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Abstract

We address the problem of prescribing an optimal decision in a framework where its cost depends on
uncertain problem parameters y that need to be learned from data. Earlier work, e.g., hannah2010nonparametric;
bertsimas2014predictive, proposes prescriptive formulations based on classical machine learning meth-
ods using supervised training data [(Z1,91), - . -, (Zn,¥n)]. These prescriptive methods factor in additional
observed contextual information x = x¢ on a potentially large number of covariates to take context spe-
cific actions which are superior to any static decision. Such naive use of limited training data may,
however, lead to gullible decisions which are over-calibrated to one particular data set. The correspond-
ing phenomenon in prediction problems is well known as overfitting. In this paper, we combine ideas from
robust optimization and the statistical bootstrap by efron1982jackknife to propose a novel prescriptive
method based on balloon estimation learning which natively safeguards against overfitting. Our robust
prescriptive method reduces to a tractable convex optimization problem. We illustrate our data-driven
decision-making framework and our novel robustness notion on several numerical examples.

Keywords: Data Analytics, Distributionally Robust Optimization, Statistical Bootstrap, Nadaraya-
Watson Learning, Nearest Neighbors Learning

Introduction

In practice decisions need to be taken despite the fact that the cost L(z,y) of any potential choice z also
depends on an unknown stochastic parameter y. Stocking goods under uncertain customer demand or
devising profitable investment strategies when facing volatile returns would be two practical examples. In
a setting where decisions need to be made repeatedly, it is argued by shapiro2014lectures to take action
based on the stochastic optimization formulation

2 € argmzin Ey« [L(z,9)]. (1)

The action ultimately chosen achieves a minimal cost as measured by the expected value of its loss L(z*,y)
with respect to the parameter y distributed as Y*. We make the following standing assumption as to ensure
that our stochastic optimization problem is a well-posed convex problem.

Assumption 1 (Loss function). The loss function L(Z,) in Ry U {+oo} is convez in Z for any § and a
measurable function of § for any Z.

We assume here implicitly that the minimization over z is only over dom(Ey« [L(z,y)]). For the sake
of simplicity, we also assume that the decision z € RY™(*) and the random variables y € R¥™®) and
x € R4m(®) take values in finite dimensional vector spaces. This stochastic optimization formulation makes
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sense only when nothing beyond the distribution of the stochastic variable y is known before a decision is to
be made. Often however, additional information concerning a potential large number of covariates x such as
weather forecasts, Twitter feeds, Google Trends data, ..., can be obtained before we need to commit to our
decision. After observing a particular context x = xg, the decision should take this additional information
into account. A portfolio manager may for instance alter strategy when given prior notice about a relevant
Twitter storm surrounding one of his assets. If decisions are to be made in a particular observed context,
encoded here as x = xg, the problem in need of attention should not be the classical stochastic optimization
problem (1) but rather

2*(zp) € arg mzin Ep- [L(z,y)|z = 0] (2)

The distributional model D* must represent here the joint distribution of both the parameters y as well as
the auxiliary covariates . The action z*(xo) has hence minimal cost as measured by the expected value of
its loss L(z*,y) conditioned on all observed covariate contextual information. Technically, the conditional
expectation Ep« [L(z, y)|x = x| is a random variable and ambiguous for events of measure zero. That is, the
inclusion in (2) can hold merely almost surely; see for instance billingsley2008probability. All statements
in this paper involving the observation zy should be interpreted to hold hence as X*-almost surely where
X* is the distribution of the covariates x. In a special case when X* is finitely supported then (2) simply
holds for all observations in the support. To avoid trivialities we do assume that the support counts more
than one covariate observation.

The prescription problem (2) has been studied extensively since at least wald1950statistical in the context
of statistical decision theory. As statistical learning is most often concerned with prediction problems,
loss functions such as L(z,%) = (2 — 9)? are of particular concern. The textbook solution as found for
instance in friedman2001elements is in this particular case given as the conditional expectation z*(xz¢) =
Ep+ [y|z = z¢]. The prescription problem (2) can also be reduced to the stochastic optimization problem
(1) by taking as Y™* instead the conditional distribution, denoted D*(x = (), of the uncertain problem
parameters y in the particular observed covariate context = xg. As the prescription problem requires
stochastic optimization it inherits its shortcomings. nemirovski2006convex have shown that stochastic
optimization problems tend to be computationally unattractive even despite their convex nature for all but
the simplest of problems. Even worse, no distributional model D* can reasonable be expected to be observed
directly in practice. Indeed, distributions are a product of modeling uncertainty rather than being a directly
observable primitive. This make the classical optimization formulation (2) not particularly well suited for
modern decision-making.

