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Abstract

Training models that perform well under distribution shifts is a central challenge in machine learning.
In this paper, we introduce a modeling framework where, in addition to training data, we have partial
structural knowledge of the shifted test distribution. We employ the principle of minimum discriminating
information to embed the available prior knowledge, and use distributionally robust optimization to
account for uncertainty due to the limited samples. By leveraging large deviation results, we obtain
explicit generalization bounds with respect to the unknown shifted distribution. Lastly, we demonstrate
the versatility of our framework by demonstrating it on two rather distinct applications: (1) training
classifiers on systematically biased data and (2) off-policy evaluation in Markov Decision Processes.

Keywords— Stochastic programming, data-driven decision making, distribution shift, distributionally ro-
bust optimization, large deviations, principle of minimum discriminating information

1 Introduction

Developing machine learning-based systems for real world applications is challenging, particularly because the
conditions under which the system was trained are rarely the same as when using the system. Unfortunately,
a standard assumption in most machine learning methods is that test and training distribution are the
same [11,/51}/69]. This assumption, however, rarely holds in practice, and the performance of many models
suffers in light of this issue, often called distribution shift [47]. Consider building a model for diagnosing
a specific heart disease, and suppose that most participants of the study are middle to high-aged men.
Further suppose these participants have a higher risk for the specific disease, and as such do not reflect
the general population with respect to age and gender. Consequently, the training data suffers from the
so-called sample selection bias inducing a covariate shift |[47,/54]. Many other reasons lead to distribution
shifts, such as non-stationary environments [58], imbalanced data [47], domain shifts 3], label shifts [73] or
observed contextual information [94|10]. A specific type of distribution shift takes center stage in off-policy
evaluation (OPE) problems. Here, one is concerned with the task of estimating the resulting cost of an
evaluation policy for a sequential decision making problem based on historical data obtained from a different
policy known as behavioural policy [64]. This problem is of critical importance in various applications of
reinforcement learning—particularly, when it is impossible or unethical to evaluate the resulting cost of an
evaluation policy by running it on the underlying system.

Solving a learning problem facing an arbitrary and unknown distribution shift based on training data in
general is hopeless. Oftentimes, fortunately, partial knowledge about the distribution shift is available.
In the medical example above, we might have prior information how the demographic attributes in our
sample differ from the general population. Given a training distribution and partial knowledge about the
shifted test distribution, one might ask what is the “most natural” distribution shift mapping the training



distribution into a test distribution consistent with the available structural information. Here, we address
this question, interpreting “most natural” as maximizing the underlying Shannon entropy. This concept
has attracted significant interest in the past in its general form, called principle of minimum discriminating
information dating back to Kullback [34], which can be seen as a generalization of Jaynes’ mazimum entropy
principle |30]. While these principles are widely used in tasks ranging from economics [26] to systems
biology [55] and regularized Markov decision processes [2}/24,45], they have not been investigated to model
general distribution shifts as we consider in this paper.

Irrespective of the underlying distribution shift, the training distribution of any learning problem is rarely
known and one typically just has access to finitely many training samples. It is well-known that models can
display a poor out-of-sample performance if training data is sparse. These overfitting effects are commonly
avoided via regularization [11]. A regularization technique that has become popular in machine learning
during the last decade and provably avoids overfitting is distributionally robust optimization (DRO) |33].

Contributions. We highlight the following main contributions of this paper:

e We introduce a new modelling framework for distribution shifts via the principle of minimum discrim-
inating information, that encodes prior structural information on the resulting test distribution.

e Using our framework and the available training samples, we provide generalization bounds via a DRO
program and prove that the introduced DRO model is optimal in a precise statistical sense.

e We show that the optimization problems characterizing the distribution shift and the DRO program
can be efficiently solved by exploiting convex duality and recent accelerated first order methods.

e We demonstrate the wversatility of the proposed Minimum Discriminating based DRO (MDI-DRO)
method on two distinct problem classes: Training classifiers on systematically biased data and the
OPE for Markov decision processes. In both problems MDI-DRO outperforms existing approaches.

The proofs of all technical results are relegated to Appendix [7}

2 Related work

For supervised learning problems, there is a rich literature in the context of covariate shift adaptation [54160].
A common approach is to address this distribution shift via importance sampling, more precisely by weighting
the training loss with the ratio of the test and training densities and then minimize the so-called importance
weighted risk (IWERM), see [54,/59,60%/72]. While this importance weighted empirical risk is an unbiased
estimator of the test risk, the method has two major limitations: It tends to produce an estimator with high
variance, making the resulting test risk large. Further, the ratio of the training and test densities must be
estimated which in general is difficult as the test distribution is unknown. There are modifications of IWERM
reducing the resulting variance [12}/141/57], for example by exponentially flattening the importance ratios [54].
For the estimation of the importance weights several methods have been presented, see for example [71].
These methods, however crucially rely on having data from both training and test distribution. For a
treatment of other distribution shifts, we refer the reader to |[47] and references therein.

There is a vast literature on OPE methods which we will not attempt to summarize. In a nutshell, OPE
methods can be grouped into three classes: a first class of approaches that aims to fit a model from the
available data and uses this model then to estimate the performance of the given evaluation policy [1,/3538].
A second class of methods are based on invoking the idea of importance sampling to model the underlying
distribution shift from behavioural to evaluation policy [28,46,/66]. The third, more recent, class of methods
combines the first two classes [9}/23L|31},67].

Key reasons for the popularity of DRO in machine learning are the ability of DRO models to regularize
learning problems [33}/52,53] and the fact that the underlying optimization problems can often be exactly
reformulated as finite convex programs solvable in polynomial time [4,(7]. Such reformulations hold for
a variety of ambiguity sets such as: regions defined by moments [8}19,125,/70], ¢-divergences [5}|37}40],



Wasserstein ambiguity sets [33L39], or maximum mean discrepancy ambiguity sets [32,/56]. DRO naturally
seems a convenient tool when analyzing “small” distribution shifts as it seeks models that perform well
“sufficiently close” to the training sample. However, modelling a general distribution shift via DRO seems
difficult and recent interest has focused on special cases such as adversarial example shifts [22] or label
shifts [73]. To the best of our knowledge, the proposed idea of combining DRO with the principle of
minimum discriminating information has not been considered yet.

3 Problem statement and motivating examples

We study learning problems of the form
in R(0, P/ 3.1
min R(, P7), (3.1)
where R(0,P7) = Eps[L(6, )] denotes the risk of an uncertain real-valued loss function L(6, ) that depends
on the parameter § € © C R™ to be estimated as well as a random vector £ € E C R™ governed by the
probability distribution P7. In statistical learning, it is usually assumed that P/ is unknown but that we
have access to independent samples from P7. This paper departs from this standard scenario by assuming
that there is a distribution shift. We first state our formal assumption about the shift, and provide concrete
examples below. Specifically, we assume to have access to samples from a distribution P # P/ and that Pf
is only known to belong to the distribution family

I={QeP(E) : Eq[¢(¢)] € E} (3-2)

encoded by a measurable feature map v : Z — R? and a compact convex set E C R?%. In view of the principle
of minimum discriminating information, we identify P/ with the I-projection of P onto II.

