv = b;rEl,bV, maximizing the
first term. Further, the second term is also maximized by d., because if any other
random or deterministic § satisfies |I[-Eb;r o] > |b:yr d«|, it follows by Jensens inequality that
E[(b] )] > (E[(b]6)])? > (b]6.)? = bIZ,,bv, such that E[06"] = X, so ¢ is not in the
set over which the supremum is taken. Consequently, the supremum is attained at J,
because d, maximizes both terms.
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Using this expression for the supremum, we can write the objective as

2
sup Edo(A::u) [(Y - ’VTX — Oé) ]
veT

= (15(7) + b1 (S — Sa)by
2
2o, ;- b7 10 = 0] + O = ),

for which the optimal choice of a* is given by b;r Wy, for any ~, and for this choice of «,
we can see that v* = argmin, £1s(7y) + bI (X, —X4)by. O

C.4. Targeting with proxies

Definition C.1 (Proxy Targeted Anchor Regression). Let fi := Egy(4.—,)[W] denote the

mean of W under intervention, and let Yy = COVo(A=r) (W) denote the covariance.
We define

EPTAR(W;,&H iWa%OC) (C12)
= _ 2
=lrs(y) +¢] (EW - EW) ey + (e)fi—a),

where CI = R[R(y)W TZy L.

As mentioned in the main text, (C.12) is not generally equal to (16), and does not
generally yield the optimal predictor under the targeted loss. A simple example is given
in Proposition C.6.

Proposition C.6. Assume Assumptions 1, 2, and that E[Ewé‘%] is full rank. Let v @

A+ n for the deterministic vector nT = E[R(véLS)AT], where @ indicates equality of
distribution, and assume n # 0. Then, the minimizers of (16) and (C.12) differ, in that

* *
AprAR < QTAR

and if dyw = dg = 1, and A has unit variance, then ﬁ%‘? = pw, where py =
B/ (Biy + Eleiy])-

Proof. The assumption that v = A + n implies that ¥, — ¥4 = 0, and E[v] = n. That
is, we have changed the mean of the distribution, but not the covariance. This implies

E[W] = BwE[v] = By
S — Sw = By (S — 2a)Bw =0,

where in the second equation we use the fact that Sy = B, E[AAT]Bw +Elewe]] (and
similarly for ¥3,), and the ey terms cancel in the subtraction. We can then write both
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objectives as follows
Cprar(W,W;v,a)
= lrs(y) + (CIBJVH - a)2
=lrs(y) + (E[R(V)AT]ﬁWEﬁ}ﬁJM - 04>2
lrar(A, vy, @)
= lrs(y) + (b% - a)2
= l15(7) + (E[R(N AT - a)’

This gives the optimal value of a in both cases as the value that minimizes the second
term

aprar = E[R(Yprar) AT (Bw Sy By )n
@rag = E[R(vFar)AT]S ',
and since the second term can be made equal to zero by these choices of «, the optimal

7 in both cases is identically Yorar = Y74r = Yors, the value of 4 that minimizes the
first term ¢1,5(y). Hence, we can write the difference between these terms as

a%AR - O‘TDTAR
=E[R(ors)ATI(Z4" — BwSy B )E[AR(HLs)],

where we have replaced 1 with the assumed value of E[AR(v);¢)]. By assumption, ¥4
is full-rank, so that matrix Q := (E;l — ﬁWE;Vl BI}—,) is positive definite if and only if
31403 4 is positive definite. Working with this representation, we can see that
A0 =54 — SaBwEy By ta
T T T1~1 T
=E[AA' | —E[AW'|EWW '] E[WA"]
>~ 0,
where the last line follows from Proposition C.3. In the case where dyy = d4 = 1, and
A has unit variance, then let py = 85, /(85 + E[efy]), and observe that
Oprag =10Pw Cpap =1
O
Proposition C.6 describes a worst-case mean-shift in A, where 7 is taken in the di-
rection that maximizes the loss of the OLS solution 7, ¢. This is also a particularly

simple case to analyze for building intuition, because the optimal solution to both (16)
and (C.12) is to take v = 75, ¢ and to estimate an intercept term o equal to the bias
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incurred by the shift in the mean of A. However, the noise in W results in under-
estimating the impact of the shift, and the gap to the optimal solution depends on the
signal-to-variance relationship in W, which (as discussed in Section 3) is not generally
identified.

We also prove that the Cross-Proxy Targeted Anchor Regression objective is equal to
that of Targeted Anchor Regression.

Theorem C.1. Under Assumptions 1, 3, and 4, for all v € R¥x o € R,

. & 2
CeraARW, Z3 iy Sw, 7, @) = Bgo(amn) [(Y =7 X — a)]

where fi = Eqo(a:=,)[W] is the mean of W under intervention, and Sw is the covariance
Yw = COVdo(A::V)<W)'

Proof of Theorem C.1. We have

E[R(ZT)EWZT])
E[R(Y)(AT B +})]

T.-1
E((BfA+ew)(B3A+e7) ]
E[R ’Y)ATWZ(/BWE[AATWZ)

— E[R()ATE[AAT) " (B)

(
(
while

i = B E]
Sw— Sw = By (S — 2a)Bw

With bﬂT = wI M4 and wy defined by (C.6), we have that
CLI[L = bIIEM
aI(EW - Yw)ay, = bI(Z,, —Xa)by,

which is equivalent to ¢rar(A; py, Xy, 7, @) (Definition 4, (16)). The proof is complete
by Proposition 2. O

Note that the argument is symmetric for using an observed shift in either Z or W, so
it suffices to know the anticipated shift with respect to one proxy.
C.5. Details for experiments

C.5.1. Details of Section 5.1

We outline the details of the simulation experiment in Section 5.1.
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Summary We simulate a training data set Dyain from a SCM that induces the structure
in Fig. 2, fix A := 5 and fit estimators PAR(W) and xPAR(W, Z). We consider the
intervention Pgyo(4.—,) with v = (—2.83,0.35,0.71) T, and simulate a test data set Dyegst
from that distribution. We then compute the intervention mean squared prediction
error (MSPE) EdO(A::,,)[(Y — 7" X)2?] both for PAR(W) and xPAR(W, Z). We repeat
this procedure m = 10° times for several signal-to-variance ratios  (not including 0),
and display the quantiles of the losses in Fig. 5. We also plot the population losses
Eao(am) (Y — 7T X)?] for PAR(W) and xPAR(W, Z), as well as AR(A) and OLS.

Technical details We let E[AAT] = 8 = Id and E[ewey,] = s%1d, such that W =
BTA+s-ew. Then Qu as defined in (11) simplifies to

Qw = E[AATIB(B E[AAT|B + Eleweyy]) 16 E[AAT]
1

= a2

We call z = (1 + s%)~! the signal-to-variance ratio, and we can obtain a given signal-to-
variance ratio x, by setting s = /(1 — z)/x.

For each n € {150,500} and signal-to-variance ratio x € {1/20,2/20,...,20/20}, we
set s = /(1 —x)/z and sample a data set D,@}S for ¢« = 1,...,5000, each with sample
size n, from the structural equations:

A:i=¢y (C.13)
W:=A+s-ew
Z:=A+s-¢ez4

(V,X,H):=(1d-B) " Y(MA+¢),

where dg4 =dw =dz =dx =3,dy =dg =1. M and B are given by

1 0 =2 0 -2 2 0 1
0o 2 1 0 0 00O
M=]-1 3 0 ],B=]0 0 00 0,
2 2 -3 3 0 001
0o -2 2 0 0 00O

and all noise variables are i.i.d., e4,ew,ez,e ~ N(0,1d). For every combination (n,s)
we have 5000 data sets Dzz,s ,i=1,...,5000. For each data set, we compute the proxy
estimators 711'7,, sw and *y,iL’ s.W.z» Using one or two proxies respectively, and we simulate
5000 corresponding test data sets of size n from Pg,4.—,) (using the structural equations
above, except for changing the assignment for A to A := v). The prediction MSE for
the i’th test data set is then 1 > (Y — 7" X;)2, resulting in 5000 values of the MSE
for each combination of (n, s).

At each combination of (n, s) we plot the median by a line of the estimated worst case

losses, and by a shaded region indicate the interval between the 25% and 75% quantiles
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of the observed distribution. We plot the median instead of the mean since for small
z, s? = =2 i large, and especially for WCL%’S(VV, Z) and n = 150, the mean will be
driven very much by outliers for small z.

The population versions of losses for any s is computed first by computing the popu-

lation estimators v from the parameter matrices M, B, and then computing the loss at
v by Ego(amn) (Y =7 X)?] = w] Muv "M Tw, + w) Elee " w,.

C.5.2. Details of Section 5.2

We outline the details of the simulation experiment in Section 5.2.

Summary We analyze the effect of applying anchor regression with one proxy, PAR(W),
when the signal-to-variance ratio is potentially misspecified. To do so, we simulate data
from the same SCM as in Section 5.1 (n = 10%), and in particular from a range of
true (unknown) signal-to-variance ratios = € (0, 1]. To each data set, we apply anchor
regression with one proxy, PAR(W), and with A := 5. We further assume the signal-to-
variance ratio to be 40% — independently of its true value. This means, by Theorem 1,
that we assume that PAR(WW) minimizes the worst case mean squared prediction error
(MSPE) over the region C := {vv" < (1 +0.4- \E[AAT]}, with the worst case MSPE
for being equal to the optimal value of the PAR(W) objective function. If x = 0.4,
then PAR(W) indeed minimizes the worst case MSPE over C' and the estimated worst
case MSPE over C' is close to the actual worst case MSPE over C. But if x # 0.4, the
estimator minimizes the worst case MSPE over a different set, and then expect that
the true worst case MSPE over C differs from its estimate. Fig. 6 shows that this is
indeed the case: We observe that if the true signal-to-variance ratio is larger than the
assumed 40%, our estimate of the MSPE is too conservative. On the contrary, if the
true signal-to-variance ratio is smaller than assumed, our estimates of the MSPE over C
are too small, meaning that we underestimate the worst case MSPE in the region C.

Technical details For a fixed signal-to-variance ratio x, we simulate a training data set
Dirain (n = 10%) from the same procedure as in Appendix C.5.1, i.e. using the structural
equations in (C.13), and with the same parameters M and B. We fit the PAR(W)
estimator to the data using A := 5, and the estimated worst case mean squared predic-
tion error (MSPE) over C is then the value of the objective function in the estimated
parameter (by Theorem 1).
To find the actual worst case MSPE over C for a given estimator A, we use the fact
from (C.7) that
EdO(AZ:U) [(R - VTX)Q] = (b:/rU)Q + w;rw’ya (C14)
where we use that E[ee '] = Id, w, is given by (C.6) and b] = w] M4. The second term
doesn’t depend on v, and since C' is spherical, the worst case MSPE over C' is attained
in the direction v o b, with v normalized such that ||v]|? = (14 0.4- ) (that is v lies
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on the boundary of C'). Using the known M and B, we compute w., b, and the actual
worst case MSPE over C is given by (C.14) plugging in v = b, - /(1 + 0.4 - X)/[|b,]].

We compute also the worst case MSPE over C' when using an OLS estimator for the
prediction. We fit 4ors from Diyqin, and, as for the actual MSPE of PAR(W), the worst
case MSPE over C' using OLS can be computed, by computing vectors by, ¢, w55, -
Again the worst case MSPE over C using Jors is attained by setting v = by, -
V(1 +0.4-X)/||bs, .|l and plugging v, b, ¢ and ws,, ; into (C.14).

For every signal-to-variance ratio z € {1/20,...,20/20}, we repeat the procedure
m = 1000 times, for each computing the estimated and actual MSPEs. In Fig. 6 we plot
the median MSPE as well as the interval from the 25% quantile to the 75% quantile.

C.5.3. Details of Section 5.3

We outline the details of the simulation experiment in Section 5.3.

Summary We demonstrate the ability of Proxy Anchor Regression to select invariant
predictors, in a synthetic setting where predictors X may contain both causal and anti-
causal predictors. We simulate data sets (n = 10°) from a SCM with the structure
shown in Fig. 7 (top), where one anchor, A, is a parent of the causal predictors, while
the other As is a parent of the anti-causal predictors.

We consider two identically distributed noisy proxies W, Z of A := (Aj, A3). The
challenge, in this scenario, is that A5 is measured with significantly more noise than Ay,
across both proxies. As a consequence, proxy anchor regression with one proxy, PAR(W),
puts more weight on anti-causal features: the noise in W is mistaken for fluctuations in
Ao, resulting in X, nticausal Mistakenly appearing invariant to shifts in As. In contrast,
when two proxies W, Z are available, the estimator xPAR(W, Z) asymptotically equals
that of anchor regression with observed anchors, and its regression coefficients puts more
weight on the causal predictors; see Fig. 7 (bottom).

Technical details With d4, = da, = dw = dw = 6, dx,_, .., = 3 and
dy = 1, we simulate data from the SCM in Fig. 7 (top) which amounts to simulating
from the following structural equations:

— dy

anti-causal

Ay i=€q,
Ay i=€4,
W= (A1, A2) " + (ew1,ewz) |
Z = (A1, A2)" + (e21,622)"
Xeausal 1= M1 A1 + X000
Y = Yhusa Xcausal T €
X9 := M2As + Yanti-causal Y + €X

anti-causal *
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Here M; € R¥causa*941 and My € R%¥anti-causa1 X942 are matrices with 1 in every entry,
Yeausal = (1/4,1/4,1/4)T and Yanti-causal = (4,4,4) T (such that the regression coefficients
of Y onto Xcausal, Xanti-causal are of similar magnitudes). All noise terms are independent
and €4, €495 EXonuents € Xomicansa s EY ~ N(0,1d), and ew1,e21 ~ N(0,1d), ewo,ez2 ~
N(0,3%-1d).

We simulate a data set D (n = 10°) from these structural equations, and fit the proxy
anchor regression estimators (W) and (W, Z) from Section 3. We repeat this m = 10*
times, and display the mean absolute value of the regression coefficients (that is the
entries of the vectors v(W) and (W, Z2)) in Fig. 7 (bottom), as well as the standard
deviation of the absolute value of the regression coefficients as error bars.

C.5.4. Details of Section 5.4

Summary We demonstrate the trade-off made by Targeted Anchor Regression (TAR)
versus Anchor Regression (AR), considering the case when A is observed for simplicity.
We simulate training data and fit estimators vorg, Yar and yrar, where yrag is targeted
to a particular mean and covariance of a random intervention do(A = v), and we select
A for yar such that this intervention is contained within C'4(\). We then simulate test
data from two distributions: Pg,4.—, (i.e., the shift occurs), and P (where it does not),
and evaluate the mean squared prediction error (MSPE). The results are shown in Fig. 8,
and demonstrated that TAR performs better than AR and OLS in the first scenario,
but this comes at the cost of worse performance on the training distribution.

Technical details The entire procedure below produces a prediction MSE for each of
three methods and two settings, and we repeat this m = 10° times, to produce the
histograms of MSEs shown in Fig. 8.

We simulate a training data set Dipain (Mrain = 105) from the structural equations

A:=¢gy
(Y, X,H):=(1d—B)"Y(MA +¢),

where dy =dx =2 and dy =dyg =1, €4, ~ N(0,1d) and M and B were selected by
a simulation resulting in:

2 1 0 —-0.06 0.07 0.04

01 0.05 0 0.19 0.03
M= 2 2 B = 0.11 -0.11 O 0.1

0 3 -0.02 002 009 O

We consider the target distribution do(A := k" A + ) where

(- ()

and so we fit the targeted AR estimator (Vtargeted-AR; Qtargeted-AR) from (16), where the
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covariance of the anticipated shift is given by ¥, := xE[AAT]x, and the mean shift
is simply 7. We also fit OLS estimates yors(X,Y) and yar(X,Y, A) where for AR we
select A such that (14 \) equals the largest eigenvalue of k" E[AAT]x 4+ nn', such that
E[(kTA+n)(sTA+n)"] =2 (1+ NE[AAT].

We then simulate a test data set (nges; = 10%) both from 1) the training distribution
(i.e. same simulation procedure as for the training set) or 2) by changing the structural
equation for A to A := k'e4 + 1, and keeping all other quantities as for the simulation
of training data (i.e. the test distribution is the anticipated distribution). We evaluate
the prediction MSE on each of the data sets by nést > (Y= 7T X;)? (including the term
Qtargeted-AR for the targeted AR).

C.5.5. Details of Section 6

Features The dataset contains time-stamps as well as season indicators, which we do
not use anywhere as features. The remaining features are Dew Point (Celsius Degree),
Temperature (Celsius Degree), Humidity (%), Pressure (hPa), Combined wind direction
(NE, NW, SE, SW, or CV, indicating calm and variable), Cumulated wind speed (m/s),
Hourly precipitation (mm), and Cumulated precipitation (mm).

Data Processing Each city has PM2.5 readings from multiple sites, which we average to
get a single reading, and we take a log transformation. For Precipitation (Cumulative)
we subtract off the (current hour) precipitation to avoid co-linearity. We take a log
transformation of the variable for Wind Speed, Precipitation (Hourly) and Precipitation
(Cumulative), due to skewness. We drop all rows that contain any missing data.

Proxies (Temperature) We use temperature as our proxy variable, and treat it as
unavailable at test time. We construct two synthetic proxies of temperature to serve as
W, Z, adding independent Gaussian noise while controlling the signal-to-variance ratio
(in the training distribution) at var(A)/ var(W) = 0.9. This results in different standard
deviations of the Gaussian noise across different environments, because of differences in
the training distributions across training seasons and cities. The standard error of the
noise varies between 2 and 5 degrees, to maintain the same signal-to-variance ratio.

Training Details (PAR, xPAR) For the distributional robustness approaches described
in Section 3, we choose A € [0,40] by leave-one-group-out cross-validation on the three
training seasons, using the first year (2013) of data. For Proxy Anchor Regression using
Temperature directly, there is heterogeneity in the cross-validated choice of A: In 9 out
of 20 scenarios, A = 40 is chosen, but in the remaining 11, A = 0 is chosen, which
is equivalent to OLS. We saw a similar result when the maximum value of A\ was 20,
and increased the maximum limit to 40 without seeing much difference, so we did not
increase it further. Concretely, with A in [0, 20], there are some scenarios where PAR
(TempC) has slightly worse or slightly better MSE (vs. A in [0, 40]), but the differences
are all less than 0.001. The only observable difference in Table 1 when running with A in
[0, 20] is that the “best” performance is -0.040 (A = 20), as opposed to -0.041 (A = 40)
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Table C.1.: MSE (lower is better) over 20 scenarios consisting of five cities and four held-
out seasons. Average difference to OLS estimator (lower is better) given
in the second column, and minimum / maximum difference in remaining

columns.
Estimator Mean Diff Min Max
OLS 0.457

OLS (TempC) 0.455 -0.002 -0.028 0.026
OLS + Est. Bias 0.474 0.018 -0.072 0.150

PAR (TempC) 0.454 -0.003 -0.041 0.006

PAR (W) 0.454 -0.002 -0.037 0.006
xPAR (W, Z) 0.454 -0.003 -0.039 0.007
PTAR 0.450 -0.007 -0.061 0.002
PTAR (W) 0.452 -0.005 -0.038 0.001

xPTAR (W, Z) 0.450 -0.007 -0.059 0.003

[where lower is better, rounded to nearest 0.001]. For Proxy Anchor Regression using W
and for Cross-Proxy Anchor Regression (xPAR) using W, Z together, we use the same
values of A\ as above, for comparability.

Training Details (PTAR, xPTAR) For the targeted approaches described in Section 4,
we use the mean and variance of the temperature in the test distribution to target our
predictors, and similarly use the distribution of the proxies when using Proxy Targeted
Anchor Regression (PTAR) with W and Cross-Proxy TAR (xPTAR) with W, Z. Note
that xPTAR (unlike xPAR) is asymmetric in the proxies, but in this case the proxies
are distributed identically.

Benchmarks As described in the main text, our primary benchmark is OLS, trained
on the three training seasons, evaluated on the held-out season. We also include two
other baselines: First, OLS that has access to temperature during both train and test,
which we denote OLS (TempC), and OLS that includes temperature during training, and
attempts to estimate a bias term by plugging in the mean (test) value for temperature
during prediction.

In Table C.1 we give the full results over all 20 scenarios, which includes the 11
scenarios where A = 0 is chosen by cross-validation, rendering the PAR and xPAR
solutions equivalent to OLS.