Only historical data concerning both uncertain parameters and contexts is typically ever directly available in
practice. Data instead of distributions should hence be the primitive for decision-making under uncertainty.
The primitive object on which to base decisions is in practice often

tr .= [(11 :(i‘l,gl),ggz(f%yg),...]. (3)

consisting of historically observed uncertain outcomes and contexts. chen2015statistical discusses specific
situations in revenue management in which previous decisions are treated as historical data as well. Unlike
the stochastic parameters y and covariates x, the data points in the training data are deterministic historical
observations. We make this important distinction explicit with the symbol “*” Typically only a limited
number 7 of historical observations can be used as a training data set. We will denote with tr[n] the training
data set consisting of the first n observations. As opposed to a time series, the order of the data points in
a training set is of no importance. The statistical information of the first n training data samples is thus
captured without loss by its empirical distribution Dy, = %Z(i,y)etr[n] d(z,5) and the total number of
data points n. This particular notation has the benefit that it alludes to the fact that whereas decisions are
classically based on a distributional model D*, data-driven approaches should favor its empirical counterpart
Dy, [ based on training data. Whereas the distributional model D* has support 2, the training set contains
observations of only at most n distinct outcomes. We denote with D and D,, the sets of all distributions
supported on 2 and €, respectively. We have hence Dy, Q] = 3° 7 syeq, Dum[@, 9] = D*(€2) = 1 where
0, C Q with cardinality |Q,| < n.



Data-Driven Formulations

Making decisions based on supervised data is a timely topic and has received considerable attention in the lit-
erature. Much of the results in the early line of work based on the pioneering results of wald1950statistical
are primarily focused on the existence of minimax optimal decision functions zi,[,)(-) with computational
tractability being only a secondary concern. We refer to berger2013statistical for a recent exposition on
statistical decision theory. The need for more computationally oriented strategies was greatly advanced by
the work on empirical risk minimization by vapnik2013nature.

Empirical-Risk-Minimization: The prescription problem (2) can alternatively be defined through the risk
minimization formulation 2*(-) € argmin.yer Ep+ [L(2(x),y)] over the set of all functions F mapping
covariates to decisions. One could hence consider a data-driven prescriptor mapping an observed context to
a decision as the solution to

1

Zen) () € arg Zf(fl)iélc o > @.g)etfn L(2(2), 9) (4)
where C is a set of functions with suitable properties. Here C must be a strict subset of the set of all
functions F as to avoid overfitting and encourage generalization. rudin2014big consider in particular
the class C = Fjj, consisting of all linear functions. As an added benefit, the empirical risk minimization
problem (4) then reduces to a convex problem in the coefficients describing the linear functions in Fjy,.
Empirical-risk-minimization formulations enjoy a finite sample generalization performance which depends
explicitly on the complexity of the class C; see for instance rudin2014big; bertsimas2014predictive.
By explicitly constraining the prescriptor to be an element of Fj,, bias is introduced when z*(-) € Fip.
There is indeed no reason in general to expect that z*(-) should possess a linear structure. As pointed out
by bertsimas2014predictive constraints on the decision z may take gives rise to nonlinearities which are
particularly challenging to deal with. rudin2014big do consider nonlinear prescriptions 2i.[,(-) implicitly
via the introduction of auxiliary nonlinear transformed covariates. This however comes at an increased
computational burden and ultimately limits the applicability of this formulation as a general data-driven
decision tool. In this paper we will focus on formulations of an entirely different nature instead.

Estimate-Then-Optimize: An alternative way to make decisions based on data is to first construct an
estimate Dy, (x = zp) based on the given training data set of the conditional distribution D*(z =
xo) of the uncertain problem parameter y in context of interest * = zo . Such estimates can be ob-
tained using a variety of conditional density estimation methods. hannah2010nonparametric consider
a classical learning method proposed independently by watson1964smooth; nadarayal964estimating.
bertsimas2014predictive consider additional formulations based on nearest-neighbors learning discussed
in altman1992introduction, and regression trees and random forest learning proposed by breiman2001random.
Denote with Ep, [L(z,y)|z = xo] = [ L(Z,y) dDg, (x = xo) the expected loss of a given decision Z con-
sistent with the obtained conditional estimate of the uncertain problem parameter y in context of interest
x = x( based on the given training data set. Our notation here alludes to the fact that ETbtr[n] [L(Z,y)|x = zo]

is an asymptotically unbiased estimate of the unknown cost Ep« [L(Z, y)|x = x] based on supervised training
data. Estimate-then-optimize formulations prescribe an action which minimizes the estimated cost, i.e.,