Definition 3.1 (Information projection). The I-projection of P € P(Z) onto II is defined as
P) = in D(Q||P 3.3
f(P) = arg min D(Q|IP), (3-3)
where D(Q||P) denotes the relative entropy of Q with respect to P.

In the following, we equip II with the topology induced by the total variation distance. In this case, one can
show that the I-projection exists whenever II is closed |16, Theorem 2.1]. Note that f(P) =P if P € II. In
the remainder, we assume that P ¢ Il and that P is only indirectly observable through independent training
samples &1, ...,&n drawn from P.

Example 3.1 (Logistic regression). Assume that £ = (x,y), where x € R™~1 is a feature vector of patient
data (e.g., a patient’s age, sex, chest pain type, blood pressure, etc.), and y € {—1,1} a label indicating the
occurrence of a heart disease. Logistic regression models the conditional distribution of y given x by a logistic
function Prob(y|z) = [1 + exp(—y - 0"x)]~! parametrized by 0 € R™~'. The mazimum likelihood estimator
for 0 is found by minimizing the empirical average of the logistic loss function L(6,¢) = log(1+exp(—y-0'x))
on the training samples. If the samples pertain to a patient cohort, where elderly males are overrepresented
w.r.t. the general population, then they are drawn from a training distribution P that differs from the test
distribution Q. Even if sampling from Q is impossible, we may know that the expected age of a random in-
dividual in the population falls between 40 and 45 years. This information can be modeled as Eq [¢(§)] € E,
where E = [{,u], £ = 40, u = 45 and (&) projects € to its ‘age’-component. Other available prior information
can be encoded similarly. Via the principle of minimum discriminating information, we then minimize the
expected log-loss under the I-projection of the data-generating distribution P onto the set I defined in .

Example 3.2 (Production planning). Assume that 6 € R and £ € R denote the production quantity and
the demand of a perishable good, respectively, and that the loss function L(0,£) represents the sum of the
production cost and a penalty for unsatisfied demand. To find the optimal production quantity, one could
minimize the average loss in view of training samples drawn from the historical demand distribution P.
However, a disruptive event such as the beginning of a recession might signal that demand will decline by



at least n%. The future demand distribution Q thus differs from P and belongs to a set I of the form
defined through (&) = & and E = [0,(1 — n)u], where u denotes the historical average demand. By the
principle of minimum discriminating information it then makes again sense to minimize the expected loss
under the I-projection of P onto 1I.

Loosely speaking, the principle of minimum discriminating information identifies the I-projection f(P) as the
least prejudiced and thus most natural model for P/ in view of the information that P/ € II. The principle
of minimum discriminating information is formally justified by the conditional limit theorem [17], which we
paraphrase below using our notation.

Proposition 3.1 (Conditional limit theorem). If the interior of the compact conver set E overlaps with the
support of the pushforward measure P o 1)~ the I-projection P/ = f(P) erists and the moment-generating
function Eps[etX(99)] is finite for all t in a neighborhood of 0, then we have

Jim Ep[L(0,&)|% Y.L, (&) € B = Eps [L(6,€)] V6 € ©.

In the context of Examples and the conditional limit theorem provides an intuitive justification for
modeling distribution shifts via I-projections. More generally, the following proposition suggests that any
distribution shift can be explained as an I-projection onto a suitably chosen set II.

Proposition 3.2 (Every distribution is an I-projection). If P,Q € P(Z) such that Q < P and if II is a set
of the form (3.2)) defined through (&) = log %(f) and E = {D(Q||P)}, then Q = f(P).

The modelling of arbitrary distribution shifts via the I-projection according to Proposition has an inter-
esting application in the off-policy evaluation problem for Markov decision processes (MDPs).

Example 3.3 (Off-policy evaluation). Consider an MDP (S, A, Q,c, so) with finite state and action spaces
S and A, respectively, transition kernel Q : S x A — R, cost-per-stage function ¢ : S x A — R and initial
state sg. A stationary Markov policy m is a stochastic kernel that maps states to probability distributions
over A. We use w(als) to denote the probability of selecting action a in state s under policy w. The long-run
average cost generated by w can be expressed as

Vi = limr o0 & 3120 ET [e(st, a0)).
Each policy induces an occupation measure i on S X A defined through the state-action frequencies
fir (2, ) = Hmp oo = S0 PL [(80,a0) = (s,a)] Vs €S, a€ A,
see [27, Chapter 6]. One can additionally show that p, belongs to the polytope

M={pe€Asxa: X peat(sa) = csPacaQ(S|s,a)u(s,a) =0 Vs € S},

where Agx 4 represents the simplex of all probability mass functions over S x A. Conversely, each occupation
measure i € M induces a policy ,, defined through 7, (als) = u(s,a)/ Y, ca1(s,a’) foralls € S anda € A.
Assuming that all parameters of the MDP except for the cost ¢ are known, the off-policy evaluation problem
asks for an estimate of the long-run average cost Vi, of an evaluation policy m. based on a trajectory of
states, actions and costs generated by a behavioral policy my. This task can be interpreted as a degenerate
learning problem without a parameter 6 to optimize if we define & = c(s,a) and set L(0,£) = £. Here, a
distribution shift emerges because we must evaluate the expectation of & under Q = pe o ¢~ given training
samples from P = p, o ¢, where up and pe represent the occupation measures corresponding to m, and Te,
respectively. Note that P and Q are unknown because c is unknown. Moreover, as the policy me generates
different state-action trajectories than mp, the costs generated under me cannot be inferred from the costs
generated under m, even though m, and T are known. Note also that Q coincides with the I-projection P¥
of P onto the set 11 defined in Proposition|3.2. The corresponding feature map v as well as the set E can be
computed without knowledge of ¢ provided that c is invertible. Indeed, in this case we have

1

V(&) = log §2 (&) = log k2 and B = {D(pe 0 ¢y 0 ™)} = {D(ptel|1aw)}




forany s; €S, a; € A and &; = ¢(s;,a;). Note that as S and A are finite, c is generically invertible, that is,
¢ can always be rendered invertible by an arbitrarily small perturbation. In summary, we may conclude that
the off-policy evaluation problem reduces to an instance of (3.1)).

From now on we use P N = % Zi\; 555 and ﬁ{v to denote the empirical distribution of the training samples

and its I-projection onto II, respectively. As the true data-generating distribution P and its I-projection P/
are unknown, it makes sense to replace them by their empirical counterparts. However, the resulting empirical
risk minimization problem is susceptible to overfitting if the number of training samples is small relative to
the feature dimension. In order to combat overfitting, we propose to solve the DRO problem

Ji = min R*(0.P), (3.4)

which minimizes the worst-case risk over all distributions close to ’|5ij Here, R* is defined through

R*(0,P") = supgen {R(6,Q) : D(P'[Q) <} (3-5)

and thus evaluates the worst-case risk of a given parameter 6 € © in view of all distributions Q that have a
relative entropy distance of at most r from a given nominal distribution P’ € II. In the remainder we use Jy;
and 0% to denote the minimum and a minimizer of problem (3.4)), respectively.