Regularization paths In Fig. C.4 we have shown how the solution in the “best” scenario
differs for Proxy Anchor Regression (PAR) with A = 40 versus OLS (i.e., A = 0). In
Fig. C.5, we show how the coefficients change in-between these two extremes: for every
integer value of A in [0, 40] we show the difference in the PAR vs. OLS coefficients
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Y]

oLS ‘

PAR (TempC)f .o

PTAR (TempC); ¢

0.70 0.75 0.80 0.85
MSE

Figure C.3.: Best performance for Proxy Anchor Regression (PAR) and Proxy Targeted

AR (PTAR), corresponding to Summer in Beijing. Variance estimates gen-
erated by bootstrapping the test residuals of the fitted models.

for each feature. Increasing A further does not make a significant difference for this
particular example.
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Figure C.4.: Comparison of learned coefficients. All variables were standardized to unit
variance. The intercept for OLS and AR is the same (by construction) at
a = 4.087 while the intercept for TAR is lower at o = 3.885.

0.02 4

0.01 4

Feature
DewPt
WindSp

Press

0.00 4

—0.014

—0.02 1

Difference to OLS Coefficient

—0.03 4

PrecipCm
PrecipHr
WindDir_NW
WindDir_cv
WindDir_SE
Humidity

ERERRiuY

w4

30 35 40

Figure C.5.: Coefficient path, showing the difference between the PAR and OLS coeffi-
cients in Fig. C.4 for different values of A.
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C.6. Additional experiment: Signal-to-variance ratio

To examine the effect of the signal strengths By and [z, we scale the signals By s =
Bz.s = sld for s € {0,1/2/3,0.8}, which for the single proxy estimator 4par amounts to

optimizing over worst case loss in the robustness regions C'(\) = {vvT < (1 +)‘1i%) Id}.
For s € {1,3}, such that the signal-to-variance ratio I fsg equals either 10% or 50%,

we simulate a training data set Dy, with two proxies W and Z from the structural
equations A 1= ¢4, (XT,YT H")" := (1 - B)"Y(M,A +¢),W := 51}/7314 + ew and
Z = 5; A-+ez where all noise terms are i.i.d with unit covariance and My, B are given
by:

2 1 0 —-0.57 0.73 0.37

0 1 0.53 0 1.91 0.33
M= 2 2 B = 114 —-113 0  0.96

0 3 -0.22 016 087 0

Since for this experiment we are not interested in finite sample properties of the estima-
tors, we use sample size n = 107.

For each data set we fit estimators pagr(w) (using only one proxy), Yxpar(w, z) (using
both proxies), 4ar(4), and JoLs, and evaluate the estimators at data sampled from
interventional distributions Pg,(4.—,) for several interventions v of increasing strength
(i.e. increasing distance from E[A] = 0).

As the signal to variance ratio increases, the PAR(W) loss approaches the AR(A).
Further we observe that xPAR (W, Z) coincides with the AR(A) estimator for both signal-
to-variance levels. This is illustrated in Fig. C.6.
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0 1 2 3 4
Intervention strength

Signal-to-varianc— Any--- 50%-- 10%

— OLS — AR (W)
— AR (A)— AR (W, 2)

Figure C.6.: Anchor and proxy estimators for different levels of signal-to-variance ratio
BEWWT])~IBT. A training data set (n = 107) with two proxies W, Z
is simulated and the estimators Ypar(a), xPAR(W,2)s TAR(A)» @0d JoLs are
fitted using a fixed A. Interventions v of increasing strength is sampled, and
for each a new data set (n = 10°) is sampled from P%(4:=v) and for each
estimator 7, the prediction mean squared error Ego(4:— (v, v,))[(Y — 4T X)?
is computed. This procedure is repeated for signal-to-variance ratios 10%
and 50%.
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D. Appendix to Invariant Policy Learning:
A Causal Perspective

D.1. Pearl’s d-separation

Definition D.1 (Pearl’s d-separation Pearl [2009], Peters et al. [2017]). Let G be directed
acyclic graph (DAG) with nodes V. Let V;,V,, € V.and S C V \ {V;,V,,}. A path
between nodes V; and V,, is said to be blocked by a set S if there exists a node V, € V
such that one of the following holds:

1. Vi €S and

Vier = Vi = Ve
or Vk,1 — Vk — Vk+1
or Vk—l — Vk — Vk+1,

2. neither Vi nor any of its descendants is in S and

Vk—l — Vk — Vk+1.

For any three disjoint subsets A,B,S C V of nodes in G, we say that A and B are
d-separated by S, denoted by A 1lg B | S if every path between nodes in A and B is
blocked by S.

(This formulation is taken from Peters et al. [2017].)

D.2. Consistency in the Unconfounded Setting

Let Q, be an estimator of the conditional mean E™[R | X] that is based on n inde-
pendent observations (X;, 4;, R;) from potentially different environments. The following
proposition shows that such an approach indeed yields a consistent estimate of an opti-
mal policy given that @n is consistent.

Proposition D.1. Assume Setting 2 and let @n be a uniformly consistent estimator of
QgObS, that is, for all a € A it holds that

lim Ep |sup ’@n(x,a) - QSObS(%a)’ =0,

n—oo rEX
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where Ep is an expectation over the n observations (X;, A;, R;) used to estimate @n Let
Tn be any policy that mazimizes Q, i.e., for all x € X and all a € A it holds that

Fn(alz) >0 = a € argmax Qn(z,d).
a’'eA

Then, the robust policy value converges towards its optimal value, that is

lim Ep ||V®(7,) — max VE(r)|| = 0.

n—o00 mell

Proof. See Appendix D.3.2. O

The same argument would work if instead of pooling, one considers only a single
environment. In practice, however, one would make use of all available data. Whether
it is possible to construct a uniformly consistent estimator @n depends on the model
class that can be assumed in the structural assignment of R, and on the policy used in
generating the observations. For example, in the case of additive confounding and noise
such as f(X,U, A,er) = fi(X, A)+ f2(U,er) with fi and f> in some function classes and
a policy 7 that has full support, (i.e., Va € A,x € X : w(a | ) > 0), one can consider a
least squares estimator of the form

~gobs 1 ¢
Q5" = argmin - D (A(Xi, Ai) = Ry)?.
f i=1

The assumptions of Proposition D.1 are then satisfied under further constraints on the
function class and noise distributions, e.g., linear functions, Gaussian noise, and bounded
domains.

D.3. Proofs

D.3.1. Proof of Theorem 1

Proof. We begin by showing that the model class in Setting 2 satisfies an invariance
property. Let e € £, a € A and x € X be arbitrary. By using the explicit SCM
structure from Setting 2, it holds that

E™< [R| X =]
= RETa:c [f(X,s(X,aU),A,ER) | X = x]

Since we assume there is no hidden confounding, it holds that ey 1L X which implies
that

[E7e¢ [f(X,S(X,EU),A,ER) | X = ZC]
E

= Leper [f(xa S(ZE,EU),CL,ER)]
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and hence E™° [R | X = a;] does not depend on the environment. This, in particular,

implies that for all e € £, all x € X and all a € A, it holds that

obs Ta, .
Q" (w,0) = ey 30 ETIR| X =]

fegobs
= E™°[R| X = z].

We thus have for all policies m € II and for all z € X that

gobs
max Q (z,a)

=maxE™ R | X = z]

acA

>3 E™°[R| X = alr(a| z)
acA

=) E[R|X =x,A=alr(a]z)
acA

=E™[R| X = z].

Next, take the expectation over X on both sides to get

E [max Q™" (X, a)] > E° [E™[R | X]]

— " [R].
Finally, taking the infimum over e € £ leads to

inf E° (X ) > inf E™¢ [R].
inf E° [max Q"™ (X, )] > inf E™ [R]

Let 7* be a policy such that for all x € X and all a € A
7 (alx) >0 = a € argmax Q™ (x,a).
a’'eA
Then 7* satisfies, for all e € &,

obs

E™¢ [R] = E° [max Q%" (X, a)].

Therefore (D.3) implies

7" € argmax inf E™ [R],
mell ec€

which completes the proof of Theorem 1.

(D.1)

(D.2)

(D.3)

(D.4)

277



D. Appendix to Invariant Policy Learning: A Causal Perspective

D.3.2. Proof of Proposition D.1

Proof. Define for all n € N the term

obs (

©,a) = Qu(w,a)|.

— &
c(n) : max sup IQ

As A is assumed to be finite and because @n is assumed to be uniformly consistent, it
holds that
lim Eple(n)] = 0. (D.5)
n—oo

Moreover, as shown in (D.1), in the proof of Theorem 1, we know that for all e € £, all
a € Aand all x € X it holds that

Q%" (x,a) = E™*“[R | X = a].
This implies that for all z € X and all e € £ it holds that

E™€[R | X = ]
- ZE“‘[R | X = z]7,(a|x)
acA

=" Q%" (z,a)7n(alx)

acA

= Qn(x,a)7n(alz)

acA

+ 3 (Q%" (w,0) — Qu(w, a))7n(alz). (D.6)

acA

Each of the sums only contains one terms, since 7, puts all mass on a single action.
Next, observe that

> (QF (2,0) — Qu(w, a))7n(alz)

acA
<3 |@°" (@.0) = Qu(a. )| Fual)
acA
< ¢(n) (D.7)
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and

> Qu(x, a)7n(a]z)

acA

g @nlm)

= max QEObS (x,a) (D.8)

acA
obs

+ (max Qn(x, a) — max Q¥ (z, a)).

Using (D.6) to (D.8) together with the triangle inequality yields

}E%n’eR X: o gobs
R X = a] - max @™ (z,0)

This in particular implies that for all e € £ and all x € X it holds that

max Q" (z,a) — 2¢(n) <E™°R| X = z]
ac

and that R b
EfC[R | X = 2] < mzﬁccf‘) “(x,a) 4 2¢(n).
ac

Taking the expectation over X and the infimum over £ in both inequalities leads to
VE(T*) = 2¢(n) < VE(R,) < VE(T*) + 2¢(n).

, where 7* is the policy defined in (4). Finally, we use (D.5) and Theorem 1 to get that
lim Ep ||[VE(7,) — max VEm|| < lim Eplde(n)] = 0.

n—00 n—00

This completes the proof of Proposition D.1. O

D.3.3. Proof of Lemma 1

The key argument in the proof of Lemma 1 is a Markov property that we formulate as
a lemma below.

Lemma D.1 (Extended Markov Property). Assume Setting 1. For all subsets S C
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{1,...,d}, it holds for all Z € {U',... , UP, R} that

Z lgsel X
—

Vr eIl : Pg"exs is the same for all e € &,

where the symbol 1Lg denotes d-separation in the graph G.

Using Lemma D.1, the proof of Lemma 1 goes as follows.

Proof. Let S™ be a d-invariant set and 7™ € Hsim" be a d-invariant policy with respect
to S, By Definition 3, we have R AL g € | X5™. It then holds by Lemma D.1 for

all z € X5™ and all e, [ € € that

inv

E™"¢ [R| X5 = 2] =E"/ [R| X" = a].

D.3.3.1. Proof of Lemma D.1

Proof. Lemma D.1 corresponds to a global Markov property in the augmented graph
(including the non-random environment index). Such results are well-established and
used in settings in which £ is finite, for example in influence diagrams Dawid [2002].
The result, however, also holds for more general, even uncountable £.

To prove this, we first fix S C {1,...,d}, 7 € II¥ and Z € {U,R}. Furthermore,
let e € &, let ¥ be the discrete o-algebra on £ and let v, : ¥ — [0, 1] be a probability
measure that puts non-zero mass on {e}. We can then replace the environment indicator
in the SCM S(7, e) with a random variable E with distribution v.. This induces a joint
distribution over (F, X, U, A, R) that is globally Markov with respect to the graph Gs,
where e is now replaced by E (see Pearl [2009] Thm 1.4.1 or Lauritzen et al. [1990]).
Additionally, it satisfies that (X,U, A,R) | E = e has the same distribution as the
distribution induced by S(m,e). Therefore the d-separation Z Il gs E | X S (which is
implied by Z llLgs e | X®) implies that the joint distribution (E, X, U, A, R) satisfies the
following conditional independence

Z 1 E| X% (D.9)

Next, denote by p™ the density of (E, X, U, A, R) with respect to a product measure with
the discrete measure as the F-component and for all e € £ denote by p™¢ the induced
density of S(m,e). Then, by construction of the densities and using the conditional
independence in (D.9) it holds that for all z € X°, all z € supp(Z) and all f € £ with
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ve(f) > 0 that

Pz | X¥ =) =p (| X¥ =2, E = f)
=p"(z | X% =)

= w,(x),

The function w, therefore no longer depends on the environment f nor on v.. Since
ve(e) > 0, this in particular implies that for all z € X and all z € supp(Z) it holds
that

Pz | X = 1) = w.().

As this construction works for all e € £, this completes the proof of Lemma D.1. O

D.3.4. Stable Blanket and Invariance

In this section, if not explicitly stated otherwise, all causal relations such as parents,
descendants, ancestors etc. refer to the graph G. Moreover, we use the convention that
k € DE(XF), where DE(X¥) C {1,...,d} denotes only the X-variable descendants of
X%, We first define the strongly non-d-invariant set:

Sent = {j € {1,...,d} | 3k € CI: j € DE(X")},

where CI are confounded and directly intervened on nodes (i.e., for k € CI there exists
¢ € {1,...,p} such that e = X*¥ + U’ — R in G) and define Sy := {1,...,d} \ Ssn1.
Furthermore, we define Sp C {1,...,d} to be the set of X-variables such that j € Sr
if and only if X7 — R in G or that there exists £ € {1,...,p} such that X/ — U’ = R
in G. The following Lemma will serve as a basis for our proofs of Proposition 1 and
Theorem 2.

Lemma D.2 (properties of St). Assume Setting 1 and Assumption 1. Then, for all
S € Siny, it holds that S C St and if a d-invariant set exists, it holds that Sgr C S1, St
s d-invariant and

je St <« X7 s strongly non-d-invariant.
Proof. The proof is divided into four parts (S.1, S.2, S.3 and S.4):

S.1 We prove that if S € Sj,, then S C Sp by contraposition. Let S C {1,...,d}
be a subset such that there exists j € S but j € Sgn;. This implies that there
exist k € {1,...,d} and £ € {1,...,p} such that e - X* < U’ — R in G and
j € DE(X*). Since j € DE(X¥), the path ¢ — X* < U’ — R is open given X*,
and therefore R J{ g e | X°. By Definition 3, this implies that S is not d-invariant,
leading to a contradiction.

S.2 In this step, we prove that if a d-invariant set exists, it holds that Sp C Si.
We prove this by contraposition. Assume that there exists j € Sg such that
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S.3

282

J € Ssni. This implies that there exist k& € {1,...,d} and ¢ € {1,...,p} such that
e - XF <« U’ - Rin G and j € DE(XF). Now, we construct a contradiction by
showing that this would imply that no d-invariant set exists. Let S C {1,...,d}
be an arbitrary set. There are two possibilities,

(a) j € S: Using the same argument as in Item S.1, we have that S is not a
d-invariant set.

(b) j ¢ S: Since j € Sk but j € Sgni there exists a directed path (using that
j € DE(XF)) ‘
e—sXF— ... 5 XI5 ... SR,
~— ~—
part 1 part 2

where part 2 either has length zero or consists only of U-variables (by defini-
tion of Sg). The only way this path can be blocked by X* is if either k, j or
one of the variables in part 1 are contained in S. However, if this is the case
the path e - X* < U’ — R is open given X*°. Since the edges from X to
A are not relevant in this case, this in particular means that R J gse | X S
which by Definition 3 implies that S is not d-invariant.

As these are the only two possibilities, we have shown that no d-invariant set exists,
which is a contradiction. Therefore S C 5.

Now we prove that if a d-invariant set exists, then Sy is d-invariant. In this step,
all the graphical statements are understood to be taken in GI. By Lemma D.1, it
suffices to show that any path p in G' from e to R is blocked by X°I. Let p be
an arbitrary path from e to R in G5, First, we consider the case that p enters R
through A, i.e., that it has the form

e—-- X 5 A= R.

By construction of G°' this path can only be in G1 if j € S which implies that it is
blocked by X 1. Next, assume that p enters R either through a U- or X-variable.
Let U’ be the U-variable on p that is closest to e and X7 be the X-variable on p
that is closest to U. We consider the two following cases:

(1) U’ does not exist: This implies that p does not contain any unobserved vari-
ables U and hence p can enter R only through an X-variable. By Item S.2,
we have Sp C St and hence it holds that p is blocked by X St

(2) U’ exists: p has the form

p: e—X" .. U ... SR,
part 1 part 2

where part 1 could be of length zero or it could consist of further X-variables
and part 2 could be of length zero or it could consist of further X-or U-
variables. By Assumption 1, we have that there must be an edge from U’ to
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R and hence there exists another path

p: e—= X" ... U' SR,
part 1

where part 1 corresponds to the part 1 from path p. It suffices to show that
p is blocked by Xt whenever p is blocked by X1, p is blocked by X! too
(as U’ ¢ X°'. We now consider the following three cases for p:

(i) e— - X U~ R,

(i) e— = X« U= R,
(i) p: e— - XFe XI U - R,

in each case the - -- can also be of length zero.

Case (i): We show by contradiction that j is blocked by X°I. Assume p is
open given X1, We then have that j € Ssn1 adjust notation everywhere so
that variables are not included but the index, i.e., j € Sgni1. Let S C {1,...,p}
be an arbitrary subset. If j € .S, then by the definition of Sgn there exists
ke {l,...,d} and ¢ € {1,...,p} such that e - X* < U® — R in G and
j € DE(X*) and hence R W ogsie | XS, If j ¢ S, then the path 5 is open
given X° and hence R ). gsie | X S, Therefore, there is no d-invariant set
which contradicts to the fact that a d-invariant set exists.

Case (ii): In this case, X7 is a collider on p. Assume j has the form e —
X7 « U’ - R. This implies that DE(X7) C Sgny and hence  is blocked
by X°1. Thus, in order for p to be open given X it must have the form
e —» - X* - X7 « U’ - R. Now, we consider the following two cases
separately:

(a) k € Sp: This directly implies that j is blocked by X,

(b) k ¢ Si: By definition of S it holds that DE(X*) N S = @. Hence, also
DE(X7)N .S = () which since X7 is a collider implies that p is blocked by
X5

We have therefore shown that in Case (ii) the path 5 is blocked by X°I.

Case (iii): In this case, let X¢ be the collider closest to X7 on j. Again we

consider two cases:

(a) j € Sp: This directly implies that p is blocked by X*I.

(b) j & Si: Since DE(X€) C DE(X/), this implies that DE(X¢) N S = @.
Hence, the path p is blocked by X1,

We have therefore shown that in Case (iii) the path p is blocked by X®I.

Combining all cases, we have shown that any path p from e to R is blocked
by Xt in G51.

™ ™

S.4 It remains to show that

jE€Ssn1 & X7 is strongly non-d-invariant.
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We show each direction separately. First, let j € Sgni. By the definition of St
it holds that there exists k € {1,...,d} and £ € {1,...,p} such that e — X*
U= ... = Rin G and j € DE(X¥). As this path does not involve A it
is contained in G° for all subsets S C {1,...,d}. Moreover, since X* is a collider
and the only X-variable on this path, it holds that this path will be open given
X5V} for all subsets S C {1,...,d}. Therefore, X/ is strongly non-d-invariant.
Next, to show the reverse direction let j € St. Then, by Item S.3 it holds that St
is d-invariant. So in particular R Il gs e | X St which since j € Sy implies that j
is not strongly non-d-invariant.

This completes the proof of Lemma D.2. O

As shown in Lemma D.2 the set Sy is d-invariant and contains all d-invariant sets if
a d-invariant set exists. It will be used in the proofs of Proposition 1 and Theorem 2
to find the optimal d-invariant policy, as it encodes all invariant available information
about the reward. The set S is strongly related to stable blankets as defined in Pfister
et al. [2021].

D.3.5. Proof of Proposition 1

Proof. As before, we define m,(a’ | ) := 1[a’ = a] as the policy that always selects the
action a.