Ztr[n] (CE()) € arg mzin ?Dtr[n] [L(Za y)|1‘ = .%'0] : (5)

We will consider in this paper estimate-then-optimize formulations based on either Nadaraya-Watson and
nearest-neighbors learning. In Section 2 we in fact indicate that both can be generalized using the balloon
estimator discussed by sain2002multivariate and stated in Definition 3. bertsimas2014predictive prove
that both the Nadaraya-Watson and nearest-neighbors formulations are asymptotically consistent under
mild assumptions on the training data and loss function. This is a clear advantage over the empirical-
risk-minimization formulation of rudin2014big which is biased whenever z*(-) ¢ C. Unlike empirical-risk-
minimization formulations in which we can control the size of C, estimate-then-optimize formulations do not
have any natural defense mechanism against overfitting. It is indeed well known that unbiased estimators
based on Nadaraya-Watson and nearest neighbors learning typically suffer a large variance. Subsequent

minimization of the unbaised estimate E’[‘,WM [L(z,y)|x = x0] only amplifies this issue and can results in



overly optimistic prescriptors as pointed out by michaud1989markowitz. The performance of estimate-
then-optimize formulations based on one particular training data set on out-of-sample data can consequently
be very poor.

Budget-Minimization: It is clear that when given only a limited amount of training data, data-driven
formulations must be guarded against such overcalibration to one specific training data set. Overfitting can
be discouraged by minimizing a budget function

Ztrn) (T0) € arg mzin {cn(2, Dixny> 20) = E%tr[n] [L(z,y)|x = wo] + Jix[n) (2, T0) } (6)

consisting of both an asymptotically unbiased cost estimate and an additional non-negative regularization
term. Regularization has played a predominant role in statistics since at least the work of tikhonov1963solution
on ill-posed linear systems. While regularization has a detrimental effect on the predicted performance on
the training data as compared to its nominal counterpart (5), its role is to encourage decisions who perform
well on out-of-sample data too. We discuss in Section 3 how to regularize the Nadaraya-Watson formulation

of hannah2010nonparametric and the nearest-neighbors formulations of bertsimas2014predictive in
order to encourage out-of-sample performance while preserving computational tractability.

Out-of-Sample Performance Metrics?

We discuss here first the limitations of the most popular out-of-sample performance metrics found in the
literature. Out-of-sample performance metrics are typically defined in the context of the training data tr[n]
as one particular realization of the first n points of the random process

data := [d1 = (z1,y1) ~iia D, do2 = (22, y2) ~iia D*, ...] ~ D*>. (7)

Each data point is here taken as an independent sample from a common distribution which is completely
unknown to the decision maker. The distribution D*> of the data generation process hence consists of a
sequence of independent copies of the distributional model D*. Perhaps the most straightforward measure
of out-of-sample performance is captured by the difference

Rn(zdata[n]aD*axO) = Ep+ |:ED* [L(Zdata[n] (xo),y)|x = LL'()} - mzin Ep- [L(Z/y)‘l’ = IO}]