Main results. The main theoretical results of this paper can be summarized as follows.

1. Out-of-sample guarantee. We show that the optimal value of the DRO problem ([3.4) provides an upper
confidence bound on the risk of its optimal solution 6% . Specifically, we prove that

P (R(Oy,PY) > J) < em N Ho), (3.6)

where P/ = f(P) is the I-projection of P. If = is finite, then (3.6) can be strengthened to a finite
sample bound that holds for every N if the right hand side is replaced with e™™V (N + 1)‘5‘.

2. Statistical efficiency. In a sense to be made precise below, the DRO problem (3.4)) provides the least
conservative approximation for (3.1)) whose solution satisfies the out-of-sample guarantee (3.6]).

3. Computational tractability. We prove that the I-projection ﬁ{v can be computed via a regularized fast
gradient method whenever one can efficiently project onto E. Given ﬁ]fv, we then show that 63 can
be found by solving a tractable convex program whenever © is a convex and conic representable set,
while L(6,¢) is a convex and conic representable function of 6 for any fixed &.

4 Statistical guarantees

Throughout this section, we assume that the sets © and = are compact and that the risk R: © x II - R is
a continuous function to avoid technical discussions of little practical relevance. The DRO problem is
constructed from the I-projection of the empirical distribution, which, in turn, is constructed from the given
training samples. Thus, 6}, constitutes a data-driven decision. Other data-driven decisions can be obtained
by solving surrogate optimization problems of the form

Jy = min R(0,P] 4.1
v =min R(f,Py), (4.1)
where R : © x II — R is a continuous function that uses the empirical I-projection ﬁjfv to predict the true
risk R(0,P7) of § under the true I-projection P/. From now on we thus refer to R as a predictor, and we
use Jy and Oy to denote the minimum and a minimizer of problem (4.1)), respectively. We call a predictor R
admissible if Jy provides an upper confidence bound on the risk of 65 in the sense that

1 ~ ~
lim sup N log P (R(GN, P/ > JN) < —r (4.2)

N —oc0



for some prescribed r > 0. The inequality requires the true risk of the minimizer §N to exceed the
optimal value J, v of the surrogate optimization problem with a probability that decays exponentially
at rate r as the number N of training samples tends to infinity. The following theorem asserts that the DRO
predictor R* defined in , which evaluates the worst-case risk of any given 6 across a relative entropy
ball of radius 7, almost satisfies and is thus essentially admissible.

Theorem 4.1 (Out-of-sample guarantee). If R* is defined as in (3.5) and ¢ > 0, then R=R+cisa

continuous function and represents an admissible data-driven predictor.

Theoremimplies that, for any fixed € > 0, the DRO predictor R* provides an upper confidence bound J3+
£ on the true risk R(0%,P7) of the data-driven decision 0% that becomes increasingly reliable as N grows.
Of course, the reliability of any upper confidence bound trivially improves if it is increased. Finding some
upper confidence bound is thus easy. The next theorem shows that the DRO predictor actually provides the
best possible (asymptotically smallest) upper confidence bound.

Theorem 4.2 (Statistical cfficiency). If R* is defined as in (B.5) and R is any admissible data-driven
predictor, then we have impy_ o0 J& < lUmpy_o0 Jy P-almost surely irrespective of P € P(E).

One readily verifies that the limits in Theorem exist. Indeed, if R is an arbitrary data-driven predic-
tor, then the optimal value Jy of the corresponding surrogate optimization problem converges P-almost
surely to mingeg R(#,Pf) as N tends infinity provided that the training samples are drawn independently
from P. This is a direct consequence of the following three observations. First, the optimal value function
mingeo R(#,PY) is continuous in P/ € II thanks to Berge’s maximum theorem [6, pp. 115-116], which applies
because R is continuous and © is compact. Second, the I-projection P/ = f(P) is continuous in P € P(2)
thanks to [61, Theorem 9.17], which applies because the relative entropy is strictly convex in its first argu-
ment [20, Lemma 6.2.12]. Third, the strong law of large numbers implies that the empirical distribution Py
converges weakly to the data-generating distribution P as the sample size N grows. Therefore, we have

lim Jy = lim minR (H,f(ﬁN)) = min R (H,f( lim ﬁN>) = min R(0,P/) P-as.
N—oo N—00 0€O 0O N—oo )

In summary, Theorems [4.1] and [4.2] assert that the DRO predictor R* is (essentially) admissible and that

it is the least conservative of all admissible data-driven predictors, respectively. Put differently, the DRO

predictor makes the most efficient use of the available data among all data-driven predictors that offer the

same out-of-sample guarantee (4.2). In the special case when = is finite, the asymptotic out-of-sample
guarantee (4.2) can be strengthened to a finite sample guarantee that holds for every N € N.

Corollary 4.1 (Finite sample guarantee). If R* is defined as in (3.5)), then

log(N +1)

1
~logP (R*(03,P) > J3) < 25

2| —r VN eN. (4.3)
We now temporarily use R} to denote the DRO predictor defined in (3.5)), which makes its dependence on r

explicit. Note that if » > 0 is kept constant, then R} (6, ﬁ{\,) is neither an unbiased nor a consistent estimator
for R(#,P/). Consistency can be enforced, however, by shrinking r as N grows.

Theorem 4.3 (Asymptotic consistency). If the assumptions of Proposition hold and {rn}neN is a
sequence of non-negative numbers with limy_, o, 7n = 0, then the DRO predictor satisfies

Jim Ry (6,P1) = R(6,P) P-a.s. V0 €O, (4.4a)
e B BN o p.
ngnoo Ry (0n,Py) grélgR(G,P ) P-a.s. (4.4b)

We now continue with the off-policy evaluation example introduced in Section [3]and show the corresponding
DRO approach and its statistical guarantees.



Example 4.1 (Off-policy evaluation). For the OPE problem introduced in Example we atm to construct
an estimator for the performance of the evaluation policy Vy, (c) = Eg,(p)[€] based on the available behavioural
policy and its incurred cost. As described in Example we choose TI such that pe o ¢! = f(P), where
P=yp,octec 77("). Given the behavioural data (S¢,ar) ~ u, fort = 0,...N — 1, consider the empirical
counterpart of P as PN = % iv 01 Oc(sy,a,)- While we assume in this paper that the samples (5, @) are i.i.d.,
the underlying large deviation framework used in principle allows for a generalization to a single trajectory
of correlated data [37,62]. The proposed approximation of the value function under the evaluation policy Vi,
1s provided by Jy = R*(ﬁ{v), where R* is the DRO predictor , the admissibility guarantees provided by

Corollary[{.1] using the fact that = is finite provide the generalization bound
P(Vo < J3)>1— (N +1)SHMIeN vp e p(E), (4.5)

that holds for all N € N.