The proof is divided into three steps (S.1, S.2 and S.3)

S.1 In the first step, we use the set Sy defined in Appendix D.3.4 to derive an upper
bound on the expected reward of arbitrary d-invariant policies. First by the same
arguments as in (D.2) we get that, for all S € Siyy, all 7 € II%, all z € X and
all e € £, it holds that

maxE™¢[R | X5 = 2] > E™ ¢[R | X5 = q].

acA

Taking the expectation over X° on both sides yields

E¢ [maxE™*[R | X°]] > E° [E™ °[R | X"

acA

=E" “[R). (D.10)

Next, we make use of the set St defined in Appendix D.3.4. By Lemma D.2, it
holds that S C Sy for all S € Sj,v. We then have, for all S € Sy, a € A, and
e € &, that

E™¢[R | X®, X9\ = E™¢[R | X*1], (D.11)

This is closely related to the predictiveness property of stable blankets (see Pfister
et al. [2021]).
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Now, we expand the conditional expectation and get for all e € £ that

e Ta,€ S
E° [maxE™“[R | X*]]

=E° [I;leaj{E,eXSI\S [E™[R| X*, X509,

and by Jensen’s inequality,
” S yS1\S
< E° [ESsps [%%E” °[R| X%, X\9]]]

= E°¢ [maxE™°[R | X5, X\9]],
acA

and by (D.11),

= E° [maxE™*[R | X*1]].
acA

Combining this with (D.10), we have

E¢ [maxE™*[R | X*1]] > E™ °[R]. (D.12)

acA

In the second step, we use the upper bound (D.12) to show that, for different
environments, the same set of policies is optimal. For all # € Ilj,, it holds by
Lemma D.2 that 7 € I and by Lemma 1 that E™[R | X*1] does not depend on
e (since St is d-invariant). Let 7 € Ilj,, be a policy that satisfies for all a € A and
for pa.e. x € X

T(alz) >0 = a € argmaxE™ [R| X' = z]. (D.13)
a’eA
Then, it holds for all e € £ that
E™¢[R] = E° [ET[R | X*]]
= E° [mzacE”a [R| X*1].

ac

Since (D.12) holds for all S € Sy, this directly implies that 7 € arg max, ¢, E™°[R].
We now show the reverse direction, i.e., if 7% € argmax, oy, E™°[R], then 7* sat-
isfies (D.13). Let 7* € argmax, . E™[R]. By (D.12), we have, for all e € £,

E™ ¢[R] = E* [maxE™ R | X1]]. (D.14)

acA

Since, for all e € &, the distribution of X has full support (by the assumption in
Setting 1), 7* satisfies for all a € A and for p-a.e. z € X!

7*(alz) >0 = a € argmaxE™ [R | X5 = z]. (D.15)
a’eA
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Thus, 7* satisfies (D.15) if and only if 7* € argmax, ¢, E™“[R]. Furthermore,
since (D.15) does not depend on e, it then holds for all e, f € £ that

arg max E™¢[R] = arg max E™/[R]. (D.16)
71—El_linv ﬂ-enin\’

S.3 In the third step, we are now ready to prove the main result of the proposition.
To this end, let
" € argmax Z E™°[R].

ﬂ'Eninv eegobs

Then, from (D.16) we have for all e, f € £ that

arg max E™¢[R] = arg max E™/[R].
WEHinV 7Tel—[inv

So in particular, for all e € £, it holds that

7 € argmax E™°[R].
71'el_[inv

Thus it holds for all e € £, all S € Siny and all 75 € II° that
E™¢[R] > E™ *[R].
Taking the infimum over e € £ on both sides yields

E (% . e : w5e Er.S
= f]E ’ > fIE ’ — .
VE(r") = inf [R] 2 inf [R] =V*(7”)

Because this inequality holds for all S € S,y and all 7% € II%, this implies
Vi €y = VE(*) > VE(n). (D.17)

This completes the proof of Proposition 1.

D.3.6. Proof of Theorem 2

Proof. We first prove the first statement of Theorem 2. Fix a policy

7 € argmax Z E™°[R].

WEH‘mV EEEObS

Using the same argument as we made in Appendix D.3.5(S.3), we get that for all e € £
it holds that

E™°[R] = E° [maﬁ(E”a [R| X*1]. (D.18)
ac
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Hence by Jensen’s inequality it holds that

E™¢[R] > maxE® [E™ R | X1|]

acA
= max E™°[R].
acA

This completes the proof of the first statement.

Next, we prove the second statement of Theorem 2. To do so, we use the following
lemma, which is proved in Appendix D.3.6.1 below.

Lemma D.3 (Upper bound). Assume Setting 1, Assumptions 1, 3 and 2, and that
Siny # @. Let m € I\ Iy be an arbitrary non-d-invariant policy. Then it holds that

E . a S
Ve(m) < érelgEg(SI [TGEB\{EW [R| X™]].
To finish the proof of Theorem 2, fix again a policy

7 € argmax Z E™¢[R].

TEliny ecgobs
Then, by Proposition 1, it holds that
Vi €y = VE(m) < VE(T™). (D.19)

Furthermore, Lemma D.3 together with (D.18) implies that
Vo e I\ Iy : VE(r) < VE(x¥). (D.20)

Combining (D.19) and (D.20) concludes the proof of Theorem 2. O

D.3.6.1. Proof of Lemma D.3

Proof. Recall the terminology and notation from Appendix D.3.4. The proof can be
split into two parts:

1. We first prove that if e € £ is a confounding removing environment it holds for all
m € II that '
Vj € Ssni: R Algne X7 | X1 A. (D.21)

2. We then prove the upper bound using step 1) as the main argument.
Step 1) Let e € € be a confounding removing environment and fix j € Sgny and 7 € II.

By Lemma D.2 it holds that X7 is strongly non-d-invariant. Therefore, since e is a
confounding removing environment, we get that

XI Al gne U. (D.22)
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Now, let p be an arbitrary path from X7 to R in G™¢. We consider the following
(separate) cases that can occur:

(a)

(b)

p enters R through A: Then the path p is blocked by X and A because A is not
a collider and hence blocks p.

p only contains A and X-variables and enter R through X-variables: Then there
exists k € {1,...,d} such that p ends with X¥ — R. This implies that k € Sg
since G™¢ is a sub-graph of G. Furthermore, since by Lemma D.2 (recall that
Sinv # @) Sr C Sy, this implies that k£ € S;. Hence, p is blocked by X5 and A
because X* is not a collider.

p contains at least one U-variable: Let £ € {1,...,p} such that U ¢ is the U-variable
closest to X7 on p, i.e., p has the form

xXi...yut... 5 R.
—_—
v

Now, by (D.22) it holds that « is blocked (given the empty set) in G™¢ and by
construction it only consists of X-variables (except U?). Therefore, there must be
at least one collider on 7. Let X* be the collider closest to U* and let X™ (this
could be X7) the variable that comes right before X* on v, i.e.,

X7 xm o xF . Ut

‘We consider two cases:

(i) First, assume that DE(X*) NSy # @ (in G™¢), then it holds, by the definition
of St and since G™*¢ is a subgraph of G, that m € Sy as well (otherwise none
of the descendants of X* could be in S; as DE(X*) ¢ DE(X™)). However,
X™ is not a collider and therefore p is blocked given X' and A.

(ii) Second, assume DE(X*) N S; = @, then it in particular holds that k € Ssnt
which by Lemma D.2 implies that X* is strongly non-d-invariant. Hence,
because e is a confounding removing environment, it holds that X* 1l gr.e U.
However, X* was selected to be the collider closest to U* which means that
the part of v from X* to U’ is open in G™¢ leading to a contradiction.

We have therefore shown that the path p is always blocked given X1 and A. Since p
was arbitrary this implies that R Il gr.e X7 | X1, A,
Step 2)

Now, we are ready to prove the main result. Let 7w € IT \ Il;,y be an arbitrary non-d-
invariant policy, and let S C {1,...,d} such that 7 € II¥. We have
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by the tower property of conditional expectation,

= B, o (BT [R] X5, X5)]
- B [ [ 108050

m(a|X) u(da)].

Now, we use Assumption 2. For each e € £ we choose a confounding removing environ-

ment f(e) such that P;f ©) — P, Because the confounding removing environments are
a subset of £, we have

VE(m)
= Inf Bl ysis [ / E™° [R| X5, X5\9]
(0l X*) u(da)

« ] o | [0 1 5,000

Rl X®) ()|
Using that PR/ = PT°, we then have

VE(m)

< 0By o, | [ [R] X5, X519
w(al X5) p(da)

Next, we use (D.21) which states that for all j € {1,...,d} it holds that R 1l gr.e X7 |
X1, A. Then, by the Markov property, we get

VE(m)

< B o | [ B0 11 X7

w(alX9) u(da)
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we can then omit f(e) since St is a d-invariant set (by Lemma D.2 since Siyy # 9),

— nf B o | [ B[R] X5

(0l (o)
e[ [z
B [l X)) n(d)|.
letting 7(a|X51) = B 4,5, [m(a] X)),

- B, [ / E™ [R| X%]#(a | XSI),u(da)}

< . e |: Ta SI :|.
< b [y BT LRI

D.3.7. Proof of Proposition 2

Proof. Fix a set S C {1,...,p}, and let 7,7 € TI°. Assume Hy(S, &) is true. By
Item 3(i), we have that R 1l gs e | X°. Furthermore, since # € II° this implies by
Lemma D.1 that ]P”I;"SX is the same for all e € £ which implies that Hy(S, 7, £) is true.

This concludes the proof of Proposition 2. O

ginv

D.3.8. Proof of Proposition 3

Proof. Let S* := AN(R) be the set of observed ancestors of R. In this proof, all the
graphical statements are understood to be taken in GS". Assume that a d-invariant set
S exists. Then, by Theorem 2 of Tian et al. [1998], SN S* is d-invariant, too (indeed, S
intersected with all ancestors of R is d-invariant but as S does not contain any hidden
variables, this set equals S N .S*).

We are now ready to prove the statement of the proposition. From (14) we have,

lim inf P(S%y € S*)
n—oo

hnrggfﬂ”( ﬂ 5CS5)
SapS (Do | perS)=1
> lim inf]P(wSﬂS* (De1,7rsms* L ’DeLﬂrsmS*) = 1)
n—oo

>1—a,
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where the last inequality follows by Proposition D.2. This completes the proof of Propo-
sition 3. O

D.4. Connection to Random Environments

It is possible to define multi-environment contextual bandits using random environments.

Setting D.1 (Random Environment Contextual Bandits). Let X = (X!,...,X%) €
X=X"x..xXLU=(U,....UP) eUd =U" x...xUP, Ac A= {d,...,d"},
ReR, Ec€é&. Foranyme {r: X — A(A)}, let g= denote the function that ensures,
forallz € X, g=(x,c4) equals w(x) in distribution for a uniformly distributed 4. Now,
consider functions s, h, and f, a factorizing distribution P. = P, xP., xP, xP. , xP.,
whose €4 component is uniform, and a structural causal model S(7) given by

E=¢p
U :=s(X,ep)
S(m) : X =hX,U,Eex)
A=g.(X,e4)
| R = f(X,U, A, cp).

Assume further that for all w, the SCM induces a unique distribution over (E, X, U, A, R),
which we denote by P™. The structure of the SCM S(m,e) can be also visualized by a
graph G which is constructed in a similar way to the graph in Setting 1, except that the
environment becomes one of the variable nodes in this graph.

Remark D.1. Setting D.1 is a special case of Setting 1 in the following sense: Assume,
starting from Setting D.1, for all i € {1,...,n} that (X;, U;, 4;, R;, E;), are independent
and distributed according to P¥ ;4 p g- Then, defining he(-,-) := h(-,e,-), we have
that, for all ¢ € {1,...,n}, (Xj, UZ,AI, R;), are independent and distributed according

to P;’giA R»> using Setting 1.

D.5. Details for Section 4.2

In Section 4.2, we propose to use the resampling procedure in Thams et al. [2021] to test
the hypothesis of invariance under a test policy = € I1°.

For every e € £°P we have a data set D° consisting of n. observations Di =
(X¢, A¢, RS, 70(A¢|XF)) is available.! For all e € £°P% and all i € {1,...,n.} define
the relative weights as

™ (AF|XY)

D¢) = .
r(D) = oA X

(D.23)

Tt is possible to allow for a different initial policy 79 at each observation 7. One then needs to define
the relative weights r(D¢) == w5 (A%| X¢)/n? (A¢|X$).
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Then, for all e € £°, we draw a weighted resample Do’ = (Dgs - ,Dfme) of size my
from D¢ with weights

2161 T(D;‘}) . . .
e - i1, -.,0m,) distinct
we = Z(j17'~~7jme) =1 T(D]Z) ( " ) (D-24)

11 5eesbme distinct
0 otherwise.

We then apply an invariance test to the resampled data Delﬁﬂs, . ,DeL’”S. A family
of invariance tests {¢°} SC{1,..,a) is a collection of functions such that for each S5, @09 is
a function (into {0,1}) that takes data from environments ey, ..., er, each of size m;,,
and tests whether S is invariant. Here, ¢° = 1 indicates that we reject the hypothesis
of invariance. We say the test has pointwise asymptotic level if for all invariant sets S
and all € TI° it holds that

lim sup IP’”(QOS(Del’”S, e ,DeL’“S) =1)<a.

min{mel,A..,meL}%oo

We state that the overall procedure (resampling and then testing) has asymptotic level
as long as the test ¢° has asymptotic level. For simplicity, we assume that ne, = --- =
ne, = n and me, = --- = me, = m. The following result follows directly from [Thams
et al., 2021, Theorem 1]

Proposition D.2. Let S C {1,...,d} and suppose that for each environmentey, ..., e,
we observe a data set D® consisting of n observations D¢ = (X¢, A, RS, m0(A¢ | X¢)).
Consider ™ € TI° and assume that for all e € &, E™ [r(D$)?] < oo, where r is defined
in (D.23). Let m = o(y/n) and for all e, let Do = (Ds,,...,Df ) be a resample of
D¢ drawn with weights given by (D.24). Let ©° be a hypothesis test for invariance of
the conditional expectation E”S’e[R | X9] that has pointwise asymptotic level o € (0,1)
when ©° is applied to data sampled with 7. Applying ©° to the resampled data yields
pointwise asymptotic level, that is,

lim sup P™ (@S(Del’ﬂs, e DeL’”S) =1)<a

n—oo

if S is invariant.

Proof. We only show that this problem with environments can be cast in the setting of
Thams et al. [2021], which has no reference to environments. Here, we assume that we
have the same number of observations in each environment. The main idea is to create
a data set D?, such that each observation in D consists of an observation from each of
the environments D°.

First, we randomly permute the observations within each data set D¢ to obtain a set
De. Then, we construct an auxiliary data set D, where the i’th observation Df of
Df is the concatenation of the i’th observation (after permutation) from each of the
environments, Df := (D$',..., DS*).

292



D.6. Algorithm: Off-policy Invariant Causal Prediction

We can now apply the resampling methodology from Thams et al. [2021] to draw a

sequence (Dfl, - ,Dfm) with weights given by
1%, (D) . . ..
- i1,...,10my) distinct
wg .= z(]lvv]m) =1 T(Dfé) ( ! m)
115e5tm distinct
0 otherwise.

where

ey TSGR X0 xS | )
e NP RN Y

and Xf, flf are the i’th observation of D¢. Because the observations are independent,
both within and between environments, the probability of drawing the resampled data
set (Digl, . .,Digm) = (D5, Dil), .o (D) 5., DiE)) is equal to the probability of

drawing first m observations from e1, (Dj/,...,D;!), and then m from ez etc. The

result then follows directly from Thams et al. [2021]. O

In other words, we can test whether S is invariant by resampling the data and applying
an invariance test on the resampled data set. Proposition D.2 states that this procedure
holds level asymptotically. We assume knowledge of the initial policy 7° to ease our
presentation. We can, in fact, show the pointwise asymptotic validity even if the initial
policy 7% is unknown and has to be estimated from the offline data (see Thams et al.
[2021] Theorem 2).

D.6. Algorithm: Off-policy Invariant Causal Prediction

Below, we present an algorithm for finding the causal ancestors AN(R) of the reward R
under a change in policy.

Algorithm D.1 Off-policy Invariant Causal Prediction

Input data D = (D, ..., D), test function pv, initial policy 7y, resampling size
m = (m,...,mp) = (/|D%],...,/|Det])
1: initialize the collection of invariant sets Siny < {} > loop over all subsets
2: for S € P({1,...,d}) do > test for invariance
3: if 75 # null then
4: is_inv < test_inv(D, 7%, pv, S, m) > (see Algorithm 2)
5: elseis_inv + test_inv_opt_m(D,pv, S, m) > (see Algorithm D.2 in

Appendix D.8)
> update the accepted invariant set

6: if is_inv then add S to Siny

7 SAN — ml Sinv[i] .
Output: the estimated causal ancestors Say

> get the estimated causal ancestors
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D.7. Faster power optimization

In Section 4.5.2, we show that we can optimize the power to detect non-invarince by
gradient descent. In particular, the gradient is

VJ(0) = E [ViegP(D™ | D)pv(D™ )],

where D™ is a resample of the data D and pv is a function returning a p-value of our
invariance test. P(D™ | D) is given by (D.24), but as discussed in Thams ct al. [2021],
this may be infeasible to compute if n is very large.

As a computationally efficient alternative, Thams et al. [2021] proposes an approx-
imate resampling scheme, where a sequence (i1, ...,%y,,) (distinct or non-distinct) is
sampled with replacement. That is, the weights are given by

) 1172 TH(DZ)
wa,(’il,...,ime) = Me e
Z(j17~~~:jm) I1= TQ(DJZ)
[T TG(DZ)
Me *
(e ro(D5))

This expression is much easier to compute than (D.24), because the denominator is a
sum over n. terms (instead of n.!/(n. —me)!). In particular, we get
VologP(D™ | D) = Vjlog W, (i1 i)

Me Ne
= Z Vg logrg(Dy,) — meVglog Z ro(D5).
=1 j=1

Algorithm D.2 splits the data in two halves: we optimize power on the first half of the
data and test for invariance on the second half. We only use the above approximation for
the power optimization, where we need to explicitly compute the normalization constant
of the weights. In the second half of Algorithm D.2, we use (D.24) (i.e., we do not use the
approximate weights), because Proposition D.2 requires the weights to be those given
in (D.24). If n is so large that we cannot sample by explicitly computing the weights
(D.24), there are several options for sampling from the scheme without computing the
denominator — see Thams et al. [2021] for a variety of approaches.

D.8. Invariance test with optimized test policy

In this section we provide Algorithm D.2, which tests the invariance of a set by choos-
ing a test policy 7 that optimizes the power of the invariance test, as discussed in
Section 4.5.2.
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Algorithm D.2 Testing the invariance of a set S with optimization over test policies

S

s

10:

11:
12:
13:
14:

15:
16:

17:

18:

19:
20:

test_inv opt_m(data D = (D¢,...,D°), function pv yielding the p-
value of an invariance test, target set S, resampling size (mi,...,mp) =
(\/|De|/2,...,4/|D¢L|/2), learning rate y=1e-3, significance level «
> sample splitting
fore=eq,...,er do
Ne,sp < ceil(| D¢ /2)
Dt {(af, af, r§, 70 (ag] )}y
D2 ¢ {(af, a5, v, w0a )} 2
> optimizing power
Initialize policy parameters 6
while not converged do
for e =eq,...,er do
for i =1 to nesp do

S
mj (a5 | 25°)

compute weights: r{ < 0(a | 27)
m0(ag | xS
draw D&™ = (Diel’l, e ,D;’nl ) with replacement from D! with probabilities
o< e
DY« (DTG ..., D)
compute p-value: pV(Dl’“g )
compute gradient: V log ]P’(Dlv’fg )
update policy parameters: 0 < 6 — vpv(Dlﬂrg)V log P%Dlﬂrg)
> verifying invariance condition
for e =e€1,...,e;, do
for i =n. 4 +1 to |D¢| do
S e G,S
. mp (a§ | =)
compute weights: r¢ - —0 1171 2
P TR T 0 g T
draw Do = (Dfl’z, . .,Di’nz ) with replacement from D%? with probabilities
o< e
D275 « (D1 ... DeLmy)
is_invariant < pv(D%™ ) > a

Return: is_invariant

D.9. Simulation Details

D.9.1. Data Generating Process

We generate data from the following SCM S(w, e):

U=cy, X' =~U+exi, X?:=oa.+eye,
ANW(A|X17X2)7 R::BA,1X2+BA,2U+5R7
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where ey, ex2,ex1,eg ~ N(0,1), A takes values in the space {ai,...,ar}. In our
experiments, we consider 3 possible actions (L = 3) and randomly draw the parameters
Bar s -+ Bas.1s Bar,2s - - - » Bag,2 from N(0,1), while the environment-specific parameters
Ve, e are drawn from N(0,4). These parameters are then fixed across all experiment
runs.

D.9.2. Initial Policy

We construct an initial policy 7° in Section 5 as follows. First, we generate a training data
D = {(X}, X2 A;, R;,e;)}™; from the uniform random policy and partition the dataset
D according to the action values: Dy, ..., Dg,. Then, for each action a € {a1,as,as},
we fit a linear regression on D, to estimate the reward R from X' and X?. Denote the
resulting regressor as f,. The initial policy is then constructed as

1
(A =a| X" X?) x exp §fa(X1,X2).

D.9.3. Invariant Test with True Conditional Expectation

#training envs: 2 #training envs: 6 ------ 95% level

1.
[0} 0 ¥
§ — Policy
8 N\ — 0
S 0.5 \\ . X1
- \ —
8 \ . ~, — X1,X2

0.0 e s SN,

10° 10° 10° 10° 10" 10°
Sample Size (Total) Sample Size (Total)

Figure D.1.: Acceptance rates for the off-policy invariance test with true conditional
expectation.