between the cost of our decision based on training data and the best decision made with the benefit on hind-
sight averaged over the random training data[n]. The term R, (2gata[n]; D*, Z0) hence quantifies the expected
regret which will be experienced when committing t0 zqata[,) in comparison to an optimizer having access to
all information. Online optimization, see for instance hazan2016introduction, directly attempts to mini-
mize the asymptotic speed with which R, (2datafn], D*; Z0) goes to zero as the number of samples n increases.
As the distribution generating the data is unknown, we need a uniformly small regret in the generating
distribution D* to claim good out-of-sample performance in practice. However, this is not possible without
prior knowledge on the distribution D*. This negative result holds even if the covariate distribution X™* is
finitely supported. Fix indeed a particular covariate context x = Zy. Notice that the event £ in which the
context © = T is not observed at all in the training data, i.e., £ := {V(Z,y) € dataln] : T # To}, has always
a positive probability D**[£] = (1 — D*[{x = Zo}])". The regret is hence at least Ry, (2qatajn], D*, o) >
Epsoo [ED* [L(zdata[n] (z0),y)|z = ;Eo] — Ep+ [L(2*(x0),y) |z = Z] |5} (1 — D*[{z = Zp}])™ the regret experi-
enced in this particularly adverse event. As the loss function L is convex in the decision z we have by Jensen’s
inequality Ry (2datafn], D*,T0) > (Ep~ [L(Z, )|z = Zo] — Ep~ [L(2*(Z0), y)|z = Zo|) (1 — D*[{x = Zo}])" for
the average decision Z := Eps«= [2datan](Z0)|€] . Let us define an ambiguity set A = {D : D[BN {z #
Zo}] = D*[BN{x # Zo}] VB} as the set consisting of all distributions identical to the distributional model
D* with the exception of events in the context of interest x = Zy. By construction we have then that
zZ=Epw [zdata[n] (i"o)|5} for all D in A as in the event & the prescriptor zgata(To) is a function of data pre-
cisely outside the context of interest x = x. We trivially have that the conditional distribution D(z = %)
of distributions in A is left arbitrary, i.e., {D(z = Zy) : D € A} is the set of all distributions. Thus,

glél?él Rn(zdata[n]aDa‘fO) 2 mf}x (EY [L(Zvy)} - lein EY [L(Z7y)]) (1 - D*[{.’IJ = jO}])n



The worst-case regret over D O A is hence nonzero unless the loss function is independent of the decision.
Given a finite number n of training data points, obtaining a small regret uniform in D* seems to be too
much to ask for. We can only get uniform small regret at the expense of demanding exotic conditions on
D*. We could for instance constrain D*[{x = Zo}| to be bounded from below.

An alternative out-of-sample performance metric in the context of budget minimization formulations is the
disappointment of our decision zqaga[n](70) defined as the random difference between its actual cost and its
predicted budget

Dn(zdata[n]vD*> :EO) = ED* [L(Zdata[n] (:L'O)a ?J)|£U = ZCO] - Cn(zdata[n] (-TO)v Ddata[n]a:EO)-

By keeping the probability D*> [{Dn(zdata[n], D*, xo) > 0}] uniformly small in D*, we are guaranteed that
the cost of the decision we have committed to will not often break our predicted budget. Unfortunately
also this requirement is too demanding even if D* is finitely supported. Fix again a particular covariate
context * = Ty. vanparys2017data prove in this context that in order to have a disappointment rate
lim,, o0 %log D*>® (Dn(zdata[n], D*) > 0) < —r uniformly in D*, the projected cost or budget used to make
decisions needs to be for all z at least as large as

Cn(zv Ddata[n]ajO) > max {EY [L(Z7 y)] 1 Y st B(-Ddata[n] (.T = j0)7 Y) < T/Ddata[n] [x = jO]}

where B is the relative entropy distance between distributions proposed first by kullback1951information.
When in particular the context of interest is not observed in the data set, i.e., the event £, we must resort
to a budget as the worst-case cost ¢, (2, Ddata[n], To) = max, L(z,y) which is clearly undesirable and may
not even be well defined if L is not bounded. Notice that this adverse event happens with probability
D**[€] = (1 = D*[{z = Zo}])". As was the case for regret, obtaining a small disappointment uniform in D*
seems to be too much to ask for. We can only get uniform small disappointment at the expense of demanding
exotic conditions on D*. Constraining D*[{x = Zo}] to be bounded from below is again a possibility. As a
contribution we propose here to use a more practical notion of out-of-sample performance instead.

Contributions

A standard practice in machine learning to quantify the out-of-sample performance of a data-driven method
is instead to compare its training performance with its performance on validation data. If its performance
on validation data is comparable to its training performance, a data-driven method is then expected to
generalize well to out-of-sample test data as well. Let us now consider the budget minimization formu-
lation (6) with budget function ¢, (z, Dy, xo) = E%tr[n] [L(z,y)|z = xo] + Jiz[n)(2,T0) as our best attempt
to regularize the estimate-then-optimize formulation (5). Suppose we obtain access to further validation
sets vd[n] € V each containing the same number as data points as the training data set. As the true
cost Ep- [L(ztr[n] (x0), )|z = mo] of our decision can ultimately not be known, any practical measure of
out-of-sample disappointment must rather measure disappointment relative to a best unbiased estimate
E%vd[n] [L(ztr[n] (z0),y)|z = xo] instead. A practical measure of out-of-sample disappointment would hence