5 Efficient computation

Motivated by the generalization and optimality guarantees provided by Theorems[f.]and we now discuss
how to efficiently compute the corresponding optimal parameter 03 = arg mingecg R* ( Py). This compu-
tation can be split into two steps: First, we aim to efficiently compute the estimator P given the training
data 51, . ,5 N and the corresponding empirical probablhty measure P ~. This boils down to evaluating the
I-projection PN = f(PN) for a given set II of the form . Given PN, we then show how to compute
R*(0, P{V) and the corresponding optimizer %.

Computation of I-projection. Computing the I-projection of an empirical probability measure Py built
from the available data is a non-trivial task as it requires solving an infinite-dimensional optimization problem
(3.3). Generally, one would expect that the difficulty of computing f(-) also depends on the structure of the
set II expressed via 1 and F, see . Following recent work [63], we show that for a large class of sets II,
by exploiting the fact that P n is finitely supported and by using recent advances in convex optimization,
f(-) can be computed in an efficient way.

Let n = (n1,72) be a smoothing parameter with 7;,72 > 0, and let L, > 0 be a learning rate that may
depend on 7. In addition, define a function G,, : R* — R through

SR (&) exp(— T 2 i (€5))
Sliexp(— X zivi(&y))

Gy(2) = —mp(y " 2) — 17 + (5.1)

where 7 is the projection operator onto the set E defined as 7p (2) = argmingep ||z — z||3. Given the
function Gy, the I-projection can be computed via Algorithm (I} basically a fast gradient method. The
complexity of evaluating the function G, as required by Algorithm [I} is determined by the projection
operator onto F; for simple sets (e.g., 2-norm balls, hybercubes) the solution is analytically available, while

for more general cases (e.g., simplex, 1-norm balls) it can be computed at relatively low computational effort,
see |48, Section 5.4] for a comprehensive survey.

The guarantees of Algorithm [I| require the following assumption on the underlying data-generating distribu-
tion and on the set II.

Assumption 5.1 (Slater point). Problem (3.3) admits a Slater point P° € II that satisfies

§ = minygg ||Epe [¢(£)] — yll2 > 0.

Finding a Slater point P° such that Assumption holds, in general may be difficult. A constructive
approach to find such an interior point, when 1 represents a polynomial is described in |63, Remark §].



Algorithm 1:  Optimal scheme for smooth & strongly convex optimization [44]

Choose wy = yo € R? and n € R2

For k>0 do Step 1:  Set yr4+1 = wi + L%]Gn(wk)

VI

Step 2:  Compute wiy1 = yp41 + \ﬁ+r(yk+1 —Yr)

Given Assumption for € > 0 define

p 2
C =D(P°||Pn), D = L maxyep |yl2, m =15, ne = 2532’
N2
@ = SUPeRd PEP(E) {AT Jz(€)dP(E) + [IMll2 = 1}, Ly=1/m+n+ (Zle(QD)z) )
My(e) =2 <\/8D§‘ + 200 4+ 1) log (M) 7 5.2

_ 8DC2? | 202C? c 4D 52
Ma(e) =2 <\/ DC? | 20207 | 1) log (55(2@ 1AL 4 o2 + £2)(C + ))
Due to the compactness of =, when 1) is a continuous function the parameter « is finite. Indeed let K € R
be such that (¢(£)); < K for all ¢ € Zand i = 1,...,d, then a < VdK.

Theorem 5.1 (Almost linear convergence rate). Given Assumption[5.1) and the definitions (5.2)), let € > 0
and M (e) = [max{M;(g), Ma(e)}]. Then, k = M(e) iterations of Algorithm[d] provide

SNl en exp(— ooy (Brn)ithi (§))

Zom =Yr and [pn(B)= S (=S G () VB C = measurable, (5.3)
which satisfy
e-optimality: ID(7ik.n|IPn) — D(PL[IPN)| < 2(1 4 2v3)e, (5.4a)
e-feasibility: d (Jg (&) dfien(€), E) < 22, (5.4b)
e-optimizer: | oo,y — PfVHTV < 2(1 4 2v3)e, (5.4c)

where d(-, E) denotes the distance to the set E, i.e., d(z, E) = mingeg ||z — y||2.

Theorem . directly implies that we need at most O( log < L) iterations of Algorlthm I to achleve an e-
approximation to P{v that is also e-feasible with respect to II. While Assertions and (|5.4b)) are closely
related to [63], Assertion to the best of our knowledge is new and actually a cruc1al property for
numerically computing R* (9 Pf N)-

Computation of DRO predictor. Equlpped with Algorlthmlto efficiently approximate P{V via [y, the

DRO predictor R*(6, pf v ), defined in can be computed/approximated by R*(6, [ix ) since the function
R* is continuous. The optimization problem R*(0, [i,,) admits a dual representation which follows as a
special case from [68, Proposition 5.

Proposition 5.1 (DRO duality). If r > 0 and L(0) = SUPgez L(H €) is the worst case loss function, then
the DRO predictor (3.5) evaluated at the approzimate I-projection fiy, , given by (5.3)) in Theorem admits

a dual formulation
N

R0, fiky) = min o —e™" [] (o= L(6,6,))™ (55)

Jj=1

where 75 = exp(—= YL, (Bt (§)) (70, exp(= Xy (Fn)i i(65)))



For a fixed § € ©, Proposition shows that the data-driven predictor R*(6, [ ,) is equivalent to a
one-dimensional convex problem and as such can be computed via bisection or other line search methods.
Since the measure [iy , is finitely supported, we can express the cost function R*(0,[ix,,) as a second-order
cone program involving O(N) constraints and auxiliary variables, see |42, Section 6.2.3.5]. Therefore, in
the case where L(6,£) is a convex and conic representable function of  for fixed £ and © is convex and
conic representable, the optimization problem mingeg R*(6, fix,,) can be expressed as a tractable convex
optimization problem.