D.10. Warfarin Case Study

D.10.1. Initial Policy

We generate the training data {(X;, A;, Ri,e;)};,, where ¢; € £ = {1,...,4} under the
following initial policy. We fit a linear regression to estimate the optimal warfarin dose
from BMI score. Let us denote the resulting regressor by fPM!. The initial policy 7°
then selects actions according to the following (unnormalized) distribution:

1 -1
7T0(A —a ‘ XBMI) o eXp§ |fBMI(XBMI) _ m(a” ’

where, as before, m(a) denotes a median value of the optimal warfarin doses within the
bucket a.
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Figure D.2.: Analysis on the generalization performance and the degree of invariance.
The y-axes represent the expected reward of policies with different subsets,
while the x-axes represent their corresponding p-values return from the
invariance test. The result shows that a policy that depends on a subset
with a higher degree of invariance is more likely to generalize better to a
new environment.

D.10.2. Defining Sets

The resulting defining set is {Race, VKORC1}. The following are the details of these
variables (see also Consortium [2009]):

e VKORCI: Genetic information — vitamin K epoxide reductase complex, subunit
1.

e Race: Racial categories as defined by the U.S. Office of Management and Budget.

D.10.3. P-value and Generalization Analysis

In the semi-real experiment (see Section 6.4), we further analyze the generalization per-
formance of each candidate set and its corresponding p-value returned by the invariance
test. To distinguish the effects of invariance and predictiveness on the generalization
performance (measured by the expected reward on a test environment), we partition the
subsets into four groups depending on their performance on the training environments
(1 is the least predictive and 4 is the most predictive).

Within each predictiveness group, the scatter plots in Fig. D.2 display a correlation
between the p-value returned by the invariance test and the expected reward under a test
environment. This result indicates that a policy that depends on a subset with a higher
degree of invariance (higher p-value) tends to generalizes better to a new environment.
The correlation is strongest in the test environment e = 4 in which we could also observe
the largest performance gap between invariant and non-invariant approaches, see Fig. 5.
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D.11. Example justifying Assumption 1

Josss:
1D E 020
N

Figure D.3.: Example setting illustrating that Assumption 1 is required to derive the
theoretical results in Proposition 1 and Item 2(ii).

We now discuss an example (presented in Fig. D.3) that justifies Assumption 1. In
this example, the variables U; and Us influence only the observed covariates X but not
the reward R. This example would lead to the following problems in Proposition 1 and
Theorem 2.

First, the subsets {X!, X4} and {X?, X3} are both d-invariant, but no set of size 3
or more is d-invariant. By symmetry, there is no guarantee that a d-invariant set that
is optimal in the training environments will also be optimal in a new test environment
because e.g. {X!, X4} might be optimal on the training data while { X2, X3} is optimal
on the test data. This then refutes the statement in Proposition 1. Assumption 1 fixes
this problem as it ensures the existence of a largest d-invariant set which is a superset
of all other d-invariant sets (see the proof of Lemma D.2), and rules out this example.

Second, there is no strongly non-d-invariant variable (see Definition 5) in this example
and hence Assumption 2 does not guarantee the existence of a confounding removing
environment. This implies that a set £ of environments can be arbitrary, for instance,
it could be a singleton & = {e}. In that case, Item 2(ii) would no longer hold (but
Item 2(i) remains valid). We, therefore, require Assumption 1 for proving the results of
Proposition 1 and the second statement of Item 2(ii).
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E.1. Proofs

E.1.1. A direct Proof of Proposition 1

Proof. Assume that F is exogenous. If E € PAy, then there are no minimally invariant
sets, and the statement holds trivially. If E ¢ PAy, then assume for contradiction, that
an invariant set So C S exists. By assumption, |5\ Sp| > 1, because otherwise Sy would
be non-invariant.

We can choose S1 C S and ko, k1,...,k € .5 with [ > 1 such that for all i =1,...,1:
k; ¢ DE, and

S()USlU{ko,...,kl}:S el
for0<i<l: SoUSlU{ko,...,k‘i} ¢Z
So U St el

This can be done by iteratively removing elements from S'\ Sy, removing first the earliest
elements in the causal order. The first invariant set reached in this process is then SyUS].

Since Sp U S1 U {ko} is non-invariant, there exists a path m between FE and Y that is
open given Sy U S1 U {ko} but blocked given Sy U S;. Since removing ko blocks , ko
must be a collider or a descendant of a collider ¢ on 7:

TE . Ty

Here, — represents an edge that either points left or right. Since 7 is open given
So U S1, the two sub-paths mg and my are open given Sy U Sj.

Additionally, since Sy U S1 U {k1,...,ki} = S\ {ko} is non-invariant, there exists a
path 7 between F and Y that is unblocked given SoUS; U{k1, ...,k } and blocked given
SoUS1U{k1,...,ki} U{ko}. It follows that ko lies on 7 (otherwise 7 cannot be blocked
by adding ko) and ko has at least one outgoing edge. Assume, without loss of generality
that there is an outgoing edge towards Y.

Since 7 is open given SoUS;U{k1, ..., ki }, sois Ty. If there are no colliders on 7y, then

Ty is also open given Sy U S7. But then the path the path FE oo ko .
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%/—/

Ty

is also open given Sy U 57, contradicting invariance of Sy U 5.

E» - »c
: Ty
v
k;o’... —Y

If there are colliders on 7y, let m be the collider closest to kp, meaning that m € DEy,.
Since 7y is open given Sy U Sy U {k1,...,k;}, it means that either m or a descendant of
misin Sy U Sy U{ky,..., ki}. Since {ki,...,k} NDEg, = 0, there exist v € (Sp U S1) N
({m} UDE,,). But then v € DEg, N(Sp U S1), meaning that = is open given Sy U Sy,
contradicting invariance of Sy U 5.

We could assume that 7 had an outgoing edge from kg without loss of generality,
because if there was instead an outgoing edge from kg on 7, the above argument would
work with 7wy and 7g instead. This concludes the proof. O

E.1.2. A direct proof of Proposition 2

Proof. 1f E is a parent of Y, we have MZ = () and the statement follows trivially. Thus,
assume that F is not a parent of Y. We will show that if S € 7 is not a subset of ANy,
then S* :== SN ANy € Z, meaning that S ¢ MZT.

Assume for contradiction that there is a path p between E and Y that is open given
S*. Since S € Z, p is blocked given S. Then there exists a non-collider Z on p that is in
S\ ANy. We now argue that all nodes on p are ancestors of Y, yielding a contradiction.

First, assume that there are no colliders on p. If F is exogenous, then p is directed
from F to Y. (If E is an ancestor of Y, any node on p is either an ancestor of Y or E,
and thus Y.) Second, assume that there are colliders on p. Since p is open given the
smaller set S* C S, all colliders on p are in S* or have a descendant in S*; therefore all
colliders are ancestors of Y. If E is exogenous, any node on p is either an ancestor of Y
or of a collider on p. (If E is an ancestor of Y, any node on p is either an ancestor of Y,
of a collider on p or of E, and thus also Y.) This completes the proof of Proposition 2.

O

E.1.3. Proof of Proposition 3

Proof. First, we show that Siag € Z. If Siag is the union of a single minimally invariant
set, it trivially holds that Stas € Z. Now assume that Siag is the union of at least two
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minimally invariant sets, S;as = S1 U ... U S,, n > 2, and assume for a contradiction
that there exists a path m between E and Y that is unblocked given Siag.

Since 7 is blocked by a strict subset of Stag, it follows that 7 has at least one collider;
further every collider of 7 is either in Stag or has a descendant in Stas, and hence every
collider of 7 is an ancestor of Y, by Proposition 2. If F is exogenous, 7 has the following
shape

1 2 T3y s Tk Thk+1
E» - »Cl<4t- »pC24¢—  —P»CLet-»Y

(If E is not exogenous but F € ANy, then 7 takes either the form displayed above or
the shape displayed below. However, no matter which of the shapes m takes, the proof
proceeds the same.)

Ut T2 T3y Tk Tk+1
F<4: - »Cl<4 - »p2<4— - —>»CLet - »Y,
The paths 71, ..., 7,41, £ > 1, do not have any colliders and are unblocked given Stas.
In particular, my, ..., 71 are unblocked given Sj.

The path 71 must have a final edge pointing to Y, because otherwise it would be a
directed path from Y to ¢, which contradicts acyclicity since ¢ is an ancestor of Y.

As c¢1 is an ancestor of Y, there exists a directed path, say pi, from ¢ to Y. Since
w1 is open given S; and since S is invariant, it follows that p; must be blocked by
S1 (otherwise the path E e B Y would be open). For this reason, S contains a
descendant of the collider c;.

Similarly, if ps is a directed path from c2 to Y, then S; blocks ps, because otherwise
the path E 5 ¢; « " 5 0 BY would be open. Again, for this reason, S7 contains a
descendant of cs.

Iterating this argument, it follows that S; contains a descendant of every collider on
m, and since 7y,...,mp4+1 are unblocked by Si, 7 is open given Sj. This contradicts
invariance of S7 and proves that Sias € 7.

We now show that Sicp C Sias with equality if and only if Sicp € Z. First, Sicp C
Stas because Sias is a union of the minimally invariant sets, and Sicp is the intersection
over all invariant sets. We now show the equivalence statement.

Assume first that Sicp € Z. As Sicp is the intersection of all invariant sets, Sicp € Z
implies that there exists exactly one invariant set, that is contained in all other invariant
sets. By definition, this means that there is only one minimally invariant set, and that
this set is exactly Sicp. Thus, Sias = Sicp.

Conversely assume that Sicp ¢ Z. By construction, Sicp is contained in any invariant
set, in particular in the minimally invariant sets. However, since Sicp is not invariant
itself, this containment is strict, and it follows that Sicp € Sias.

O
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E.1.4. Proof of Proposition 4

Proof. First we show PAy N (CHg UPA(ANy NCHg)) C Sicp. If j € PAy NCHg, any
invariant set contains j, because otherwise the path £ — j — Y is open. Similarly, if
j € PAy NPA(ANy NCHg), any invariant set contains j (there exists a node j’ such that
E—j —--—>Yand F — j + j— Y, and any invariant set S must contain j’ or one
of its descendants; thus, it must also contain j to ensure that the path F — j' < j — Y
is blocked by S.) It follows that for all invariant S,

PAy N(CHE UPA(ANy NCHg)) C S,
such that

PAy N(CHEUPA(ANyNCHg)) €[] S

S invariant

To show Sicp € PAy N (CHE U PA(@NY N CHE)), take any j §é PAy N (CHE @] PA(ANY N CHE))
We argue, that an invariant set S not containing j exists, such that j ¢ Sicp =
Ns invariant - 7 & PAy, let S = PAy, which is invariant. If j € PAy, define

S = (PAy \{j}) UPA; U(CH; N ANy) UPA(CH; N ANy).

Because j ¢ CHp and j ¢ PA(ANy NCHg), we have E ¢ S. Also observe that S C
ANy . We show that any path between E and Y is blocked by S, by considering all
possible paths:

--+j/ =Y for j’ # j: Blocked because j' € PAy \{j}.
-+v — j — Y: Blocked because v € PA; C S and E ¢ PA;.
--v —=c+ j— Y and c € ANy: Blocked because v € PA;(CH; NANy).

v —=c<+j— Y and c ¢ ANy: Blocked because S C ANy, and since ¢ ¢ ANy,
S NDE. = () and the path is blocked given S because of the collider c.

--—>ce--~<—v<—ji>Yandc€ANY: Blocked because v € AN, and ¢ € ANy, so
UGCHjﬂANygS.

= c4 -+ v+ j—Y and c ¢ ANy: Samereason as for thecase -+ v >c+j—Y
and ¢ ¢ ANy,

.- c+4 -+ Y Since S C ANy, we must have S N DE, = () (otherwise this Woulc_i
create a directed cycle from Y — .-+ — Y'). Hence the path is blocked given S
because of the collider c.

Since there are no open paths from E to Y given S, S is invariant, and Sicp C S. Since
j ¢S, it follows that j ¢ Sicp. This concludes the proof. O
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E.1.5. Proof of Theorem 1

Proof. Consider first the case where all marginal tests have pointwise asymptotic power
and pointwise asymptotic level.

Pointwise asymptotic level: Let Py € H(%I . By the assumption of pointwise
asymptotic level, there exists a non-negative sequénce (€n)nen such that lim, e, =0
and Po(¢,(S) =1) < a+ep. Then

Po (¢ () = 1) = By | (¢n(S) = 1)U [ J(6a(S\ {5}) = 0)

JjES
< Po(¢n(S) =1)+ > Po(¢n(S\ {j}) =0)
jeSs
<a+e,+ Y Po(¢n(S\{j}) =0)
jeS
—a+0 as n — 0o

= a.
The convergence step follows from
MI T 7
HyS = His 0 () Hj (5
jes

and from the assumption of pointwise asymptotic level and power. As Py € H(%I was
arbitrary, this shows that ¢\ has pointwise asymptotic level.

Pointwise asymptotic power: To show that the decision rule has pointwise asymp-
totic power, consider any P4 € H ﬁ/‘SI . We have that

HY§ =HigU [ Hisn | Hi o\ | - (E.1)
jes

As the two sets Hﬁ g and

His 0 | Hy s\
JES

are disjoint, we can consider them one at a time. Consider first the case P4 € Hi g
This means that S is not invariant and thus

Pa(¢y(S) =1) =Pa [ (6n(S) = 1) U |J(@n(S\ {j}, 0) = 0)

jES
> Pa(on(S) =1)
—1 as n — 0o
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by the assumption of pointwise asymptotic power.

Next, assume that there exists j' € S such that P4 € (HZ 05N H0 S\{7 }) Then,

Pa(¢y(S) =1) =Py | (¢a(S) = 1)U [ J(6n(S\{5}) = 0)
JES
> Pa(¢n(S\{5'}) = 0)
>1—a—¢g,

—1—« as n — 00.

Thus, for arbitrary P4 € HQASI we have shown that Pa(¢A7(S) = 1) > 1 — « in the
limit. This shows that ¢nMI has pointwise asymptotic power of at least 1 — «. This
concludes the argument for pointwise asymptotic power.

Next, consider the case that the marginal tests have uniform asymptotic power and
uniform asymptotic level. The calculations for showing that ¢;*'Z has uniform asymptotic
level and uniform asymptotic power of at least 1 —« are almost identical to the pointwise
calculations.

Uniform asymptotic level: By the assumption of uniform asymptotic level, there
exists a non-negative sequence &, such that lim, .. &, = 0 and suppc HE P(¢n(S) =

1) < a+¢€p. Then,

sup P(op(S)=1)= sup P | (¢n(S)=1)U | J(@n(S\{j}) =0)

PeH PeH jes
< sup P(¢n (S +ZP on(S\{7}) =0)
PeH)E jes
< sup P(¢,(S)=1)+ Z sup P(¢n(S\{j}) =0)
PeHYE jes PEHY
Sate+y (1- inf P(ea(S\{j})=1)
jes IP’eH

%a+0+21—1) as n — oo
JjeS

= Q.

Uniform asymptotic power: From (E.1), it follows that

inf P(¢A7(S)=1) =min{ inf P(¢ME(S)=1), inf MI(§)y=1)3.
periz (627 (5) =1) {PeHis (n"(5) = )PeHésﬂUjesH({s\m P(¢y " (S) = 1)
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We consider the two inner terms in the above separately. First,

inf P(o}7(S) = 1) = inf P [ (4u($)=1)UJ(@u(S\ {j}) =0)

I
PeHF ¢ PeHy o jes

> inf P(¢n(5) =1)

PeH] ¢
—1 as n — 00.

Next,

inf (¢nMI(S) =1)
PeHF sNUjes Hy s\ 5

= inf P (¢a(8) =1 U J(@u(S\ {j}) =0)

- Pelf sUses B o) jes

= min inf_ P (a(S) =1 UJ(a(S\{j}) =0)

JES | PeHT sNH

0 ,S\{s} JjeS
> min inf P(on(S\{j}) =0)
JES | PeHE sNHE g\
“min{1- s P(eu(S\ ) = 1)
jes PEHE sNHE g (1)
>l-—a—ey,
—->1—-« as n — 00.

This shows that (bnMI has uniform asymptotic power of at least 1 — «, which completes
the proof. O

E.1.6. Proof of Theorem 2

Proof. We have that
lim P(SIAS C ANy) > lim P(SIAS = S1as)
n—oo n—oo

as Sias € ANy by Proposition 3. Furthermore, we have

P(S’IAS = S1A8) > P(/\//EZ = MTI).
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Let A:={S|S&Z}\{S|39 < Ss.t. S € MTI} be those non-invariant sets that do

not contain a minimally invariant set and observe that

(MZ=MI)2 () (6a(S,aCY) =0)N () (6n(S,aCY) =1). (E.2)
SeMZT SeA

To see why this is true, note that to correctly recover MZ, we need to 1) accept the
hypothesis of minimal invariance for all minimally invariant sets and 2) reject the hy-
pothesis of invariance for all non-invariant sets that are not supersets of a minimally
invariant set (any superset of a set for which the hypothesis of minimal invariance is not
rejected is removed in the computation of /\//l\I) Then,

B(MZ = MI) > P ( N (@u(S.aC™") =0)1 () (Ga(S,aC ™) = D)

SeMI SeA

> 1 —P( U @n(S.ac™) = 1)) — Y P(¢n(S,aC"t) =0)

SeMT SeA
>1= ) P(6n(S,0C7) =1) = 3 P(én(S,0C7") =0)
SeMT SeA
>1- ) (aC ' 4ens) = > P(¢n(S.aC™) =0)
SeMT SeA
>1- MIZaC™ 4+ Y ens— > P(¢a(S,aC™h) = 0)
SeMT SeA
>1-—a+ Y ens— Y P(¢n(S,aC") =0)
SeMT SeA

—1—a asn— oo,

where (e, 5)neN,se M7 are non-negative sequences that converge to zero and the last step
follows from the assumption of asymptotic power. The sequences (£, 5)neN,semz €xist
by the assumption of asymptotic level. O

E.1.7. Proof of Proposition 5

Proof. We prove the statements one by one.

(i) Since Sjig is the union over some of the minimally invariant sets, S{iq C Stas.
Then the statement follows from Proposition 2.

(i) If m > mmax, all S € MT satisfy the requirement |S| < m.

(iii)) If m > mmin, then Sfiq contains at least one minimally invariant set. The
statement then follows from the first part of the proof of Proposition 3 given in Ap-
pendix E.1.3.
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(iv) Siig contains at least one minimally invariant set and, by (iii), it is itself invariant.
Thus, if Sicp € Z, then Sicp € S{Rg- If Sicp € Z, then there exists only one minimally
invariant set, which is Sicp (see proof of Proposition 3), and we have Sicp = Siig. This
concludes the proof. O

E.1.8. Proof of Theorem 3

Proof. The proof is identical to the proof of Theorem 2, when changing the correction
factor 2% to C(m)~!, adding superscript m’s to the quantities MZ, Sias and Sias, and
adding the condition |S| < m to all unions, intersections and sums. O

E.1.9. Proof of Proposition 6

By Proposition 2, we have Sias € ANy, and since Stas,o € Stas, the claim follows
immediately.

E.2. Oracle Algorithms for Learning Siag

In this section, we review some of the existing literature on minimal d-separators, which
can be exploited to give an algorithmic approach for finding Siag from a DAG. We first
introduce the concept of M-minimal separation with respect to a constraining set I.

Definition E.1 (van der Zander et al. [2019], Section 2.2). Let I C [d], K C [d],
and S C [d]. We say that S is a K-minimal separator of E and Y with respect to a
constraining set [ if all of the following are true:

(i) ICS.
(i) SeT.
(iii) There does not exists S’ € Z such that K C S' C S.

We denote by M 1 the set of all K-minimal separating sets with respect to constraining
set I.

(In this work, S € Z means E L Y |S, but it can stand for other separation state-
ments, too.) The definition of a K-minimal separator coincides with the definition of a
minimally invariant set if both K and the constraining set I are equal to the empty set.
An (-minimal separator with respect to constraining set I is called a strongly-minimal
separator with respect to constraining set I.

We can now represent (2) using this notation. Mpy contains the minimally invariant
sets and thus

SIAS = U S.
SeMy g

Listing the set M ; of all [-minimal separators with respect to the constraining set I (for
any I) can be done in polynomial delay time O(d?) [van der Zander et al., 2019, Takata,
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2010], where delay here means that finding the next element of My ; (or announcing that
there is no further element) has cubic complexity. This is the algorithm we exploit, as
described in the main part of the paper.

Furthermore, we have

1€ S1As & M@,{i} # 0.

This is because ¢ € Siag if and only if there is a minimally invariant set that contains i,
which is the case if and only if there exist a strongly minimal separating set with respect
to constraining set {i}. Thus, we can construct Spag by checking, for each i, whether
there is an element in My ;. Finding a strongly-minimal separator with respect to
constraining set I, i.e., finding an element in Mj ;, is NP-hard if the set I is allowed to
grow [van der Zander et al.; 2019]. To the best of our knowledge, however, it is unknown
whether finding an element in Mj r;,, for a singleton {i} is NP-hard.