be the fraction

1

mzvd[n]ev 1{E%Vd[n] [L(Ztr[n] ({170), y)|$ = l'()} > cn(ztr[n] ({170), Dtr[n]7x0)} (8)

of all validation sets based on which the new estimated cost of the decision we have committed to breaks
the training budget. Instead of attempting to obtain a theoretical guaranteed out-of-sample performance,
which we argued is impossible, this validation metric provides a practical alternative. Notice however that
our validation metric critically really on our ability to obtain large quantities of validation data. However,
it is clear that obtaining large quantities of additional validation data in practice is not a viable approach.
We want to be able to quantify the statistical accuracy of the cost estimate cp(2¢c(n)(70), Dix[n]; Zo) of our
decision without access to independent validation data. In statistics this problem is commonly addressed
using resampling methods such as the statistical bootstrap of efron1982jackknife.



Bootstrapping is the process of resampling with replacement a validation data set from the original training
data set. It can also be described formally as the stochastic process

bs := [(21,r,y1,r) ~iid Dirfn)s M2,r = (T2,r,Y2,r) ~iid Dixfn]s - - -] ~ Diyi) 9)
of resampling n independent data points from the empirical distribution of the training data. The bootstrap
method can hence generate its own synthetic validation data sets bs[n] directly from the training data set.
Bootstrap data sets so obtained are synthetic as actual validation data vd[n] ought to be drawn from the same
data generation process as the training data defined in (7). Notice indeed that the bootstrap data and the
training data share the same exact data points modulo their frequency. That is, the empirical distributions
of the bootstrap data Dy, is always supported on a subset of the training data points {2,, observed in the
training data set. In the context of budget minimization formulations, we can sample bootstrap data sets
bs € B and use the fraction

[L(Ztr[n] (fo), y)‘x = .’ﬂo] > Cn(ztr[n] ($0), Dtr[n]va)} (10)

1
ﬁst[n]eB HED,..,
as a proxy to the out-of-sample disappointment (8) on actual validation data. As bootstrapping can be done
at a low computational cost and does not require any validation data it is a practically viable approach to
quantify the out-of-sample performance of budget minimization formulations. In what follows we will in fact
consider the exact bootstrap out-of-sample disappointment which lets the number of bootstrap resamples
|B| tend to infinity and can formally be defined as

éf[n] [E%bs[”] [L(Ztr[n] (xO)v y)|ZE = 1’0] > Cn(ztr[n] (xO)v Dtr[n]a IO)}] (11)

as our metric of out-of-sample performance. The main technical innovations presented in this work to enable
bootstrap robust prescriptions are discussed in the remainder of this section.

We present in this paper the first budget minimization formulations who suffer small bootstrap disap-
pointment by design. To do so we introduce our novel notion of the bootstrap robust counterpart of an
estimate-then-predict formulation.

Definition 1 (Bootstrap Robust Counterpart). The budget function ¢, and its associated prescriptor
Zie[n] (o) € argmin, c,(z, Dir, o) are said to be the bootstrap robust counterpart with disappointment b €

[0,1) of an estimate-then-optimize formulation with estimator E%n[n] [L(ztr[n] (z0),y)|x = xo] if we have

Dgin [E%bs[n] [L(2tefn(0), y) |2 = 0] > cn(Ziapn) (!Eo),Dtr[n]wo)} <b. (12)

Budget minimization formulations which are bootstrap robust counterparts do not possess any theoretical
out-of-sample performance as classically defined either through regret or disappointment. We have indeed
argued that no data-driven method can provide such guarantees without resorting to stringent claims on
how the data was generated. Instead, our robustness is defined directly through low disappointment on
bootstrap data serving as our best attempt as to make synthetic validation data and hence by proxy hopefully
on actual out-of-sample validation data as well. Notice however that the bootstrap out-of-sample metric
and counterpart as described before are entirely descriptive and do not suggest how to ensure a budget
minimization approach does in fact enjoy such performance on synthetic validation data.