6 Experimental results

We focus on two of our running examples and show how the proposed MDI-DRO method performs empiri-
callyE| We first consider two experiments on training a classifier on systematically biased data in the setting
introduced in Example

Synthetic dataset — covariate shift adaptation. We consider a synthetic dataset involving a covariate
shift, where the details are provided in Appendix [7.4] In the numerical experiments, we observe that the
proposed MDI-DRO method significantly outperforms ERM both in terms of expected out-of-sample risk
as well as in terms of the corresponding smaller variance, see Figures We then compare MDI-DRO
to the IWERM method, which accounts for the underlying distribution shift via the importance weights
Pre(+)/prr(+) that we assume to know. In contrast, MDI-DRO does not require any knowledge from the test
distribution other than the function ¢ and the set . Nevertheless, MDI-DRO shows similar out-of-sample
performance than IWERM despite the lack of information, and even achieves lower variance than IWERM,
see Figures Figure [1e| assesses the reliability of the upper confidence bound J3, and the out-of-sample
risk R(6%,Pte) with respect to the regularization parameter r. In the appendix (see Figure [4)) we provide
additional figures showing the known tradeoff stating that a small regularization parameter r leads to small
out-of-sample risk, while the reliability of the upper confidence bound J}; grows with 7.
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& 0.6k, . e 06 4 2 06p y = 0.6 i
& '"T"‘ SN = h‘-‘-.....m.., & Ty S m
T 0.4 Simpaiairaretars o pus T 04 T 04 faim radanay T 04 o ;
e il J— *
02 \\\\H“ Il \\\HH‘ 02 \\\\H" Il \\\HH‘ 02 \\HH\‘ Il \\\HH‘ 02 \HH\‘ Il \\\HH‘ IR Il I
10? 10° 10? 10° 102 10° 10? 10° 10? 10°
N N N N N
(a) Out-of-sample risk R(0%,Pe) (b) Out-of-sample risk R(0%, Pte) (c) Out-of-sample risk R(0%, Pte) (d) Out-of-sample risk R(0%,Pte) (e) Reliability Py (R(0%,Pte) < JX)

== MDI-DRO == = Naive ERM ==+«: IWERM [59] ='='= mingco R(6, Pte)

Figure 1: Synthetic dataset example for m = 6, ¢ = 0.01. The colored tubes represent the 100% confidence
intervals of 1000 independent experiments and the lines the corresponding means.

Real-world data — classification under sample bias. We consider the heart disease classification task
(cf. Example based on a real-world dataseﬂ consisting of i.i.d. samples from some unknown distribution
Pie. To simulate the data shift, we consider training based on a biased subset (training data) of this data
{@1,71),--,(@N,UN)}, N < Nie, where male patients older than 60 years are substantially over-represented.
That is, we assume that the training data are distributed according to Py, which is different from the test
distribution. While the test distribution Py is unknown, we assume that we have access to the empirical
mean of the entire dataset m = ﬁ Zi\[:‘el(fz,@) € R™. To use our proposed modelling framework via the
set II in (.2), we define E = [m — e1,m + €1] for some ¢ > 0 and the function ¥(z,y) = (z,y). We

compare the proposed MDI-DRO method for classification with a “naive” logistic regression not accounting

1 All simulations were implemented in MATLAB and run on a 4GHz CPU with 16Gb RAM. The Matlab code for reproducing
the plots is available from https://github.com/pmdidro/PMDI_DRO.
2https://www.kaggle.com /ronitf/heart-disease-uci


https://github.com/pmdidro/PMDI_DRO

for the sample bias. In addition, we use as benchmark a logistic regression model on the entire dataset.
Figure [2a] displays the out-of-sample cost, Figure [2b|shows the upper confidence certificate J3, and Figure
compares the misclassification rates of the different methods. Perhaps surprisingly, for a careful selection
of the radius r the proposed method shows comparable classification performance to an in-sample logistic
regression method based on the full knowledge of the entire dataset.

61— 0.5
1 B

41 B

0.5 |- b
9L B
0 Prepemn=- W /" "Nesssos 0 - ‘ 0.2 ‘ ‘ ‘

107 1073 107! 10t 107 1073 107! 101 107° 1073 107! 10t
r T T
(a) Out-of-sample cost R(6%;, Pte) (b) Upper confidence certificate J}; (c) Misclassification rate

=== MDI-DRO === Full information logistic regression ===+ Naive logistic regression

Figure 2: Heart disease classification example for m = 6, N = 20, N = 303, ¢ = 1073.

OPE for MDPs — inventory control example. We consider the OPE setting introduced in Exam-
ples and A common estimator for V. is the inverse propensity estimator

—2Ne2

TS = &5 cGranteiead, P (Ve TS 4e) 21—, (6.1)

16 (5,0t )’

where the concentration bound is an application of Hoeffding’s inequality and holds for any € > 0 and
N € N where b = maxges,qca ¢(S, a)pe(s,a)/ (s, a) is typically large and as such the finite sample bounds
of Jy provided by are often more informative than . There are various approaches to address
the unboundedness of the variance of J? ]IVP s and the simplest option \\ is to cap the importance
weights, which however then introduces a bias. We evaluate the performance of our proposed off-policy
evaluation method on a classical inventory control problem (see Appendix for a detailed description).
We choose an evaluation policy 7 and a behaviour policy 7, at random. The decision maker then has access
to the evaluation policy 7 and i.i.d. state action pairs {5;,a;}; samples according to u, as well as the
observed empirical costs {¢;},. Figure [3|shows the results. The proposed MDI-DRO method is compared
against the inverse propensity approach and the ground truth in terms of off-policy evaluation performance,
see Figures [3ay3bl For a small radius, MDI-DRO outperforms the IPS in terms of mean as well as variance.
Figures [3c| and [3d| displays the disappointment probabilities P(V;, > J%) and P(V,, > Ji¥), and confirms
our theoretical result from Theorem stating that for a larger radius r the disappointment probability
decays faster. Figure [3€| visualizes the statistical efficiency described in Theorem

Acknowledgements. This research was supported by the Swiss National Science Foundation under the
NCCR Automation, grant agreement 51NF40_180545.

7 Appendix

We state proofs and auxiliary results of the particular sections.

7.1 Proofs of Section [3]

Proof of Proposition[3.1 Let P

denote the conditional probability of & given ﬁN € II, then
Theorem 4] ensures that

€lPyell

lim D(P,s. cplP) =0,

N —oc0
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Figure 3: The colored tubes are 90% confidence intervals. The numerical parameters used were A = 0.2,v =
1,p=06,v=0.3,7=58={1,2,...,6},4A={1,2,...,4}.

i.e., the conditional distribution P§||SN crr converges in information to the limiting distribution Pf. The

boundedness of L(f,-) implies [- ettt AP/ (¢) < oo for |t| small enough, which ensures Lemma 3.1]
that

Jim Ep, [L(0.€) Py €11 = lim Ep__ _ [L(0,€)] = Ep-[L(6.£)).