E.3. The Maximum Number of Minimally Invariant Sets

If one does not have a priori knowledge about the graph of the system being analyzed,
one can still apply Theorem 2 with a correction factor 2¢, as this ensures (with high
probability) that no minimally invariant sets are falsely rejected. However, we know
that the correction factor is strictly conservative, as there cannot exist 2¢ minimally
invariant sets in a graph. Thus, correcting for 2¢ tests, controls the familywise error rate
(FWER) among minimally invariant sets, but increases the risk of falsely accepting a
non-invariant set relatively more than what is necessary to control the FWER. Here, we
discuss the maximum number of minimally invariant sets that can exist in a graph with
d predictor nodes and how a priori knowledge about the sparsity of the graph and the
number of interventions can be leveraged to estimate a less strict correction that still
controls the FWER.

As minimally invariant sets only contain ancestors of Y (see Proposition 2), we only
need to consider graphs where Y comes last in a causal ordering. Since d-separation is
equivalent to undirected separation in the moralized ancestral graph [Lauritzen, 1996],
finding the largest number of minimally invariant sets is equivalent to finding the max-
imum number of minimal separators in an undirected graph with d 4+ 2 nodes. It is an
open question how many minimal separators exists in a graph with d + 2 nodes, but
it is known that a lower bound for the maximum number of minimal separators is in
Q(3%/3) [Gaspers and Mackenzie, 2015]. We therefore propose using a correction factor
of C' = 3[4/3] when estimating the set Siag from Theorem 2 if one does not have a priori
knowledge of the number of minimally invariant sets in the DAG of the SCM being
analyzed. This is a heuristic choice and is not conservative for all graphs.

Theorem 2 assumes asymptotic power of the invariance test, but as we can only have
a finite amount of data, we will usually not have full power against all non-invariant
sets that are not supersets of a minimally invariant set. Therefore, choosing a correction
factor that is potentially too low represents a trade-off between error types: if we correct
too little, we stand the risk of falsely rejecting a minimally invariant set but not rejecting
a superset of it, whereas when correcting too harshly, there is a risk of failing to reject
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non-invariant sets due to a lack of power.

If one has a priori knowledge of the sparsity or the number of interventions, these
can be leveraged to estimate the maximum number of minimally invariant sets using
simulation, by the following procedure:

1. Forb=1,...,B:

a) Sample a DAG with d predictor nodes, Nipterventions ~ Pn interventions and
p ~ P, probability of an edge being present in the graph over (X,Y’), such
that Y is last in a causal ordering. The measures Py and P, are distributions
representing a priori knowledge. For instance, in a controlled experiment, the
researcher may have chosen the number Ny of interventions. Then, Py is a
degenerate distribution with Py (Ng) = 1.

b) Compute the set of all minimally invariant sets, e.g., using the adjustmentSets
algorithm from dagitty [Textor et al., 2016].

¢) Return the number of minimally invariant sets.

2. Return the largest number of minimally sets found in the B repetitions above.

Instead of performing B steps, one can continually update the largest number of mini-
mally invariant sets found so far and end the procedure if the maximum has not updated
in a predetermined number of steps, for example.

E.4. A Finite Sample Algorithm for Computing SIAS

In this section, we provide an algorithm for computing the sets Sias and S’I’XS presented
in Theorems 2 and 3. The algorithm finds minimally invariant sets by searching for
invariant sets among sets of increasing size, starting from the empty set. This is done,
because the first (correctly) accepted invariant is a minimally invariant set. Further-
more, any set that is a superset of an accepted invariant set, does not need to be tested
(as this set cannot be minimal). Tests for invariance can be computationally expensive
if one has large amounts of data. Therefore, skipping unnecessary tests offers a signif-
icant speedup. In the extreme case, where all singletons are found to be invariant, the
algorithm completes in d + 1 steps, compared to > ;" (‘j) steps (2¢ if m = d). This is
implemented in lines 8-10 of Algorithm E.1.

E.5. Additional Experiment Details

E.5.1. Simulation Details for Section 6.1

We sample graphs that satisfy Assumption 1 with the additional requirement that Y €
DEy by the following procedure:

1. Sample a DAG G for the graph of (X,Y) with d 4+ 1 nodes, for d € {4,6,...,20} U
{100, 1,000}, and choose Y to be a node (chosen uniformly at random) that is not
a root node.
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Algorithm E.1 An algorithm for computing Siag from data

Input: A decision rule ¢, for invariance, significance thresholds ag, a, max size of
sets to test m (potentially m = d) and data
Output: Ee set Sias

1: Initialize MZ as an empty list.

2: PSS+ {SCId]||S]<m}

3: if ¢ (0, ap) = 0 then

4: End the procedure and return SI As =0

5: Sort PS in increasing order according the set sizes
6: for S € PS do

7: if SO for any S’ € MZ then

8: Skip the test of S and go to next iteration of the loop
9: else

10: Add S to MT if dn (S, a) =0, else continue
11: if The union of MZ contains all nodes then
12: Break the loop

: Return SI As as the union of all sets in /\//l\l'

—_
w

2. Add a root node FE to G with Njpterventions children that are not Y. When d < 20,
Ninterventions € {1, . ,d} and when d > 1007 Ninterventions € {1, e ,0.1 X d} (i.e.7
we consider interventions on up to ten percent of the predictor nodes).

3. Repeat the first two steps if Y ¢ DEg.

E.5.2. Simulation Details for Section 6.2

We simulate data for the experiment in Section 6.2 (and the additional plots in Ap-
pendix E.5.4) by the following procedure:
1. Sample data from a single graph by the following procedure:

a) Sample a random graph G of size d + 1 and sample Y (chosen uniformly at
random) as any node that is not a root node in this graph.

b) Sample coefficients, 5;_,;, for all edges (i = j) in G from U((—2,0.5)U(0.5,2))
independently.

¢) Add a node E with no incoming edges and Nipterventions children, none of
which are Y. When d = 6, we set Nigterventions = 1 and when d = 100, we
sample Nipterventions Uniformly from {1,...,10}.

d) If Y is not a descendant of E, repeat steps (a), (b) and (c) until a graph
where Y € DEg is obtained.

e) For n € {10%,103,10%,10°}:

i. Draw 50 datasets of size n from an SCM with graph G and coefficients
Bi—; and with i.i.d. N(0,1) noise innovations. The environment variable,
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E, is sampled independently from a Bernoulli distribution with proba-
bility parameter p = 0.5, corresponding to (roughly) half the data being
observational and half the data interventional. The data are generated
by looping through a causal ordering of (X,Y’), starting at the bottom,
and standardizing a node by its own empirical standard deviation before
generating children of that node; that is, a node Xj; is first generated
from PA; and then standardized before generating any node in CH;. If
X is intervened on, we standardize it prior to the intervention.

ii. For each sampled dataset, apply IAS and ICP. Record the Jaccard sim-
ilarities between IAS and ANy and between ICP and ANy, and record
whether or not is was a subset of ANy and whether it was empty.

iii. Estimate the quantity plotted (average Jaccard similarity in Fig. 4 or
probability of Sjas € ANy or Sias = 0 in Fig. E.2) from the 50 simulated
datasets.

f) Return the estimated quantities from the previous step.

2. Repeat the above 100 times and save the results in a data-frame.

E.5.3. Analysis of the Choice of C' in Section 6.2

We have repeated the simulation with d = 6 from Section 6.2 but with a correction
factor of C' = 29, as suggested by Theorem 2 instead of the heuristic correction factor of
C = 9 suggested in Appendix E.3. Fig. .1 shows the results. We see that the results are
almost identical to those presented in Fig. 4. Thus, in the scenario considered here, there
is no change in the performance of Siag (as measured by Jaccard similarity) between
using a correction factor of C' = 26 and a correction factor of C' = 3/%/31 = 9. In larger
graphs, it is likely that there is a more pronounced difference. E.g., at d = 10, the
strictly conservative correction factor suggested by Theorem 2 is 2'9 = 1024, whereas
the correction factor suggested in Appendix E.3 is only 3[19/3] = 3% = 81, and at d = 20
the two are 220 = 1,048,576 and 3/20/31 = 37 = 2187.

E.5.4. Analysis of the Choice of o in Section 6.2

Here, we investigate the quantities IP’(S'IAS C ANy), IP’(S'%AS C ANy), P(S’IAS = ()) and
P(gllAS = () using the same simulation setup as described in Section 6.2. Furthermore, we
also ran the simulations for values oy = « (testing all hypotheses at the same level), ap =
1075 (conservative, see Remark 1) as in Section 6.2 and ag = 10712 (very conservative).
The results for a = 1079 (shown in Fig. E.2) were recorded in the same simulations that
produced the output for Fig. 4. For ag € {a, 10712} (shown in Fig. E.3 and Fig. E.4,
respectively) we only simulated up to 10,000 observations, to keep computation time
low.

Generally, we find that the probability of IAS being a subset of the ancestors seems
to generally hold well and even more so with large sample sizes. (see Figs. E.2 to E.4),
in line with Theorem 2. When given 100,000 observations, the probability of IAS being

311



E. Appendix to Invariant Ancestry Search
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Figure E.1.: The same figure as in Fig. 4, but with a correction factor of C' = 26 = 64
instead of C = 3%/3] = 9. Only d = 6 shown here, as the correction
factor for d = 100 is unchanged. Here, the guarantees of Theorem 2 are
not violated by a potentially too small correction factor, and the results are
near identical to those given in Fig. 4 using a milder correction factor.

a subset of ancestors is roughly equal to one for almost all SCMs, although there are a
few SCMs, where TAS is never a subset of the ancestors (see Fig. E.2). For ap = 1075,
the median probability of IAS containing only ancestors is one in all cases, except for
d = 100 with 1,000 observations — here, the median probability is 87%.

In general, varying ag has the effect hypothesized in Remark 1: lowering ay increases
the probability that TAS contains only ancestors, but at the cost of increasing the proba-
bility that it is empty (see Figs. E.2 to E.4). For instance, the median probability of IAS
being a subset of ancestors when oy = 1072 is one for all sample sizes, but the output is
always empty when there are 100 observations and empty roughly half the time even at
1,000 observations when d = 100 (see Fig. E.4). In contrast, not testing the empty set at
a reduced level, means that the output of IAS is rarely empty, but the probability of TAS
containing only ancestors decreases. Still, even with ay = «, the median probability of
IAS containing only ancestors was never lower than 80% (see Fig. E.3). Thus, choosing
g means choosing a trade-off between finding more ancestor-candidates, versus more of
them being false positives.

E.5.5. Analysis of the strength of inverventions in Section 6.2

Here, we repeat the d = 6 simulations from Section 6.2 with a reduced strength of
the environment to investigate the performance of IAS under weaker interventions. We
sample from the same SCMs as sampled in Section 6.2, but reduce the strength of the
interventions to be 0.5 instead of 1. That is, the observational distributions are the same
as in Section 6.2, but interventions to a node X; are here half as strong as in Section 6.2.

The Jaccard similarity between 5'1 As and ANy is generally lower than what we found in
Fig. 4 (see Fig. E.5). This is likely due to having lower power to detect non-invariance,
which has two implications. First, lower power means that we may fail to reject the
empty set, meaning that we output nothing. Then, the Jaccard similarity between Sias
and ANy is zero. Second, it may be that we correctly reject the empty set, but fail to

312



E.5. Additional Experiment Details

d=6 d =100
1.00 ———————— { =g ——
- o + =P 7
= 0.75 A
-] =
ul ul
P 0.50 Y;‘A
=025 =
0.00 1 ]
1.00{ == = = -
= 0.75 1 =
I I
2 0.50 A
i) )
8% 0.251 B
0.001 | S —— j L \\ >

10% 10° 10! 10° 10? 10% 10! 10°
Number of observations Number of observations

Figure E.2.: The empirical probabilities of recovering a subset of ANy (top row) and
recovering an empty set (bottom row), when testing the empty set for in-
variance at level g = 1075. Generally, our methods seem to hold level
well, especially when sample sizes are large. When the sample size is small,
the output is often the empty set. When d = 6, we estimate Sias (left col-
umn) and when d = 100, we estimate SIIAS (right column). The results here
are from the simulations that also produced Fig. 4. Medians are displayed
as orange lines through each boxplot. Each point represents the probabil-
ity that the output set is ancestral (resp. empty) for a randomly selected
SCM, as estimated by repeatedly sampling data from the same SCM for
every n € {10%,103,10% 10°}. Observations from the same SCM are con-
nected by a line. Each figure contains data from 100 randomly drawn SCMs.
Points have been perturbed slightly along the z-axis to improve readability.

reject another non-invariant set which is not an ancestor of Y which is then potentially
included in the output. Then, the SIAS and ANy is lower, because we increase the
number of false findings.

We find that the probability that Siag is a subset of ancestors is generally unchanged
for the lower intervention strength, but the probability of Sias generally increases for
small sample sizes (see Table E.1). This indicates that IAS does not make more mistakes
under the weaker interventions, but it is more often uninformative. We see also that in
both settings, S'IAS is empty more often than SICP for low sample sizes, but less often
for larger samples (see Table E.1). This is likely because IAS tests the empty set at
a much lower level than ICP does (1079 compared to 0.05). Thus, IAS requires more
power to find anything, but once it has sufficient power, it finds more than ICP (see also
Fig. E.5). The median probability of ICP returning a subset of the ancestors was always
at least 95% (not shown).
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Figure E.3.: The same figure as Fig. E.2, but with ap = a = 0.05 and n € {102,103, 10*}.
Testing the empty set at the non-conservative level oy = o means that the
empty set is output less often for small sample sizes, but decreases the
probability that the output is a subset of ancestors. Thus, we find more
ancestor-candidates, but make more mistakes when ag = «. However, the
median probability of the output being a subset of ancestors is at least 80%
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Figure E.4.: The same figure as Fig. E.2, but with ag = 107!2 and n € {102,103, 10*}.
Testing the empty set at at very conservative level ag = 107!? means that
the empty set is output more often (for one hundred observations, we only
find the empty set), but increases the probability that the output is a sub-

set of ancestors. Thus, testing at a very conservative level ag = 107!2
means that we do not make many mistakes, but the output is often non-
informative.
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Figure E.5.: The same figure as the one presented in Fig. 4, but with weaker environ-
ments (do-interventions of strength 0.5 compared to 1 in Fig. 4). Generally,
TAS performs the same for weaker interventions as for strong interventions,
when there are more than 10,000 observations. Graphs represented in each
boxplot: 42 (left), 58 (right).
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Table E.1.: Summary of the quantities ]P’(S’IAS C ANy), ]P’(S'IAS = () and P(SICP = 0)

for weak and strong do-interventions (strength 0.5 and 1, respectively) when
d = 6. Numbers not in parentheses are means, numbers in parentheses are
medians. The level is generally unchanged when the environments have a
weaker effect, but the power is lower, in the sense that the empty set is
output more often.

P(Sias € ANy) P(Sias =0)  P(Sicp = 0)

n =100 96.6% (100%)  89.6% (98%)  52.3% (52%)
Strong interventions "= 1000 | 737% (100%)  10.0% (0%)  30.4% (14%)
n=10,000 |83.7% (100%)  1.0% (0%) 24.9% (10%)
n = 100,000 | 93.8% (100%)  0.2% (0%) 22.9% (10%)
n = 100 99.3% (100%)  98.7% (100%) 72.0% (84%)
Weak interventions ™= 1000 | 8L1% (100%)  40.2% (26%) ~ 36.9% (24%)
n=10,000 |80.8% (100%)  1.7% (0%) 27.5% (15%)
n = 100,000 | 92.6% (100%)  1.1% (0%) 24.8% (14%)
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E.5.6. Analysis of the Choice of gy in Section 6.3

In this section, we analyze the effect of changing the cut-off grp that determines when
a gene pair is considered a true positive in Section 6.3. For the results in the main
paper, we use grp = 1%, meaning that the pair (geney,geney ) is considered a true
positive if the value of geney when intervening on geney is outside of the 0.01- and
0.99-quantiles of geney in the observational distribution. In Fig. E.6, we plot the true
positive rates for several other choices of grg. We compare to the true positive rate
of random guessing, which also increases if the criterion becomes easier to satisfy. We
observe that the choice of ¢rp does not substantially change the excess true positive
rate of our method compared to random guessing. This indicates that while the true
positives in this experiments are inferred from data, the conclusions drawn in Fig. 5 are
robust with respect to some modelling choices of ¢7p.

Varying qrp

0.4 1

0.34

0.2 1

True positive rate

0.1
TPR (IAS)

TPR (Random guess)

0.0

0.01 0.025 0.05 01
arp

Figure E.6.: True positive rates (TPRs) for the gene experiment in Section 6.3. ¢rp
specifies the quantile in the observed distribution that an intervention effect
has to exceed to be considered a true positive. While the TPR increases for
our method when ¢rp is increased, the TPR of random guessing increases
comparably. This validates that changing the definition of true positives in
this experiment by choosing a different ¢rp does not change the conclusion
of the experiment substantially.

E.5.7. Learning causal ancestors by estimating the I-MEC

In this section, we repeat the experiments performed in Section 6.2, this time including
a procedure (here denoted IAScg. grapn), Where we perform the following steps.

1. Estimate a member graph of the I-MEC and the location of the intervention
sites using Unknown-Target Interventional Greedy Sparsest Permutation (UT-
IGSP) [Squires et al., 2020] using the implementation from the Python package
CausalDAG.!

! Available at https://github.com/uhlerlab/causaldag.
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2. Apply the oracle algorithm described in Section 4 to the estimated graph to obtain
an estimate of MZ.

3. Output the union of all sets in the estimate of MZ.

The results for the low-dimensional experiment are displayed in Fig. E.7 and the results
for the high-dimensional experiment are displayed in Table E.2. Here, we see that
IASest. graph generally performs well (as measured by Jaccard similarity) in the low-
dimensional setting (d = 6), and even better than IAS for sample sizes N < 103, but is
slightly outperformed by IAS for larger sample sizes. However, in the high-dimensional
setting (d = 100), we observe that IASe. graph fails to hold level and identifies only very
few ancestors (see Table E.2). We hypothesize that the poor performance of TASq. graph
in the high-dimensional setting is due to IASc. graph attempting to solve a more difficult
task than IAS. TASe graph first estimates a full graph (here using UT-IGSP), even
though only a subgraph of the full graph is of relevance in this scenario. In addition,
UT-IGSP aims to estimate the site of the unknown interventions. In contrast, IAS only
needs to identify nodes that are capable of blocking all paths between two variables, and
does not need to know the site of the interventions.

1.04 Method ! ‘
0 IAS
S~
5: 0.81 mmm IAScst. graph _‘_ T
S ’
2069
IS
E
@ 0.4+
=
3
£0.2
' N . T
0.0 _“‘_ - !
102 10° 10* 107
N

Figure E.7.: Comparison between the finite sample output of IAS and the procedure
described in Appendix E.5.7, in the low-dimensional case. Generally, these
procedures have similar performance, although IAS performs worse for small
sample sizes but slightly better for high sample sizes.
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d =100, N = 10° d =100, N = 10* d =100, N = 10°
IAS IASest. graph IAS IASest. graph IAS IASest. graph
P(S. C ANy) | 84.64% 15.30% 94.04% 14.92% 94.72%  14.74%
P(S. =0) 51.96% 12.32% 12.72% 11.84% 6.98%  11.42%
J(S.,ANy) 0.19 0.10 0.33 0.10 0.35 0.11

Table E.2.: Identifying ancestors by first estimating the I-MEC of the underlying DAG
and then applying the oracle algorithm of Section 4 fails to hold level and
identifies fewer ancestors than applying TAS, when in a high-dimensional
setting.
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F. Appendix to ldentifying Causal Effects
using Instrumental Time Series:
Nuisance IV and Correcting for the Past

F.1. Additional details for Section 2

F.1.1. Relation to VARMA Processes

In this section, we discuss that the partially observed VAR(1) process can also be viewed
as a VARMA(p, q) process. In this perspective, the difficulty of identifying 5 when
H is unobserved is linked to the non-uniqueness of vector autoregressive moving av-
erage (VARMA) process representations. The observed process [IT,X T,YT]tTeZ can
be obtained as a linear transformation of the VAR(1) process S and as such it has a
VARMA(p, q) process representation where p < d and ¢ < (d — 1) [Liitkepohl, 2005,
Corollary 11.1.1]. Intuitively, the dependences between I, X,Y induced by the unob-
served H process can instead be modelled by serially correlated errors and higher-order
memory. In contrast to a VAR process, however, the parameters of a VARMA process in
standard form are not identified and different parameter settings may induce the same
distribution over [IT, X",V "], [Liitkepohl, 2005, Chapter 12.1]. As such, it is not
straight-forward to obtain S from a VARMA representation of the observed process,
even when choosing a canonical representation such as the echelon form or the final
equations form. In this work, we propose another approach and describe how to exploit
the instrumental variables idea to identify 8 when H is unobserved, without needing to
estimate all of A.