O

Proof of Proposition[3.4 We start by noting that Proposition can be seen as a generalization to
Exercise 12.6]. To simplify notation, we denote o = D(Q||P), then

. =ioy AlDY dQy .=
glelgD(QIIP) = oo max D(Q[P) — A (/: log (dp> dQ a) (7.1a)
_ . = dQ\ -
= ryggég&) D(Q||P) — )\/Elog (dP) dQ + Aa (7.1b)
J0\
= max — log/E (dS’) dP + Ao (7.1c)
= a, (7.1d)

where ((7.1a)) just applies the definition of the set IT. Equality (7.1b]) follows from the convexity of the relative
entropy and the probability simplex. Finally (7.1c|) uses the fact that the minimizer in (7.1b)) for any A € R
is given by

a
ie}

_ _ I Aoe(3) gp _ I5 (%)Adp
Jo eMes(@)ap L. (%)/\dP

which is a standard result and can be found for example in Lemma 2]. The maximizer in (7.1c) can
then be shown to be A* = 1 and hence, the optimizing distribution is Q). = Q, which shows that indeed

Q= /(P). O

VB € B(2),

5| 5

7.2 Proofs and auxiliary results of Section

This section provides a detailed discussion about the choice of ambiguity sets as well as proofs of the results
from Section [l

11



7.2.1 Discussion on the choice of ambiguity sets

A first question is concerned with the choide of ambiguity set B,.. In DRO, the shape of the ambiguity set
is often considered as a design choice and there exists a variety of commonly used shapes, e.g., moment
ambituity sets [8,[191/25,|70], ¢-divergences [5,/40], Wasserstein ambiguity sets [33}[39], or maximum mean
discrepancy ambiguity sets [32,[56]. The ambiguity set should be such that the desired properties ,
and hold. In our setting, and the distribution shift modelled via an I-projection (Definition , there
are two principles for choosing an ambiguity set that seem natural:

(a) An ambiguity set characterizing all distributions, that have a relative entropy with respect to the
empirical reference distribution close to that of the corresponding I-projection;

(b) An ambiguity set characterizing all distributions that are “close’ﬂ to a given I-projection.
Then, following the principle ((a)]), we introduce an ambiguity set
BI" (P{) = {P € I1: D(P|Px) < D(PLIPx) + 1} (7.2)

Following the principle ((b)[) we have to introduce a notion of being “close”. One possible way is via the
relative entropy by defining

BU(P') =[P eIl:D(PIP) <}, P eP(E) (7-3)

which is closely related to a standard ambiguity set in distributionally robust optimization called the reverse
KL-ambiguity set [5|13L[36/68]. When comparing the ambiguity sets (7.2)) and (7.3)) one can show that the

ambiguity set (7.2)) is a subset of (|7.3)).
Lemma 7.1. For anyr > 0 and N € N, BY” (P%) c B (P4).

Proof of Lemma[7.1 Fix an arbitrary r > 0, N € N and consider P € B@(ﬁjfv). The Pythagorean theorem
for the relative entropy [15, Theorem 11.6.1], |16, Theorem 2.2] states that

win D(QIPw) + D(P|PL) < D(P[Py) VP e IL (7.4)

Moreover, since P € B£“)(|3{V), according to (7.2)),

D(P|[Px) < minD(Q|P : 7.5
(PIIPx) < min D(QIIP) + 7 (7.5)
By combining (7.4)) and (7.5)) we get D(PHﬁfv) < r, which implies that P € ngl)(ﬁfv). O

When using the principle ([(b)) instead of considering the ambiguity set ([7.3]) one can also define
Bl2)(P') = {P e II: D(P'|P) <r}, P €P(E), (7.6)

which as opposed to (7.3) is called the KL-ambiguity set, as we have flipped the arguments in the relative
entropy and has been studied in [68]. As we show in Theorem the ambiguity set (7.3)) is statistically
optimal and therefore also the one used in (3.4]).

3The precise definition of close will be discussed below.
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7.2.2 Proofs of Section [

Proof of Theorem[4.1 To prove Theorem we first show that the DRO predictor R* defined in
is a continuous function. Therefore, we equip P(E) with the standard topology of weak convergence of
distributions, recalling that the weak topology is metrized by the Prokhorov metric. Then, the desired
continuity of R* follows directly from [68 Proposition 6].

In a next step, we consider the case where 6 € O is fixed and show that

1 ~

lim sup — log P (R(a, Pf) > R*(0, P-]fv)) <-—r Voeo. (7.7)
N—oc0 N

For any P € P(Z), we define the disappointment set A(6,P) = {P" € P(Z) : R(0, f(P)) > R*(0, f(P"))} and

the weak counterpart A(6,P) = {P’" € P(E) : R(0, f(P)) > R*(6, f(P"))}. Recall that f is continuous [61}

Theorem 9.17], which follows from the strict convexity of the relative entropy in its first argument [20,

Lemma 6.2.12] and also R* is continuous as argued above. Therefore the set A(0,P) is closed and hence
cl A(6,P) C A(6,P). Thus we have

1 _
lim sup - log P (R(e, P/) > R*(6, P{V))

N—o0

= lim sup % log P (R(G,f(P)) > R*(@,f(lsjv)))

N—o00

1 .
= limsup — log P (PN e A0, P))

N—o0
<— inf D(Q|P
=~ qedlom POIP)
< - _inf D(Q|P)
Qe A(0,P)
S_T7

where the first inequality is implied by Sanov’s Theorem, stating that P ~ satisfies an LDP with the relative
entropy as corresponding rate function |20, Theorem 6.2.10]. The last inequality uses the fact that

Qe A(6,P) = D(f(QIIf(P)) = r = D(Q|P) > r,

where the first implication has been established in |68, Proof of Theorem 10] and the second implication
follows by the data-processing inequality |18 Lemma 3.11]. Hence, (7.7) holds.

Extending ([7.7)) to the case where we optimize over 6, i.e., showing

1 ~
limsup - log P (R(0%,P') > R* (0%, PL)) < —r.
N—o0 N

where 0%, = argmingee R* (0%, , ﬁ{v) follows along the lines of the proof of [68, Theorem 11] with using the
data processing inequality similar to the proof of (7.7). We omit it for brevity. O

Proof of Theorem[4.4 We first consider the simpler setting where an arbitrary § € © is fixed. The proof
is inspired by [68, Theorem 10]. Suppose for the sake of contradiction there exists a continuous admissible
predictor R, i.e.,
1 N
limsup P <R(9, Pf) > R(6, P{V)) <—r Voeo, (7.8)

N—o0

such that there exist 6y € ©, Py € II such that

lim Jy = R(60,Po) < R*(6y,Py) = JimJR. (7.9)

N—o00
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We define € = R*(0, Po) — ]%(907 Po) and denote by P € II the optimizer in the program defining R* (6, Py),
i.e., R*(00,Po) = R(0p,P) and D(Py||P) < r. By following the same argumentation as in [68, Theorem 10],
and by recalling that II is convex, there exits Pj € II such that

R(6y, |5) < R(6, P/O) +¢e and D(P0||P6) =719 <T. (7.10)
Therefore, we get B -
R(Go, Po) = ]%*(007 Po) — €= R(@Q, P) —e < R(G, Pé)) (711)

We introduce the set of disappointing realizations as
D(0o,Py) = {P € P(E) : R(bo,Py) > R(0o, f(P))}

From ([7.11) and by recalling that Py € II, which implies f(Pg) = Po, we know that Py € D(xg,Py).
Therefore,

oo 1 P(p. D
lim inf - log Pf (R(6,P5) > R0, P))
| > B
= l}\griglof N log P, (R(G, PG) > R(6o, f(PN)))

1 ~
= 1}\1{1;1;15 N log P, (PN € D(bo, P6)>

12
> — inf D(P'||Pg) (7.12)
P’€int D(6o,P})

—— inf D(P|P
L) . (P"[IPg)

—D(Pol[Pg)

= —Trg > —T,

Y

where the first inequality uses the fact that P n satisfies an LDP according to Sanov’s Theorem. The third
equality uses the fact that the set D(0y, P()) is open, as f is continuous, which follows from the strict convexity
of the relative entropy in its first argument |61, Theorem 9.17], and R is continuous too, together with the
fact that Py € D(0y, Py). Finally, the last equality D(Pg||P;) = ro has been established above. The bound
[7.12) contradicts the admissibility of R, i.e., , hence such a R cannot exist and R* indeed satisfies the
assertion of Theorem 1]

To address the setting of Theorem [£.1] where we optimizer over 6 € ©, we repeat the arguments from above
with obvious minor modifications as in |68, Theorem 11]. O

Proof of Corollary[{.1 By recalling that Sanov’s Theorem defined on finite sets [15, Theorem 11.4.1] offers
a finite sample bound, we can follow the steps in the proof of Theorem to arrive at the desired result. [

Proof of Theorem[].3 To show , we fix an arbitrary 6 € ©. In a first step, we claim that f(ﬁN)
converges weakly to f(P). It is known [29] that ||ﬁN—P||W — 0 almost surely, where ||.||w is the norm induced
by the Wasserstein metric of order 2. Recall that f is continuous, which follows from the strict convexity of
the relative entropy in its first argument [61, Theorem 9.17]. Hence, ||f(Pn) — f(P)|lw — 0 almost surely,
which implies the desired weak convergence. Let 67\, be the optimizer to the program Ry (9,§{\,), ie.,

R:.(6,PL) = R(8,Q%). Recall that by feasibility of Qf, we have D(P4[|Q}) < ru for all N € N.

In a second step, we claim that 6}”\, converges weakly to P7. Let g : £ — R be a bounded continuous function,
then

<g,67v> = <g,67v +Pf - ﬁ-]fv> - <g767\, - ﬁ{v> + <gﬁ{v>. (7.13)

As |3]’i, converges weakly to Pf, we know that limy_, <g, ﬁ;\,> = <g, Pf>. Moreover, by feasibility of 67\,,
we have D(ﬁfvﬂaj\,) < rn. Invoking Pinsker’s inequality gives |||5{V — A}‘VHTV < /rn/2. Therefore,

(9:Qv = PL) < gl lPh = Quvllrv < llglloe v/rn /2
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and consequently lim ;o0 <g, 6}‘\, — ﬁ{v> = 0. Taking the limits in ([7.13)) thus results in limy_; oo <g, (A)jv> =

< g,Pf > and hence 67\, converges weakly to P/. Finally, since the loss function L(6, -) for any fixed 6 is bounded
and continuous,

Jim R (6, Py) = lim R(6,Qy) = lim <L(9, D, Q7V> = (L(9,-),P’) = R(0,P!) P—as.
which completes the first assertion. The proof of (4.4b]) follows along the lines of the proof of |37, Theorem 3]
and is therefore omitted here. O

7.3 Proofs and auxiliary results of Section

Proof of Theorem[5.1l The proof of Assertions and invokes as a key tool the so-called double
smoothing method [21]. The proof is structurally similar to [63] and is provided here to keep the paper
self contained. Assertion is new and exploits the maximum entropy structure and in particular the
Pythagorean theorem for relative entropy |15, Theorem 11.6.1].

We start by proving Assertions (5.4a]) and (5.4b). It is convenient to define the linear operator A : P(Z) — R?
as (Ap)i = (Jz¥(§)du(€)): and consider the following primal and dual optimization programms

Jp = Mglpil(ﬂg) {D(H”ﬁN) + :;lé)d {{Au, z) —op(2)} } (7.14a)
b= {-ox@+ S {DGlIPr) + (Au, )} } (7.14b)

where o : R — R defined as 0(2) = max,cp <a:, z> denotes the support function of E, which is continuous
since E is compact [49, Corollary 13.2.2]. The existence of a Slater point, Assumption ensures [63)
Lemma 3] that there is no duality gap, i.e, J5 = J5. With regard to (7.14) we define the dual function as

F(z) = —op(z) + min {D(unﬁN) + (Ap, z>} . (7.15)
REP(E)
While the primal problem is an infinite-dimensional optimization problem, the dual problem,
can be solved via first-order methods, provided that the gradient of the dual function can be evaluated
at low cost. Unfortunately, the dual function is non-smooth. Consequently, an optimal first-order
method would require O(1/¢?) iterations, where e denotes the desired additive accuracy [44, Section 3.2].
Interestingly, we are able to exploit some underlying problem structure to speed up the overall computations
by introducing a so-called smoothing parameter n = (11,12) € Ri 4. Then, in the spirit of [21,43], we
consider a smooth approximation of the dual function

Fy(2) = —max {(z,2) = D lol3} + min {D(ullPw) + (An,2)} = 212115 (7.16)

HEP(E)

where a% = me(n; !2) is the maximizer of the first term and the minimizer in the second term is given by

Z;v:1 1Ej€B €xXp (_ Ele 23 (5]))
>oiL exp (— Yz dji(ﬁj))

It can be shown [63, Lemma 4], that the regularized dual function F}, is ns-strongly convex and differentiable,
with gradient

pi(B) = for all B € B(E).

VE(2) = =L + ApZ — 2z = Gy(2), (7.17)

where G, is the function defined in (5.1). The gradient G, further is Lipschitz continuous with constant
N2

Ly=1/m+n+ (E?:1(2D)Z> and D = § max,cp ||#]|2. Therefore, the regularized dual program given as

sup F,(2) (7.18)

z€R4
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belongs to a favorable class of smooth and strongly convex optimization problems that can be solved by a
fast gradient method such as Algorithm |1} By solving via Algorithm [I| we can reconstruct e-optimal
solutions to the original problem (7.14). The error bounds and (5.4b) can be derived from [21]
(see [63, Appendix A] for a detailed derivation) given one additional side result: We recall that using
Assumption the constant defined as

_ D(P°|[Px) — minep() D(lIPw) _¢
Jz ¥(€)dP°(&) =yl g

can be shown to be an upper bound for the optimal dual multiplier [41, Lemma 1], i.e., ||z*]2 < .

minge ge

It remains to show (5.4c). As a preliminary step we define Py = Afig,, + (1 — )\)Isfv and compute

ddA (PlIPy) = 75 / log<d§;>dPA
/ ddA (1 dg;) dP, + / log (j:;) %dP,\ (7.19a)
— /: log jﬁN (dﬂk,n - dﬁ{v) (7.19b)
= Lo (G ) omeo = L1on ()
~ [0 g(‘;‘;’“;)dﬁm—/log(dd; )dukn " (jg:/)dﬁ{v’

where the justification of ((7.19a]) is technical and therefore relegated to after the proof. The equality (7.19b)
uses the fact that [i;, and Py, are probability measures.