F.1.2. Observational Equivalence

Without an instrument, the causal effect 3 is, due to the hidden confounding, not iden-
tifiable in general. In a fully observed Gaussian VAR(1) process, the parameter matrix
(which contains the causal effect) and the covariance matrix of the noises are uniquely
determined by the distribution, and can be identified by least squares regression on the
previous time step, for example [Hamilton, 1994, Chapter 11]. This is not the case if parts
of the system are unobserved. We consider a VAR(1) process over H = [H', H?]", X,
and Y, where H is latent, and provide two different sets of parameters which entail
the same observational distribution, that is, the same joint distribution of the observed
process [Sxv,liez = [X;,Y;']};. Nevertheless, the causal effects in the two cases are
different (one is 0, the other is b # 0), and so are the induced intervention distributions
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Xi—2 . Xt Xi i H? —» H} | —» H} iLatent
. HP , —"» HP |~ H? Latent - H, —> HL, ——> B
: HY, ¢ HY, H} X2 ¢ X Xi
! b
| o S e e e TS~ ! \
Y o i1 0T Y Yi o Y1 Y;

Figure F.1.: Tllustration of two different causal mechanisms (S (1) left, and SZQ), right)
which are observationally equivalent for any b,c¢ € R and a € [—1,1] and
Gaussian noise distribution A/(0,1d).

when intervening on X, see Appendix F.1.3 below. Consider the two coefficient matrices

g fa 0 0 O g fa 0 0 0
w2 lec 0 0 0 20 a 0 0

Ay = e o0 o0 and Ag:= <o ¢ ool (F.1)
vy \0 b 00 vy \0 0 b 0

with coefficients a € (—1,1) and b,c¢ € R\ {0}. Consider the processes S and S(?)
satisfying

St(:-)l = AiSt(Z) + i1 (F.2)

with €i ~ N(0,1d). Figure F.1 depicts parts of the corresponding full time graphs. Let
Sgg, and Sg?g, denote the subprocesses where only X and Y are observed. The following

result shows, that Sg(lg/ and S’g?g, are identically distributed, that is the two models
arising from A; and As are observationally equivalent [e.g., Rothenberg, 1971].

Proposition F.1. Let SM),S@) be the processes defined from (F.2) with respective pa-

rameter matrices Ay and Az from (F.1) and N(0,1d) distributed noise. Then the ob-

served subprocesses Sggg, and Sg?}), are identically distributed.

Proof. Since each of the processes are jointly Gaussian with zero mean, their distri-
butions are uniquely determined by the autocovariance matrices. This means that

the observed processes are identically distributed if and only if E(Sg(l;th;ti <) =

E(Sg?g/thgjtis) for all s > 0. For i € {1,2}, the s-th autocovariance of S is given by:

E(S7s) =3 Akte1a Ak
k=0
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Observe that
k

a 000 ak 0 0 0
Ak a*~tc 0 0 0 |0 a* 0 0
"l de 000 2710 dle 000
a*2bc 0 0 0 0 d2bc 0 0
for k > 2. Consequently,
a2k+s a2k:+s—lc a2k+5_1c a2k+s—2bc
2%k+s—2 .2  2k+s—2.2 2k+s—3p .2
T * a ¢ a ¢ a be
AIf+SAIf = 2k+s—2 .2 2%k+s—37,.2 and
* * a ¢ a be
« « « a2kts—4p2:2
a2k+s 0 0 0
2k-+s 2k+s—1 2k+s—2
T * a a c a be
A§+SA§ = 2k+s5—2,.2 2k+s5—3p .2
* * a ¢ a be
* * * a2k ts—4p2 2

for £ > 2 and s > 0, where the asterisks are given by symmetry of the matrices. For the
case k =1,s = 0, we have:

2

a2 a%c a%c 0 a 0O 0 O
2 2 2
* C c 0 T * a* ac 0
A Al = and AyA) =
1 * * 2 0 2 x x 2 0
* * x b2 x % % b2
andif k =1,s > 1:
a?ts  altse altse 0 ats 0 0
Al AT _ altse asc? asc? 0 and Al+s AT _ 0 a’ts altse
1 - al—l—sc GSCZ asc2 0 2 - 0 CL1+sc asc2
0 0

a’be a1 as b a’be a1

For any of the above matrices M, let Mxy denote the 2 x 2 submatrix in the bottom

right corner, relating to the X,Y subprocess. In all of the above cases, these coeflicients

relating to the X,Y subprocess coincide, that is for any k,s > 0, (AlersAlfT)Xy =

(A’;JFSAIST)Xy, and since therefore (377, AlersAlfT)Xy = ZZOZO(ASJFSAIQCT)X% it follows
T T

that (S, 5%y, ) = E(S$),S5y,_,) for all s > 0. 0

F.1.3. Structural Causal Models and Interventions

We provide a formal introduction to structural causal models (SCMs) and interventions,
which motivates the notion of a causal effect. For a more detailed introduction, see Pearl
[2009].

An SCM consists of a tuple IT = (S, P-) where S is a set of structural assignments and
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P. describes the joint distribution of the error terms. For a finite collection of variables
St ..., 8% with structural assignments S == {f',..., f?} and noise distribution P. =
Pl®-.-® P9, for each j = 1,...,d, the structural equation of S7 is

57 = f(PA;.€7),

where ¢/ is distributed according to P7 and the parents PA; is a subset of {St,..., S%}\
{S7}. The SCM induces a corresponding graph G over nodes {1,...,5}, where we draw
an edge from j' to j if §7 € PA;. We assume that the parent sets are such that G is
acyclic.

Similarly, we interpret the VAR process described in (1) as a structural causal model
over an infinite number of nodes [Si)icz. In this case, the structural assignments are
Sy := AS;_1 + &, t € Z. Here, the error terms &; are assumed to be i.i.d. over time,
distributed according to P.. Furthermore, P. is a product distribution, and thus the
error terms are jointly independent. The SCM entails an observational distribution on
the variables [S¢];ez which we denote by P

Formally, an intervention on an SCM is a replacement of one or more of the structural
assignments at one or more time points. Such a replacement induces a new SCM that
we denote by II = (5 , 135) An example of an intervention on the above VAR process
is to fix the value of X for some specific time point ¢y — we write this intervention as
do(X}, := x). Under this intervention, for ¢ # to, the process still satisfies the original
SCM, including assumptions on the noise variables.

The interventional distribution of IT under this intervention is defined as Pg ido(Xeg:=) =

Pg. In general, the interventional distribution of II under an intervention is the distri-
bution that is induced by the SCM II obtained by replacing some of the structural
assignments. We require that this distribution exists and is unique. Depending on the
application at hand, several interventions on the process are useful, including, for ex-
ample, changing the dynamics of one component for all time points [Peters et al., 2022].
In this work, we focus on an intervention at a particular time point. When performing
such an intervention do(X,, := x) on X;,, we have that %EPH;do(Xtozzx) [Yi+1] = av.x.

This motivates calling § = ay, x the causal effect from X to YY. In several applications,
the causal effect 3 is of interest by itself because it yields insight into understanding the
causal structure of the problem. The causal effect, however, also comes with another
benefit: it is optimal for prediction under intervention. We discuss this point of view in
Section 4.3.

F.1.4. Defining Multivariate Total Causal Effects

In some cases, the effect we want to estimate may be more general than a single entry
in one of the coefficient matrices A;. In Section 2.1 we define the total causal effect of

324



F.2. Additional details for Section 3

a single variable S!_, on S/ as

Z Ay Ay ’

1<ly,...lm<p

Jst

where A; are the parameter matrices of the VAR(p) process. Using the method of path
coefficients [Wright, 1934], we now provide a more general definition, where X may
contain multiple variables.

Definition F.1 (Path coefficients). Let S be a VAR(p) process and let Y; = S° be
SRR :
S. For j =1,...,m, we define a SZilj—causal path to be a directed path from Stzj_lj to

T .
some subprocess. Also, let Xy = | ]T be a collection of subprocesses of

Y; in the full time graph of S that does not intersect any other Szi/ ., for j" # j. For a
. J
i
Stj—lj
of linear coefficients along 7, ¢, := Hizl ar, where aj denotes the entry in the coefficient
matrix A,, for the lag v corresponding to the edge eg.

-causal path 7 : Sii S 5 6% we define the path coefficient to be the product
p t l] t

We can now define the total causal effect.

Definition F.2 (Total Causal Effect). Let S be a VAR(p) process, let Y; = S be a

subprocess of S and let X = | Zl—ll .. im T]T be a collection of subprocesses of S.

SERY M,

For j = 1,...,m, the total causal effect, 37, of S:ilj on Y; is the sum of path coefficients

¢, over all S -causal paths 7 from SY . to Y;, B = i Similarly
-1 -1 s

t—1y

the total causal effect, 3, of A} on Y; is the bundling of these, 8 := [Bﬂ, .. ,BmT]T.

-causal paths p Cp-

F.2. Additional details for Section 3

F.2.1. Asymptotic variances for i.i.d. estimators

Drawing on existing results [Hall, 2005], we now provide formulas for the asymptotic
variances of the NIV and CIV estimators. If a unique solution (8, «) exist to (6),
the asymptotic distribution of the BNIV’T estimator in the i.i.d. setting, discussed in
Section 3.2, with the weight matrix W := E[ZZ"]~! (which asymptotically is optimal,
see Section 3.1) is given by

5 d
VT (Bavir — B) = N(0, %),
for T'— oo, where the asymptotic variance ¥ is given by

2 = (B(XZHK 'EXT)T) 7,
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where X = [XT,ZT]T, K = E((Y — BX —a2Z)>))E(ZZ"). 1 is a (dy +dz) x (dy +dz)
matrix, with the top-left dy x dy sub-matrix describing the asymptotic variance of X.

Similarly, the asymptotic distribution of BCIV,T in the i.i.d. setting, discussed in Sec-
tion 3.1, with weight matrix W := E[var(Z|B)] ! is

VT (Borvr — B) S N(0, %),
where
Sy == (Efcov(X, Z|B)|K 'Elcov(X,Z|B)T]) ",

and K = E[var((Y — 8X)?|B)|E[var(Z|B)].

F.2.2. Asymptotic variances for estimators in time series

Closed-form expressions for the asymptotic variances of the NIV and CIV estimators can
also be found for the VAR process presented in Section 4, but these are slightly more
involved than for the i.i.d. setting presented in Appendix F.2.1. Assume the setting as
described in Theorem 5 and consider the NIV estimator BNIV’T. We then have

5 d
VT (Bavir — B) = N(0, %),
where the asymptotic variance 31 is given by

Y = (E(;EIT)K—IE(PEIT)T)_l,

where X := X, Y, T={L_2 ....i_m_1}and K := limp_, Var< (Y;—

1 T
\/m thl
BX — ozZ)IT> using the optimal choice of weight matrix, W = K1, see Hall [2005,
Chapter 3].

Now for the CIV estimator, see Theorem 4, the asymptotic distribution of BCIV,T is

VT (Bervr — B) 4 N(0, %),

where

S = (Elcov(Xy—_1, 2| B)| K " Elcov(X; 1, I o|B) T]) 7,

and K := limp_, o Var(\/i?) Zthl(TYt - 57“Xt_1)7“}r> with 7; := i — E[i|B;] using the
optimal choice of weight matrix, W = K1, see Hall [2005, Chapter 3].
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x® N

tfl\cl
C
Y; 042&

Figure F.2.: Subgraph of the full-time graph of the structure discussed in Example F.1
when dx = 2. For simplicity, we don’t draw nodes corresponding to the
instrument, I, and the confounder, H.

F.3. Additional details for Section 4

F.3.1. Example of a distribution that does not satisfy the rank requirement
in Theorem 6

In Section 4.2.2, we have developed a criterion for identifiability that depends on the pa-
rameter matrix of a process satisfying Assumption (A2). We have showed in Corollary 1
that if parameter matrices are drawn from a distribution with density with respect to
Lebesgue measure, then the identifiability criterion holds almost surely. In this section,
we provide an example of a parameter matrix that does not satisfy the criterion.

Example F.1. Consider the case where dx > 1,d; =1, and ax x = diag(c,...,c) for a
c € R. By Theorem 0, 3 is not identifiable by NIV: this follows because Axy is a lower
triangular matriz with c,...,c (dx times) and oyy on the diagonal, and the Jordan

form J is a diagonal matriz with the same diagonal entries. Hence there are dx Jordan
blocks with the same eigenvalue ¢ so the causal effect B is not identified by NIV. On the
contrary, when ax x = diag(ci,...,cqy) (see Fig. F.2) where ¢; # cj for all i # j, 5 is
identified by NIV if also oyy # c; for all .

Example F.2. In the case of dx = 1,d; = 1, and ax; # 0, 3 is identifiable. If, for
example, ayy = ax x =: a, we have,

a 0 0 1\ [a 1\ /0 %
o =(50) = (o) (6 o) (0 6):
e =

This has only one Jordan block with algebraic multiplicity m = 2 and

(2 (), (05) o

where (), refers to the m-th entrance, so by Theorem 6, B is identifiable (and by similar
arguments the same holds if ax x # ayy.
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Algorithm F.1 Linear prediction under the intervention do(X; := x)

Input: Causal parameter f, sample X = [Xy,...,X; 1] € R&x*x(t-1) vy —
[Y1,..., Y] € RY¥ interventional value , lag parameters m and [

1: Compute the residual process rg := Y11 — Xgfor s=1,...,t — 1.
2: For s > max(k,m), linearly regress rs on {X,_p,k = 1,...,m} and {Y,_;,j =
0,...,1} to obtain coefficients &%  and &3, -.

Output: '
3: Prediction Yyq1 = B+ Y5, ab X+ Y0 g ad, Yo

F.3.2. Algorithm for Prediction under Interventions

This section contains Algorithm F.1, the procedure for using a causal effect to predict
under interventions, as discussed in Section 4.3.

F.4. Proofs

F.4.1. Proof of Conditional IV

For completeness, we now prove our statement about CIV from Section 3.1.

Proposition F.2. Consider a linear SCM (see Appendiz F.1.3) over variables V', and
let Z,X,B,{Y} CV be disjoint collections of variables from V, and let G be the corre-
sponding DAG. Assume that T, X and Y have zero mean and finite second moment and
let B be the causal coefficient with which X enters the structural equation for'Y (some
of the entries of 5 can be zero, so not all variables in X have to be parents of Y ). We
consider the following three requirements on Z, X, B and Y

(CIV1) I andY are d-separated given B in the graph Gx sy, that is the graph G where all
direct edges from X to'Y are remowved,

(CIV2) B is not a descendant of X UY in G, and
(CIV3) the matriz E[cov(X,Z|B)] has rank dyx, that is, full row rank.

If requirements (CIV1) and (CIV2) are met, Y — X L Z|B, and in particular § satisfies
the CIV moment equation

E[cov(Y — pX,Z|B)] = 0. (F.3)
If, additionally, requirement (CIV3) is met, (B is the unique solution to this equation,

Elcov(Y —bX,Z|B)] =0 = b=p.

328



F.4. Proofs

Proof. Due to the additive, linear structure of the SCM, we can write Y as a
Y =BX +7B+~R+¢",

where R are those parents of Y that are not in X UB and 7 € R% *48_~ ¢ R¥*dr are
some coefficients.

We claim (1) that any path from Z to R is blocked by B and (2) that E[cov(¢Y,Z|B)] =
0. It then follows from the global Markov property [Lauritzen, 1996], that E[cov(R,Z|B)] =
0, and trivially also E[cov(B,Z|B)] = 0. Hence, since Y — X = mB+yR+e", it follows
that E[cov(Y — BX, Z|B)] = Elcov(rB + YR +¢¥,Z|B)] = 0.

For (1), suppose for a contradiction that a path 7 between Z and R that is unblocked
given B exists. Case 1: 7w does not contain any edge from X to Y. Then, the path
that concatenates m with the corresponding edge from R to Y is an unblocked path
(given B) in the graph, where the edges from X to Y are removed. This contradicts
requirement (CIV1). Case 2: 7 contains an edge from X € X to Y. Then, 7 contains
either the structure X — Y < or the structure X — Y —. The first case implies
BNDEY # (), violating requirement (CIV2). In the second case, we either have that
there is a directed path from Y to Z that is unblocked by B, violating requirement (CIV1)
or, again that BN DEY # (), violating requirement (CIV2).

For (2), we have that neither B nor Z are descendants of Y: B cannot be a descendant
of Y due to requirement (CIV2), and by requirement (CIV1), Z can only be a descendant
if B is also a descendant, which is not possible. Every variable in the linear SCM can
be rewritten as a function only of noise terms corresponding to ancestors. Applying this
to B and I, we have (since Y is not an ancestor of neither Z nor B and because £ is
independent of all other noise terms in the SCM) that €Y is independent of (B,Z) and
it follows that E[cov(eY,Z|B)] = 0.

When we additionally assume requirement (CIV3), the solution to (F.3) is unique
because the equation can be rewritten to

bE[cov(X,Z|B)] = E[cov(Y,Z|B)],

and by the assumption of full row rank of E[cov(X,Z|B)|, this can have at most one
solution. ]

F.4.2. Proof of Theorem 1

Theorem 1. Consider a time series S generated according to Assumption (A1), and
finite disjoint collections A,B,C. If A and C are d-separated given B in Gpu then
Al C|B.

Proof. Our proof is inspired by Lauritzen et al. [1990, Sec. 6]. Let us write Gls,y for the
subgraph of a time series (sub)graph G, where only vertices Vi, := {Spli = 1,...,d,s <
v < t} are included. Let further sg, ty be the largest and smallest time points respectively
such that AUCUB C V4. Let ¢ € N5, such that if two nodes in Vi, 4, are d-
connected (with empty conditioning set) in Gy, then there is a d-connecting path in
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Glso—q,to]- Define the set

A := {n eN|for all G* that are graphs over nodes with time indices between sy — ¢ and ¢y s.t.
all edges in G* point ‘forward in time’, i.e., Vk € N, there is no edge Sf — Sg_k and
|V*| =n, where V7 :
for all VAR processes whose structure is specified by Gg’:=¢
for all A*, B,C* C G* such that
ANg+ (AT UBUCT) = V*(where AT := ATSO,to]’ Ct .= C[zo,to}v Gt .= gf;oyto]), and
A* = AT U (PAg-(AT) N VY and C* = CT U (PAg-(CT)NV7?)
where V? are the nodes of G°
we have

A* 1g« C*|B = A* I C*|B},

] and

= Vso,to
E3

so—g.s0—1] and

where 1 g indicates d-separation in G.

We show below, by induction, that A = N. This suffices to prove the statement of the
theorem because of the following line of arguments. Let V? := [so—q,s0—1] and vVt =
ANg;, (AUCUB) 4, ,]- Let G* be the graph Gp restricted to the nodes in V* := Vouv .
Then, A Lg« C|B (as G* is a subgraph of Ggy). If VT £ (AUC U B), we enlarge A and
C to the disjoint sets AT and C* such that A* Lg« CT|Band Vt = ATUBUCT. Let
us define A* := AT U (PAg-(AT)NVY) and C* := CT U (PAg+(CT)NV?). Importantly,
these two sets are disjoint (otherwise, AT and C* would have a joint parent not in B,
violating AT Lg« C*|B). We then have that A* 1g« C*|B (Indeed, if there is an open
path from a node in a € A* to a node in ¢ € C*, given B, then there is an open path
between a node in A1 (either a itself or its child in A™) to a node in C* (either c itself
or its child in C'T), violating AT Lg« C*|B). But then A = N implies A* 1 C*|B. And
this implies that A 1L C|B, as A and B are subsets of A* and B*, respectively.

Let us now prove that A = N by, (1), proving 1 € A and 2 € A and, (2), proving
n € Aimpliesn+1 € A.

(1) We now prove that 1 € A4 and 2 € A.
The only non-trivial statement occurs when A* = {a} # 0 and C* = {c} # 0 and B = 0.
Because A* Lg« C*, we have ANg-(A*) N ANg~(C*) = (). This implies ANg, ,(4*) N
ANg, ,(C*) = 0 because of the repetitive structure in a full time graph and the choice
of q.

(2) We now prove that n € A implies n+ 1 € A.
Assume n € A and consider G*, G°, G, V1, A*, A B, C*, C* as described in set A
with [V*| =n + 1. Consider a node A € VT that is a sink node in G*.