Next, we distinguish two cases (i) @ Nkn € I and (ii) fig, ¢ II. We start with (i), then since |3}”V =
arg minger D(Q||Px), we know that i (PA||PN)|)\ o > 0. Moreover, since Py evaluated at A = 0 reduces
to P} this implies

d D ~ s ~ =~ ~ ~
0 < —D(PAPw)lx=0 = Dk, |Pn) = D(fir.4[[PL) — DPL[IPw). (7.20)

In the case (ii), the gradient is computed as

1 ~ ~
S OPAIPN)Ir=o = lim 5 (D(PAIPx) = D(PxssllPr))|

1 N . ap s

> lim 5 (D(PAIPx) = (A + 8)D (i Px) = (1 = A= HDPLIPY)|
1, g SR ap o

= lim 5(D(PY [Px) — 8D (7o [P) — (1 = )D(PL [Pv)

= —D(fix.»|Pn) + D(PL|IPn)
—2(1+2V3)e,

where the first inequality uses the convexity of the relative entropy, i.e., for any A, § such that A+ 4 € [0,1]
we have D(Pxts||[Pn) < (A4 8)D(fign||Pn) + (1 — A — §)D(P{\,||PN)7 and the second inequality is due to
(5.4a)). Therefore by recalling (|7.19)
—2(1+2V3)e < (PA||PN)|A 0 = D(fikylIPx) — D(firylIP%) = DPL[Px). (7.21)
which is strictly weaker than (7.20]). Finally, using (7.21) and (5.4al) implies that
D(fik[PA) < 4(1 +2V3)e,
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which implies via Pinsker’s inequality that
|y — PR I3y < 201+ 2V3)e,

and completes the proof. O

Side result in proof of Theorem We now justify (7.19a)) and introduce the function f : [0,1]x= — R

defined as 4P 4P
_ A A
FO0€) = log (dﬁN <s>) el
Recall that
/_ FOE)dPy (€) = D(PA[Py) < AD(TiIP) + (1 — MDD [Pr) < oc, (7.22)

where the first inequality follows from the convexity of the relative entropy and the last inequality follows
from (5.4a)).
In a first step, we show that f(A,&) is integrable. Therefore, define

g(A,€) = max{f(\, &), e},

Now, since —e~! < f(\,€) for all A\, &, we have |f()\,€)| < g(A,€). It remains to show that g is integrable.
For that introduce the set Ay = {£ € Z: f()\,€) < e !} and define the constant

Finally, for all A € [0, 1]
/: (X, €)dP N (€) < / g\, €)dPy(€) < / FOLEAPN(€) + 21 < o0, (7.23)

where [2 f(\, € dPN(ﬁ) < o0 according to ([7.22).
Next, we find that the derivative with respect to A given by

dPy 1 _gapf
B O 55— (@) - PL(O)

VARV = 5= (dn(©) — dPL(O) +log

N

exits for all A € [0,1] and all £ € Z. Moreover, we can also show that ¥V f(},§) is integrable too, i.e.,

/: VA f (A )Py (€) < oo. (7.24)

To show ([7.24)), the concavity of the logarithm gives

VAfO8) > 2 (A (€) — dPL(0))

dPy
i, dP! 1o/ = (7.25)
+ [ Alo ( 1 >+ 1-A)log | =& —— (d —dP
( 5 (B 1©) + (1= Nog | T5€) ) ) 5= (dnal€) - PL(O)
> —00,
where the last inequality follows from the observation that
dp P
0< EEney oo and  0< SN (6) <0, VEEE, (7.26)
dPy dPy
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which follows from the fact that fix , and |3]f\, have the same support as Py and the fact that D(ﬁ{vHﬁN) < 0
and D(fig,,||Pn) < oo, which is due to (5.4b). Moreover,

VAS6) = | 5= (dn(©) ~ 4B0) 1+ 108 T

5, (f)‘ < 00, (7.27)

where the first term is finite due to (7.26). To show that the second term is also finite, we show that
0< dpA (f) < oo for all £ € Z and A € [0,1]. This follows from ([7.26]), since

dP) iy aPy,
- - )\ = - A - .
P ©) prm €+ )dPN (©)

Therefore, the integrability of f, see ((7.23)), and its gradient ([7.27)) ensure that the integral and differentiation
operators can be swapped, i.e., (7.19a)) holds.

7.4 Auxiliary results from Section [6]

Construction of synthetic dataset for classification under covariate shift. Consider training data
consisting of feature vectors 7; that are uniformly distributed on [0, 1]™~!, where m > 2, and its correspond-
ing labels defined as 7; = 1if —1+ Z;":_ll (Z;); > % and §; = —1 otherwise, such that Ep, [(z,y)] = (0,0) € R™.
Suppose we are given some prior knowlege about Py in terms of the set F = [Fp_[(z,y)] —¢- 1, Ep_[(z,y)] +
e-1] ¢ R™, where 0 ¢ E, ¢(z,y) = (x,y) and € > 0. Suppose further that the (unknown) marginal test
distribution Pi on the feature vectors is described by a density

Pre(T) = —= 1 ZJ L xj, xEe[0, 1™ (7.28)

A direct calculation reveals that (Ep,[z]); = 2&7:21) + ﬁ >0 forall j =1,...,m —1. We assume

that the conditional dlstrlbutlon of the labels glven the features is unchanged. Therefore, we can compute
Ep.[y] = Pre(5 Z] LT > 3) — Pe( Z] | zj < 1) > 0. We further assume that the set E is such
that Ep, [¢(z,y)] € E.

Inventory control model. Consider an inventory model in which the state variable s; describes the
stock level at the beginning of period ¢. The control or action variable a; at ¢ is the quantity ordered and
immediately supplied at the beginning of period ¢, and the disturbance or exogenous variable (; is the demand
during that period. We assume the (; to be i.i.d. random variables following an geometric distribution on
No with parameter A and that the inventory has a finite capacity v € N. The system equations describing
the evolution of the stock level of the inventory are given as

St+1 = max{0, min{vy, sy + a;} — ¢}, t=0,1,2,..., (7.29)

for t € Np, see [27]. State and action spaces are S = A C N. Suppose we wish to maximize an expected
revenue for operating the inventory, where the net revenue at stage ¢ is

’/‘(St, ag, Ct) = min{st + Qg, Ct} — pa¢ — h(St =+ Clt), (730)

which is of the form revenue = sales - production cost - holding cost. In (7.30), v, p and h are positive
constants denoting unit sale price, unit production cost, and unit holding cost, respectively. To write the
cost (7.30]) in the form of our control model introduced in Example we define

c(s,a) = E[—r(s¢,ae,Ct)|se = s,ar = a] = it )((1 — M@+ 1) 4 pa + h(s +a),

which can be directly seen to be invertible for the numerical values chosen.
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