First, assume that A € AT. Then PAg«(\) C (A4* \ {A\}) U B (because d-separation
would be violated if C* NPA(A) # 0). Thus, it follows that

AL CHBU(A*\ {A)). (F.4)
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(Indeed, PAg,, (\) = PAg«()\) and thus there exist a coefficient vector 4 € RIPAg=(V]
such that A = 7T PAg:(\) + &; it then follows from the M A(co) representation of
S [Hamilton, 1994], that A L C*U (B U (A*\ {A\}) \ PAg~(\)) | PAg+()\); the claimed
independence then follows with the weak union property.) Further, A*\ {\} Lg-m C*|B,
where G denotes moralization of graph G [Lauritzen, 1996], as d-separation is equivalent
to separation in the moralized graph. But then, A*\{A} L ™) vy C*|B, as this graph

contains no more edges. And therefore, (A*\{\}) L. o))" C*|B as, again, the graph

A
contains no more edges. By the induction hypothesis n € A and thus

A"\ {\} L C*|B. (F.5)
Combining (F.4) and (F.5) by the contraction property, it follows that
A* 1 C*|B.

Second, assume that A € C. The argument follows in the same way as in the case
Ae At

Third, assume that A € B (these are all cases since AT UBUCT = V7). Since B
separates A* and C* in (G*)™, then B\ {A} also separates A* and C* in (G*"™)y+\ (z}
(as it has no more edges), and therefore B\ {\} also separates A* and C* in (g‘*,*\{k})m,
since this graph, again, has no more edges. By the induction hypothesis n € A, so

A* L CH(B\ {\)). (F.6)

We now prove a second independence statement. We now make a case distinction (a)
Assume that

PAg+ ()\) nA* 75 1] or ANg* (PAg* ()‘)[So—q,So—l]) n ANg* (PAg* (A*)[SO—Q,So—l]) 75 0.
Then, it follows that

0

PAg+ ()\) NC*=( and ANg* (PAg* ()‘)[80—%80—1]) N ANg« (PAg* (C*)[SO_(LSO_I]) = ().
(F.7)

(Indeed, if the statement on the left-hand side would be false, then there is a
d-connecting path between A* and C*, given B: this goes from the element
in PAg+ NC* to A (which is in B) and then either to the element in PAg+ NA*
or to the common ancestor of PAg«(A)(sy—g,s0—1] and PAg+ (A*)(5y—g,s0—1] and
then to the corresponding element in A*. If the statement on the right-hand
side would be false, then we can use the same path but this time going via
the common ancestor of PAg«(\)(sy—q.s0—1] and PAg«(C*)(s9—q.50-1]-)

But then it follows that
AL CHA* U (B\ {A}). (F.8)
(Indeed, noting that PAg+(\) € A*UB\{\}, we can replace the left-hand side
by the MA(c0) representation of PAg«(\) For C*, we repeatedly

[so—¢q,s0—1]
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use the structural equations except for variables in B\ {\} or variables in
PAg+(C")(sy—q,s0—1] (other variables will not occur: If there was a variable in
A*, for example, there would be a directed path from A* to C*). We then
use the MA(oo) representation of PAg«(C*)(s)—q,5o—1]- The statement then
follows from the fact that PAg(\) ] and PAg:(C¥) do not
have common ancestors, see (F.7).

[so—g,50—1 [so—q,s0—1]

Combining (F.6) and (F.8) using the contraction property, it follows that C* 1L ({\} U
AN|(B \ {\}), and by the weak union property that

C* 1L A*|B.
(b) Now assume that
PAgi(M)NA* =0 and  ANg«(PAg«(\)[so—g,50—1]) N ANg(PAg: (A")[59—g,50-1]) = 0.
Similarly as in case (a) it follows that
AL A*|CT U (B\{\}). (F.9)

Combining (F.6) and (F.9) using the contraction property, it follows that ({\} U C*) L
A*|(B\ {\}), and by the weak union property that

c* 1L A*|B.
This concludes the proof. O

F.4.3. Proof of Theorem 2

Theorem 2 (Nuisance IV). Consider a linear SCM (see Appendiz I'.1.3) over variables
V,andletZ, X, Z, B, {Y} CV be disjoint collections of variables from V, and let G be
the corresponding DAG. Assume that T,X,Z and Y have zero mean and finite second
moment and let B and a be the causal coefficients with which X and Z enter the structural
equation for Y, respectively (some of the entries of B and « can be zero, so not all
variables in X and Z have to be parents of Y ). Let X := X U Z. If requirements (CIV1)
to (CIV3) are satisfied in G for T, X, B and Y, the causal effect B of X on'Y is identified
by NIV)(_Q/(I, Z|B)

Proof. By satisfaction of requirements (CIV1) to (CIV3), the causal effect § = [, a]
of ¥ = XU Z on Y is identified by the instrument Z and the conditioning set B by
Proposition F.2 in Appendix F.4.1. In particular, also the sub-vector of the IV estimate
corresponding to X is identified. O

F.4.4. Proof of Proposition 1

Proposition 1. If an effect can be identified by CIV and by NIV, then the estimators
cannot be strictly sorted in terms of asymptotic variance. More specifically, there exist
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data generating processes, for which CIV has strictly smaller asymptotic variance and
others, for which NIV has strictly smaller asymptotic variance.

Proof. We show this by considering two SCMs over 6 variables S = [H,I,X,Y, Z, B]
given by S = AS + ¢ where A is such that the resulting graph is acyclic and admits
the graphical model in Fig. 3 (right) and € ~ N(0,T); we provide two concrete choices
for A and T" below. We consider both the CIVx_,y(I|B) and the NIVx_,y([I, B], Z)
estimates of 3, the causal effect of X on Y, and provide two sets of parameters (A!, T'/)
and (AY T11) such that if X is generated according to (A, T1), the CIV estimator has
a lower asymptotic variance than the NIV estimator, and if S is generated according to
(AT 711 the CIV estimator has a higher asymptotic variance than the NIV estimator.

H 0 0 0 0 0 0
I 0 0 0 0 0 1.185
Al X 21.095 6.885 0 0 0 —5.969
Ty | —7.244 0 16.499 0 —1.892 0
z | 1.921 0 0 0 0 2.62
B 0 0 0 0 0 0
/02 0 0O O O O
1| 0 1.2 0 0 0 O
rl._x 0O 0 22 0 0 O
vyl 0O O 0 12 0 0]’
z| O 0 O 0 22 0
s5\0 O O 0 0 02
and
H 0 0 0 0 0 0
1 0 0 0 0 0 —2.918
AT X —22.439 3.519 0 0 0 4.282
Ty | 19.964 0 4.737 0 4.011 0
z 0.884 0 0 0 0 —-7.97
B 0 0 0 0 0 0
/32 0 0O 0 0 O
10 1.2 0 0 0 O
il X 0O 0 32 0 0 0
vy 0O 0 0 22 0 O
z[ O 0 O O 12 0
5\0 O O 0 0 22

We can now use the formulas from Appendix F.2.1 to get the asymptotic variances,
using that E[S] = 0 and E[SS'] = (1 — A)"'T'(1 — A)~". When the data generating
mechanism is (A7, T'7), the asymptotic distributions are specified by /T (BCIV —B) ~
N(0,524.4) and VT (Bxrv — 8) ~ N(0,522.7). Furthermore, when the data generating
mechanism is (A, T'1), the asymptotic distributions are v'T'(Bcry — 8) ~ N(0,320.0)
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and VT (Bxtv — B) ~ N(0,575.4), respectively. O]

F.4.5. Proof of Theorem 3

Theorem 3 (Time series IV by marginalization). Consider a process S = [Si|icz sat-
isfying Assumption (A1) with full time graph Gpy. Let'Y be some node in Gy and let
X,I,Z, and B be disjoint collections of nodes from Gyp,. Let X := XU Z and define
M :={Y}UXUZUZUB. Assume that requirements (CIV1’) and (CIV2) are satisfied
for T,X,B and Y in Gy (see Definition 1). Then, the following three statements hold.
(i) The total causal effect [B,a] of [XT,ZT]T on'Y satisfies the NIV moment equation

Elcov(Y — bX —aZ,Z|B)] = 0. (8)

(i) Further, if requirement (CIV3) is satisfied for T,X,B, then [B,a] is the unique
solution to (8). (i) If, additionally, X,Y,I,Z and B are observations of X,Y,I,Z
and B at T time points, W is a positive definite matriz, and

[b,d] := arg min ||cov(Y — bX — aZ,I|B) |3, (9)
b,a

then b is a consistent estimator for B.

Proof. We first show part (i). Due to the additive, linear structure in Assumption (A1),
we can rewrite Y as a linear combination of the parents of Y in Gg, plus some additive
noise, Y = a1p1 + ... + ampm + €*, where aq, ..., a, are coefficients and p1, ..., py, are
nodes from Gg,y. Similarly, we can recursively decompose the parents into their parents
(in Gran) and noise without replacing variables in X U Z UND(X U Z) U B, until the first
time we have a decomposition

Y=8X4+aZ+1B+~vR+¢,

where R are dp variables from Gp that are not in B or on any path from X U Z to Y

in Gra,
RN(BUXUZUDEXUZ) =0,

(R may include descendants of B) and ¢ are all the weighted noise variables accumulated
when doing the decomposition in parents, 5 and a are the total causal effects of X and
Z on Y, respectively, for some coefficients 7 € R1*4 ~ ¢ R¥4r, The coefficients in
front of X and Z are indeed § and «, because the total causal effect is the product
along all paths from X U Z to Y (see Appendix F.1.4), and by the assumption that
B C ND(X U Z), no direct path from X U Z to Y is blocked by B.

We claim (1) that any path in Ggy from Z to R is blocked by B and (2) that
Elcov(e,Z|B)] = 0. It then follows from Theorem 1, that Elcov(R,Z|B)] = 0, and
trivially also E[cov(B,Z|B)] = 0. Hence, since Y — X — aZ = 7B+ vR + ¢, it follows
that E[cov(Y — X — aZ,Z|B)| = E[cov(nB +yR + ¢,Z|B)] = 0.

For (1), suppose for a contradiction that there exist i € Z and m € R and a path
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p:i—v — - - — v, —m in Gp that is unblocked given B, where vy — vo indicates a
directed edge that can have any orientation. Since p is unblocked given B, this indicates
that the non-colliders of p are disjoint from B and for every collider v on p, there is a
node b* € B such that b* € DE vy, in Gayy.

First, observe, that the end node m is not in M: It is not in {Y} (since it was found
among the ancestors of Y'), and by construction of R, it is not in BUX UZ. Also m ¢ Z:
By the construction of R through recursive rewriting as parents, there exists a directed
path from m to Y that does not intersect X U Z U B; if m € Z this path would violate
requirement (CIV1’).

Let w1,...,wy be those vertices among v1,...,v, that appear in the marginalized
graph Gys and let wg = 7 and wry1 = Y. We show that a path including the nodes
wo, ..., wr+1 (and possibly some additional colliders, see below) from Z to Y exists in
Gar; this path is still unblocked, given B, if we remove any outgoing edges from X U Z
that lie on a directed path to Y, creating a contradiction to requirement (CIV1’).

For 0 < k < L consider the segment of p (as a path in Ggy) from wg — -+ — wg1,
where --- represent edges v; from p that are not in M. If there are no colliders on this
segment, by Definition 1 at least one of the edges wy — wy11, W 4 Wiy1 OF W > Wit
are present in Gys. If there is exactly one collider on wy — - -+ — wgy1 (as part of p in
Grunl), the segment must be one of the following four options:

W —> + " =V <+ < Wg41,
W £ =+ = Vjp =7 00 =20 &= 0 = Wiy,

Wi —> =0 =2V $= =0 = Vjy = 0+ = W41,
Wg £ 2 = Vjp =7 0 20 &= 0 = Vjy —2 20— W41,

where vj,, v;, also are nodes on p. But since DE vig, N B # ), this implies that at least
one of the following paths are present in G;:

Wg — bk71 — Wg+1
Wy < bk:,l — Wia1
Wg — b1 > Wr41
W 4> b1 > W1,

where by ;1 € B (there is no node a from M on the path from v; to by 1, because if a €
X UZU{Y}, requirement (CIV2) would be violated, and if a € Z, this would constitute
another path in Gpy from Y to Z that is unblocked given B, using the same argument

as for the original path). Similarly, if there are several colliders on wy — - -+ — wg41, a
path wy — by 1 <> -+ > by < wi41 (or one of the configurations — - -+ <3, <> -+ <
or < --- <> as first and last edge) is present in Gps, where by 1,..., by € B.

We now construct a path pps in Gps that is d-connecting Z and Y, given B: For
k=0,...,L—1, paste together the segments (in Gps) from wy to wiy; including those
possible colliders by, ; discussed above. Further, add the edge wy — y or wy < v,
depending on the orientation of the edge w; — m in p. If w, was a collider on p, it is
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also a collider on pjs. Since p was unblocked in Gy, given B, pas is unblocked in Gy,
given B.

We now argue that the path is still unblocked in Gy, given B, if we remove the outgoing
edges from X' U Z that are on a directed path to Y. Because m ¢ Y UZUDE X U Z, pys
does not contain any edge outgoing of XU Z on a directed path to Y: Indeed, if for some
wy € XUZ, pys contained the segment wy, to w1, there would be some k+2 < k' < L+1
such that wiy ¢ DEX U Zg, , (because otherwise m would be a descendant of X U Z).
But this would imply that pj; has a collider, which is a descendant of X U Z and an
ancestor of B (in Gys), which is not possible by requirement (CIV2). Thus, the path
par is unblocked given B in the graph where we remove outgoing edges from X U Z on
direct paths to Y from Gps. This contradicts the assumption that requirement (CIV1’)
is satisfied in Gy,.

A similar argument proves (2), that is, E[cov(e, Z|B)] = 0: Each &' was accumulated
as a noise variable of an ancestor (in Ggg) of Y, A® ¢ X U Z U B; by construction, a
directed path from ZUX through A’ to Y exists in Ggy that does not intersect X UZUB,
except at the first node of this path. Hence, B does not contain a descendant of A° in
Gran (because that would imply B containing a descendant of X U Z in Gy, violating
requirement (CIV2)). Also, A’ is not an ancestor of any node in Z in Gy, because that
would imply an unblocked path from Z via A; to Y in Gg that does not contain any
node in B and therefore this corresponds to an unblocked path in Gy, too. Using the
MA (o00)-representation of B and Z, see Hamilton [1994], & is independent of (B,Z), and
so E[cov(e?, Z|B)] = 0. This concludes the proof of the first part.

Part (ii) follows because if the (dx +dz) x dr matrix E[cov(X, 7|B)] has rank dx +dz,
then if a solution to the moment equation E[cov(Y,Z|B)] = SE[cov(X,Z|B)] exists, it is
unique.

For part (iii), let X := [XT ZT]". By (5), we have to show that
A A A A _1 P
E[ryrIT] w E[rlr;—;] <E[rxrir] w E[TIT)T(]> —

with v :=[8",a']". From (2) we have that empirical moments converge in probability
to the population moment, and thus, using Slutsky’s Theorem, we get that

—1 -1
E[ryr;—] w E[rlr;——(] <E[T‘XTF] w E[TIT;E]> ﬁ) E[rytr%—t] w E[rzir}t] (E[TXtT%—t] w IE[TLTLD ,

where 7y = X —E[X|B] and similarly for ry and rz. We can rewrite E[ry,r7 ] by adding
and subtracting yr

Elry,rs,) = El(ry, — vr5,)r7,] + 7Elrg,77,]
=0+ ’YE[’I“A‘/tT%;].

The first term is zero due to the conditional uncorrelation established in (i) and we can
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thus conclude that
-1
E[rytr;t] W E[rztrja] (E[r%ri] w E[Wﬁ%])

-1
= ny[r)gtr;t] %% E[rztr}t] <E[7"Xtr£] %% EVLTI?J)

F.4.6. Proof of Proposition 2

Proposition 2 (Failure of naive IV adaption). Consider a process S = [I,', X, H V"],
satisfying Assumption (A2) with df = dx = dy =dy = 1. If cov(Xi—1,Ii—2) # 0 and
arrayy # 1, the IVx, |y, (li—2) estimator 5 converges in probability to

(1 —arayy)'B.

Consequently, B is in general not consistent for the causal effect B of Xy—1 on Yy, unless
I orY do mot have any autoregressive structure, that is, ay 1 =0 or ay,y = 0.

Proof. Since 52/ and H;_j are both independent of I;_o (for Hy;_1, this follows from
Assumption (A2) and Theorem 1), it follows that

E[Yi ;o] = ay,yar (E[Y; 11 3] + BE[X; 11; o]
= E[Yil;—o] = (1 —ayyar) ' BE[X;—11—o],

where in the last step we use that by covariance stationarity E[Y;_1[;—3] = E[Y;[;_9]
(covariance stationarity follows from Assumption (Al), see Hamilton [1994]). The

IVx, -y, (Iy—2) moment equation is E[(Y; — bX;_1)[;—5] = 0, which has the solution
(because df = dx =dy = 1)

b E[1;—2Y}]
E[l;—oX; 1]
By plugging in the expression for E[Y;I;_s] above, we get b = (1 — Oéy’yOqJ)*lﬁ. O

F.4.7. Proof of Theorem 4

Theorem 4 (Identification with conditioning set). Consider a process S = [I,', X,", H,,Y,']),
satisfying Assumption (A2). Let either By .= {I;_3} or By := {I;—3, X¢—2,Y;—1}. Then,

the following three statements hold. (i) The causal effect B of Xi—1 on 'Y} satisfies the CIV
moment condition E[cov(Y;—8X;_1, I;—2|B:)] = 0. (i) Furthermore, if E[cov(X¢—1, I1—2|B:)]
has rank dx, then 8 is identified by CIVx, |y, (I—2|By). (i) If, additionally, Xy, Y¢, 11,

and By are observations of X, Y, I and B at T time points, then [ can be consistently
estimated as T — oo by CIVx, , v, (Ii—2|By¢), that is, the output of Algorithm 1.

337



Identifying Causal Effects using Instrumental Time Series

I s—» 1 o Iy 3 —» I o Lipr» - —» L 3—> I o
‘w B \
X Xi—2 > Xt Xi 1
¢ ‘\—/v ‘\_/v

Figure F.3.: (left) Marginalization of the full time graph to nodes I_o, I;_3, X;—1 and
Y:. (middle) Marginalization of the full time graph to nodes I;_9, X;_1 and
Y; and their lagged values. (right) Marginalization to m instrument nodes
It_Q, ce 7It—m—17 and Xt—l, Y’t, and Y;g_l.

Proof. By Theorem 3, it suffices for part (i) to show that requirements (CIV1’) and (CIV2)
are satisfied for X, = {X;_1},Z; == {I;—2}, By, and Y} in the marginalized graph Gy,
with My = X, UZ, U B, U {Y:} (with B; being either of the two sets from the theo-
rem), see Fig. F.3 left and middle. For either choice of B;, B; is not a descendant of
X;—1 and Yy, so requirement (CIV2) is satisfied (see Fig. F.3 left and middle). To show
that requirement (CIV1’) holds, we argue that every path from I;_s to Y; is blocked by
Ii—3 in Gpr,(x,_, 4Y:), the graph obtained from Gy, by removing the directed edge from
X:_ 1 to Y. For either graph, we have that any path from I;_s to Y; either contains
the non-collider I;_3 or the collider X; 1. Since I;_3 is in the conditioning set B; (for
either definition of B;) and ({X;—1} UDE X;_1) N B; = ), any path from I;_5 to Y; in
M, (X,_14Y,) is blocked by B;.

Parts (ii) and (iii) follow directly from Theorem 3. O

F.4.8. Proof of Theorem 5

Theorem 5 (Identification with nuisance regressor). Consider a process S = [I,', X, , H," ;"]
satisfying Assumption (A2). Let Ty == {Ij—2,...,I1—m—1} for an m > 1 and Z; =

{Yi—1}. Then, the following three statements hold. (i) There exists o € R such that the

causal effect B of Xy—1 on'Y; satisfies the NIV moment condition E[cov(Y; — fX;—1 —
aZ,T))] = 0. (ii) Further, if B[[X,",Z7]"Z] has rank dx + dy, B is identified

by NIV, v (Zy, Z).  (4i) If, additionally, Xy, Y, Xy, and Z; are observations of

XY, T and Z at T time points, then B can be consistently estimated as T — oo by

NIVx, v, (X, Zy), that is, the output of Algorithm 1.

Proof. By Theorem 3, it suffices for part (i) to show that requirements (CIV1’) and (CIV2)
are satisfied for X, = {X;_1}, Z¢,Z;, and Y; in the marginalized graph Gy, with M; =
X UL UZ,U{Y;} (see Fig. F.3 right). Since B = (), requirement (CIV2) is trivially satis-
fied. It remains to argue that requirement (CIV1) requirement (CIV1’) is satisfied, that
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is, that Z; is d-separated from Y; in the marginalized graph Gy, (x,_,,v,_,4Yv;) obtained
from Gy, by removing the edges Y; 1 — Yy and Xy 1 — Y;. Let s € {t —m—1,...,t —2}.
Every path from I, to Y; must go through either the collider — X;_1 < or the collider
— Y;_1 < and since the conditioning set is empty, those paths are blocked.

Parts (ii) and (iii) follow directly from Theorem 3. O

F.4.9. Proof of Theorem 6
A brief review of Jordan canonical forms

If M is an arbitrary square matrix of size d x d, there exists a unique (up to row or column
permutations) square invertible matrix @ of the same dimension such that M = QJQ~!
where J is a d x d block diagonal matrix

T = T (0\) @ o @ Ty (M) 1= diag(Joay (AL)s - - s T (V) (F.10)

with each Jordan block Jp,(\;) being an m; X m; matrix having one value \; on the
diagonal and ones on the superdiagonal (and zeros elsewhere): that is, for all m € Nx,

We sometimes write J,, instead of J,,(\) and call (F.10) the Jordan canonical form. Jor-
dan forms and the involved matrices satisfy the following properties [Horn and Johnson,
1985].

e Let N,, (we simply write N if the dimension is obvious) be the canonical nilpotent
matrix of degree m, that is the m X m-matrix with ones in the superdiagonal
and zeroes elsewhere. Then J,,(A\) = A1l + N and by the binomial formula J =
2, (") o

e Every diagonal value of a Jordan block is an eigenvalue of M and for every eigen-

value A of M, there is at least one Jordan block with diagonal A. There may
however be more than one Jordan block for the same eigenvalue.

e The geometric multiplicity of an eigenvalue A is the number of corresponding Jor-
dan blocks

e The algebraic multiplicity of an eigenvalue A is the sum of the sizes m; of the
corresponding Jordan blocks.

e If M is diagonalizable, all Jordan blocks are of size one, which is equivalent to the
algebraic and geometric multiplicities being equal.
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Some Lemmata for the proof of Theorem 6

We say that a vector v in a d-dimensional vector space is cyclic of the d x d matriz J if
v, Ju, ..., J% 1 constitute a basis for the vector space.

Lemma F.1. Let J = Jp, (A1) & ... B I (M) be a block Jordan form over C for a
square matriz J. If two or more blocks have the same eigenvalue, no vector v € RE=1mi

is cyclic of J.

Proof. Tt suffices to consider the case J = Jp,, (A) @ Jm, (A) where without loss of gener-
ality m1 > ma. For Jp,, (A\) = A1+ Ny, and Jp,, (A) = AL+ N,,,, the degree m; minimal
polynomial p(z) = (z — A)™! annihilates J such that p(J) = 0. Consequently J™! can
be written as a linear combination of JO, ..., J™ 1 In particular J%, ... K Jmitmz—ly
cannot be linearly independent. O

Lemma F.2. Let J = Jy, (M) ®. . .BJm, (Ax) be a block Jordan form over C for a square
matriz J, with each block corresponding to a distinct eigenvalue A\;. Then v € Xtz

s a cyclic vector for J if and only if for each d =1,...,k the entry Usd o, 18 mon-zero.

Proof. We first show by contraposition that if v is cyclic for J, the corresponding entries
will be non-zero. If it does not hold that for each d = 1,..., k the entry USd o, is non-
zero, we may, without loss of generality, assume that the last entry of v is zero, such that
v = [u,0]" for suitable u € C~+2i=1m | Denote A = Ai the eigenvalue corresponding
to the last Jordan block Jp,, (Ax); observe that the bottom row of J" is [0,...,0, A"] for
any power n, and so the last entry of J"v is 0 for every n and consequently the matrix
[JO%, Jlv, ..., JCim mi)_lv] has a 0-row. Consequently, v is not cyclic of J. This shows
that if v is cyclic, the entries vga m; Ar€ NON-ZEro.

Now we show the other implic;ﬂ:ion by induction over k. Assume first that k = 1, i.e.,
J = J;m(\) consists of a single Jordan block. A vector v = [v1,...,v,]" is cyclic of J if
vm # 0. Indeed, consider coefficients ag, ..., a;,—1 such that 0 = ZZ:ol anJ"v. Recall
that J" =31, (7) A"~¢N? which implies

m—1 m—1 n n m—1 /m—1 n
— n,, __ n—1i N7l _ n—i )
0= 0l =3 an <Z<i>)\ N>U_Z (Z<>)\ )m,
n=0 n=0 i=0 =0 \n=i

where in the final equality, we swap the order of summation, using that the pairs (n,1)
where n € {0,...,m — 1} and i € {0,...,n}, are the same as the pairs (n,7) where
i€{0,...,m—1} and n € {i,...,m — 1}. Since vy, # 0 the collection N%,..., N 1y
are linearly independent: they form an upper-triangular matrix with v,, on the diagonal.
This implies that, in particular, the coefficient on N™~'v must be 0. But this coefficient

equals Zm_l a (mn_ 1) An=(m=1) — L and 80 am—1 = 0. Substituting this into

n=m—1"-""7

the coefficient on N 2v, one obtains a,,—» = 0 and so forth. Therefore, a,, = 0 for all
n and thus J%, ..., J™ v are linearly independent, so v is cyclic of J if v, # 0.
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Next assume that the induction hypothesis holds for any matrix with & Jordan blocks
J=Jm, (M) & ... 8 Jn, (Ag) with distinct eigenvalues for each block and for any vector

v = [vg,... Vs m(]T where for every d = 1,...,k: Usd # 0. Now consider the
=1 M i=1 """
additional Jordan block D = Jp,  (Ar+1) where Agp1 # A1,... A and the vector u

whose last entry wuy,, ,, is non-zero, and let J = J @ D, o = [vT,u"]".

Define the polynomial p of degree Zle m; by p(x) = (. — A\)™ (z — Ag)™2 -+ (x —
k)™ . Observe that p(Ag+1) # 0 and so p(D) is an upper triangular matrix with p(Ag41)
on the diagonal. Hence the last entry of the vector p(D)u is p(Ag+1)Um,_, which is non-
zero, and so p(D)u is cyclic of D (by the initial step of the induction proof). Further
observe that p annihilates each of the previous blocks because Jy,, (A\;) = A\l + N so
(Jm;(Ai) = Ail)™ = N™i = 0. Consequently,

p(J) = p(Jm; (M) & ... @ p(Jm, (M) & p(D)
=0®...409 p(D),

so that

p(NHo=[0",...,0", (p(D)u)"]". (F.11)

Now to show @ is cyclic of J, we take any vector z € CEZizi™i and y € C™+1, Qur
aim is to show that [z,y"]" is in the span of J°7,..., JZE m)=15. Since v is cyclic
of J, x can be expressed as a linear combination of J%, ..., JEimi—ly, Taking the
same linear combination of jof}, e JXiimi—lg yields the vector [mT,zT}T for some
z € C™k+1. Since p(D)u is cyclic of D, we can write y — z as a linear combination of
D°(D)u, D'p(D)u, ..., D™+1~1p(D)u. It follows from (F.11) that by taking the same
linear combination of JOp(J)@, ..., J™+1=1p(J)5 one obtains [0T, (y —2)T]T. Since p is
a polynomial of degree Zle m;, it follows that both [zT,2T]T and [07, (y — 2) "] " lie in
the span of jof}, el poan mi=15 and so does [:UT, yT]T. Since x and y were arbitrary,
the entire space is spanned, completing the induction step. O

Proof of Theorem 6

Theorem 6. Consider a process S = I, X', H,"Y,"|}, satisfying Assumption (A2).
Assume that df = dy = 1 and let 7y := {l;—9,...,l4—m—1}, where m = dx + dy. Let
Axy and Ag be defined as in (10). The following three statements are equivalent:

1. rankE[[X," . Y,[]TZ]] = dx + dy.

2. The matriz [Ag(YAI, A&YAI, e ,Ai(XYAI} 1s invertible, where Ag(y 18 the identity
matriz of size (dx + dy) X (dx + dy).

3. Different Jordan blocks of J have different eigenvalues and for all g € {1,...,k},

the coefficient Wsa_ . is non-zero; here, J = Q" 'AxyQ is the Jordan normal
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form! of Axy, with k Jordan blocks J = diag(Jm, (M), .., Jm, (M), each with
size m; and eigenvalue N;, and w are the coefficients of Ay in the basis of the
generalized eigenvectors Q, that is, w = Q™' Ar.

Proof. First observe that

X\ X1 vx XY
(1)< (52 ()

~
uncorrelated to 1

and consequently:

X _ Xt
E [(Yt) It:| =E [(Alltl + Axy <Yt1>) al,[—’tl] .

From this, we obtain

X _
E [(Yt) It] =E[Ifarr (1 —arAxy) t Ar
t ~—~—

=r =:B—1

This expression is justified as B is invertible. (Indeed, if ay ; = 0, this is trivial. If oy ; #
0, since elTAl = ay, IelT, where A;j is coefficient matrix assumed in Assumption (A2) and
e1 = [1,0,...,0]" is the first unit vector, ar is an eigenvalue of AT and thus of A;
and in particular, by Assumption (A1), it has absolute value strictly smaller than 1.
B is degenerate if and only if Axy — —— is, but this would imply that % would be

ar.r 5
an eigenvalue of Axy, but since the eigenvalues of Axy are also eigenvalues of Ap (if

Axyv = Av, then A1]0,97]" = A\[0,v"]T) and belong to the interior of the unit circle,

% cannot be an eigenvalue of Axy.)

By performing the same expansion for E[[X,",Y;"]TI;_;] for j > 1 and plugging in the
above, we obtain:

E <<Xt> It—l) = Ajvr + AxyE ((th) It—l) =v B 1A
Y; Yia

X _
E <<YZ> It_2> =y [AxyB Ly Ot]}[l] Aj

=((5) )

and in general:
X

'See Appendix F.4.9 for the definition of Jordan normal forms and the notation that we use.

~

U1 [A%YB_l +orrAxy + 04%11} Aj

j—1

J -1 j—k Ak

AxyB +Zal,l Axy
k=0

Ay, (F.12)
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The columns (denote the j'th column by col;) of ¥ := E[[X;_1,Y;_1]Z,/] are exactly
those given by (F.12). If we deduct ay scol;j_; from col; we obtain:

j—1
vy [(Z OzJITIkAI)C(Y + A&YB_1> —ayg (
k=0

= vy [Oq,[AJ)';)} + AJ)'(YB_1 — OqJAJ)‘;}}B_l} Ag

j—2
Ar

j—1-k 4k J—1p-1
ar; Axy + Axy B )
k=0

=v1(1 - af ) Ay B~ Ar.

Since deducting columns from each other does not change the determinant, we can
create a simpler matrix, Yequiv, with the same determinant: for j € {2,...,k} we deduct
ag reolj_q from col; (starting with the largest j, that is first deducting a; scol;—q from
colg, etc.), and obtain

Sequv = 01 [A%y B Ar (1= af NAky B4, (1= ad DA BT A

By the Laplace expansion, removing (1 —a% ;) terms appearing in all but the first column

scales the determinant by a factor but it will not change its invertibility (from

1
the requirement on the eigenvalues in Assumption (A1), it follows that 1 — oz% ;> 0).

The same applies to v; = E[I?]. Hence, ¥ is invertible if and only if
Seauv = A%y BTAL AkyBTAL L AR BTAY]

is invertible. Now observe that B~ commutes with Ag(y. This follows because BAxy =
(1 — 0417]Axy)AXY = Axy(l — Oé]JAxy) = AxyB. This implies BilAXY = AxyBil,
because for any matrix M where M B = BM, it follows that

M=MBB'=BMB™' — B'M=B"'BMB'=MB™".

This implies that
Sequive = B! [AQ(YAI, L Agl{XYAI] .

/

n'g

::Eequiv,:}

Since B! is invertible, it has non-zero determinant, and again invertibility of ¥ is
equivalent to invertibility of Yequiv,3-

Let Axyy = QJQ ™! be the Jordan block factorization. Observe that
{A%YAI, . ,A;’(XYAI} -Q {JOQ‘lAI, o JdXQ—lA,} .
And finally, since @ is invertible, invertibility of ¥ is equivalent to Q~'A; being cyclic

of J. According to Lemma F.1 if two or more Jordan blocks have the same eigenvalue,
no vector can be cyclic, so in particular not Q' A;. If on the contrary no eigenvalue is
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shared across Jordan blocks (equivalently, the geometric multiplicity of every eigenvalue
is 1), it follow from Lemma F.2 that Q~'A; is a cyclic vector of .J if and only if the
vector Q' A; is non-zero in the entries indexed by Zle m; for alld =1,..., k. Writing
A; = Qa in the basis of the columns of @ for some coefficient vector a € C4x+1  this
means Q' Ay is a cyclic vector for J exactly when the coefficients Gs~d . AT NON-ZEro

=1 7

for all d =1,...,k. This concludes the proof. ]

F.4.10. Proof of Corollary 1

Corollary 1. Consider a VAR(1) process S with di = 1 and parameter matriz A, and
assume that sparsity pattern of A is given by Assumption (A2) and that the non-zero
entries of A are drawn from any distribution which has density with respect to Lebesque
measure. Then [ is identifiable with probability 1.

Proof. We check the conditions of Theorem 6. Since the entries are drawn from a
density with respect to Lebesgues measure, the eigenvalues are almost surely distinct.
Thus, taking into account the sparsity pattern, Axy can almost surely be diagonalized
and the corresponding Jordan form has blocks of size one, all with distinct eigenvalues.
ox.r
0
mined from Axy (so @ depends only on ax x,ayy and ), and so the probability that

[k ;,0]" is orthogonal to any of the rows of Q1 is 0. O

Also with probability one, w = Q=1 does not have any zeroes: @ is deter-

F.4.11. Proof of Corollary 2

Corollary 2. Consider a process S satisfying Assumption (A2) with dy > 1 instrument
processes I, ... IUWD  Assume that there is at least one instrument process IU) such
that both of the following conditions hold.

1. It(j) 1s independent of Igi) for allt,s and i # j, and
2. the requirements of Theorem 6 are satisfied for the reduced process (I(j),X, Y).
Then B is identifiable.

Proof. Although the instruments I, j # i are observed, we may treat them as latent,
being part of the latent process H; == (Hj, It(i’#j)). By i), IU) is independent of H. By
ii), Theorem 5, and Theorem 6, f is identifiable in the reduced process (1), X,Y"), and
the solution is therefore also unique in the full system (I, X,Y). ]

F.4.12. Proof of Proposition 3

Proposition 3 (Identification with conditioning set relaxing the VAR assumption).
Consider a process S = [IJ,XJ,HJ,}QT];Z satisfying (11) and Assumptions (A1’)
to (A3’). Let B; be a set of variables satisfying PA (I;—2) € By € ND(Y;) N ND(l;—2) in
Gru- Then, (i), (i) and (iii) from Theorem j hold.
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Proof. To obtain E[cov((Y; — BXi—1)I, 5|B:)] = 0, we show that
Y, - BXi—1 L Lo | By.

Using that Y; — BX;_1 = ayyYi—1 + g(e), Hy_1) it suffices to show that Y;_y I I;_|B;
and (g}, H;_1) 1 I;_5|B; since g is measurable. For the first conditional independence
we use that Y;_1,B; € ND([l;_2) and PA (I;_2) C B; to conclude Y;—; Ly I;_9|B; in
Granl (Indeed, any path from I;_o to Y;—q leaves I;_o either through a parent of I;_o or
must contain a collider that is a descendant of I;_5.) By the global Markov property,
contained in Assumption (A3’), this implies Y;—; 1 I;_o|B;. For the second conditional
independence, we show ¢} 1L I;_o|(B;, H;—1) and H; 1 I I;_5|B; and use the contraction
property of conditional independence to obtain (¢}, H; 1) I I; o|B;. Now, Hy; 1 I
I;_5|B; holds by the global Markov property since H;—; € ND(;_2) and PA (I;_2) C B,.
To show &} I I;_o|(By, Hi—1), we use that by Assumption (A3’) &) is independent of
any finite subset of ND(Y;) in Gry. We have that B, U {H;_1} U {[;_2} C ND(Y;) and
thus by weak union we get ¢} I I, o|(B;, H;_1) as desired. This proves part (i).

Part (ii) follows because the moment equation E[cov((Y; — 8X;-1)I, 5|B;)] = 0 is the
same as in Theorem 4, and so the rank requirement for identifiability is also the same.

To show part (iii), we have to show that

—1
~ - - - P
Elryorl ] W Elrr ok, ] (E[rxtlnt_Q] w E[rlmr;t_l]) 2,

This is analogous to the argument in the proof of Theorem 3, except for that the con-
vergence of empirical moments is now guaranteed by Assumption (A2’) (instead of As-
sumption (Al)). Hence, using Slutsky’s Theorem and rewriting Y; as in Theorem 3,
gives the desired convergence. O

F.4.13. Proof of Proposition 4

Proposition 4 (Identification with nuisance regressor relaxing the VAR assumption).
Consider a process S = [I], X', H,',Y,"|[, satisfying (11) and Assumptions (A1),
(A2°) and (A}’). Let Zy = {Y;—1} and Ty == {Li—o,..., I1—m—1} for an m > 1. Then,
(i), (ii), and (iii) from Theorem 5 hold.

Proof. By (11), we have that Y; — 8X;—1 — ayyY;—1 = g(ef , H;—1). Furthermore, by
Assumption (A4’) (e}, H;_1) 1. Z;. Combining this (and using measureability of g) we
obtain

Y - BXi 1 —ayyYi—1 L Z;.

Thus E[(Y; — 8X—1 — ay’th_l)ItT] =0 for @ = ayy, and part (i) follows.

Part (ii) follows because the moment equation E[(Y; — fX;—1 — ozy,th,l)ItT] =0is
the same as in Theorem 5, and so the rank requirement for identifiability is also the
same.
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To show part (iii), let X;_1 := [X;—1", Y;—1']". We have to show that

-1
B[y, Z]] W R[Z,X] ] (E[Xt_ll': | W E[Ip(j_ﬂ) RN

with v := [8, ayy]. Assumption (A2’) ensures convergence of the empirical moments
to population moments, and using Slutsky’s Theorem in combination with the expression
for Yy, the statement follows as in the proof of Theorem 3. 0

F.4.14. Proof of Proposition 5

Proposition 5. Consider a process S = [Stliez satisfying Assumption (A2). Let [3 be
the causal effect from Xy to Y1, and let for an arbitrary m, ¢ € N (ay x,ayy) be the
population vector of coefficients when regressing Ysi1 — BXs on {Xs—g, k=1,...,m} U
{Ys—j,j=0,...,1}. Then

y4 m

(ayy, B, ay x) = arg {lnblfcl Edo(xy:=z)  Ye+1 — .Z% a;jYej —bXy — ; e Xtk
J: =

Proof. Recall that § and ayy,ayn denote the causal effects from X;,Y; and Hy, re-
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spectively, to Y;y1. We have

2

4 m
min Bo(x i)  Yerr = a;¥emy = bXi = > Xk
7=0 k=1
y4 m 2
= {1171(}712 Edo(Xt::x) {,BXt + Ozyij;g + Ozy7HHt + 6211} — ZO an;g_j —bX; — ; e Xi—k
J: el
= min Edo(Xt:::v) (BXt - bXt)2
a,b,c
l m
+ Bgo(xpma) (BX:e — bX1) | ayy Yy + aygHi + €4y — Z ajYi—j — Z Cr Xtk
§=0 k=1
y4 m 2
+ Bgo(xyma) | @vyYe + av,pHe + €)'y — Z a;jYe—j — Z crXi—k
§=0 k=1
= mbin Eo(xymz) (BXt — bX;)?
l m
+ Eao(xy—a)(BXy = bXy) | vy Yi+ oy Hy + el — Y a;Yij— > cxXop
§=0 k=1
4 m 2
+E | ayyY; +ayuH + ¢4y — Z a;jYi—j — Z CeXt—k
§=0 k=1
J4 m
= min ]Edo(Xt::ac)(BXt — bXt)2 + (51‘ — bl’)]E OéY,Yift + OéYJ{Ht + 52;_1 — Z an}/,j — Z e Xi—k
a,b,c 7=0 k=1
2

V4 m
+E | avyYi+avuHi+ el — Y aYij— > Xk

j=0 k=1
2
V4 m
= H;tian i1 — 8Xe — Z a;Yyj — Z ck Xtk
' j=0 k=1

Here, the third and fourth equality signs hold because the joint distribution of the vari-
ables Hy, 62:_1, Y, ..., Yy, and X;_q,..., X¢_p, is the same under the observational and
the intervention distribution — as the variables are all non-descendants of X;. Further,
the minimum is obtained for b = 8 and a and ¢ being the coefficients after (linearly)
projecting Y11 — SX; on the space spanned by Y:,...,Y; pand X;—1,..., Xi—m. ]
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