We will make both the classical Nadaraya-Watson and nearest neighbors formulations bootstrap robust by
formulating their distributionally robust counterpart. In fact we will do so by treating either as a special
case of a more general balloon estimation formulation. We prove that the resulting budget minimization
formulations are computationally as tractable as their nominal counterparts. When for instance the estimate-
then-optimization formulation reduces to a tractable convex optimization problem then so will its robust
counterpart. The previous crucial observation makes our robust budget minimization formulations practically
viable. One particular distributionally robust counterpart based on the relative entropy distance is proven to
safeguard against bootstrap overfitting as stated in Definition 1. We derive practical finite sample bootstrap
performance guarantees as in (12) regarding the resulting robust supervised learning formulation. For this



Figure 1: The three and four nearest neighbors (in orange) of the context of interest zyo. We depict the
neighborhood set N32(xq) as the orange circles in the support set Q,. This neighborhood contains both
the three and four nearest neighbors around x( as the most distant nearest neighbor was seen twice in the
training data. The orange circle visualizes the metric d implicit in the concept of nearest neighbors learning.

particular bootstrap robust counterpart we derive a more explicit tractable reformulation based on convex
duality.

Finally, we present the efficacy of our three proposed data-driven formulations on a small news vendor
problem as well as a small portfolio allocation problem. We published a Julia implementation of the ideas
and examples in this work at https://gitlab.com/vanparys/BootstrapRobustAnalytics.jl.

2 Estimate-Then-Optimize Prescriptions

The estimate-then-optimize formulations which we defined in (5) are distinct only in so far as they are based
on a different estimate Ep, [L(Z,y)|x = xo] of the actual cost of actions Z based on supervised training
data. A large variety of methods in machine learning can provides such estimates. We will focus here solely on
the Nadaraya-Watson formulation of hannah2010nonparametric and the nearest-neighbors formulation
introduced by bertsimas2014predictive. In fact, we will treat here both formulations simultaneously by
considering a generalization based on the balloon estimator discussed in sain2002multivariate. As the
balloon estimator is a local learning method it is based on the concept of neighborhoods depicted visually
in Figure 1.

Definition 2 (Distance & Neighborhood). Let us consider a function which assigns a positive distance
dist(d, o) for all d € Q. Assume the distance function enjoys the discrimination property dist(d,z) =
dist(d',z) <= d=d' for alld, d' in Q. We divide the training data in increasingly larger nested sets

Ni(zo) :={d € tr[n] : dist(d,zo) < R}}, with
R} := min {R >0 : HJE tr[n] @ dist(d, ) < R}’ > j}
each containing those j distinct points in the training data closest to xg.

The particular distance dist(d, zo) should ideally reflect how relevant an observation d is to our context of
interest x = xg. A common choice is to define the distance as a monotonically decreasing function of the
Euclidean distance ||Z — ]|, between the covariates. Notice that this distance function does not possess the
discrimination property. Indeed, when ||Z; — x|, = ||Z; — xo|| for ¢ # j we have a tie. The lack of discrimi-
nation property translates in ambiguously defined neighborhood sets NJ. The discrimination property may
be recovered by deterministically breaking ties based for instance on the value of §. gyorfi2006distribution
propose a random alternative by augmenting the covariates with an independent auxiliary uniformly dis-
tributed random variable on [0,1]. They prove that by doing so ties occur with probability zero. Hence,
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Figure 2: A comparison of popular common smoother functions S. The tricubic smoother has compact
support and has two continuous derivatives at the boundary of its support, while the Epanechnikov smoother
has none. The Gaussian smoother is continuously differentiable, but has infinite support.

with random tie breaking the neighborhood sets satisfy |N$;(m0)| = j for all j € [n] with probability one. As
far as the theoretical results in this paper are concerned, we are quite flexible with regards to the particular
distance function considered. In fact, we do not even need the distance function to be a metric distance.
The discrimination property of the distance function allows us to order distinct data points on proximity to
the covariate context of interest x = x( in a unique way.

Definition 3 (Balloon estimation formulation). The balloon estimation formulation minimizes the weighted
average

P T are min E™ 2 o= ol = EDtr[n] [L(Zay) : wn(wvxo) : 1{(x7y) € Nﬁ(ﬁ))}]
tr[n]( 0) € arg - EDtr[n] [L( 7y)‘ - 0} E ED”[”] [wn(ﬂc,xo) K 1{($7y) c Nﬁ(xo)}]

using a positive weighing function w, over the smallest data neighborhood around the context r = xg con-
taining no less than k out of n observations.

(13)

A balloon estimator hence consider only data within the smallest neighborhood around its context of interest
T = x( containing no less than k& out of n observations and is completely blind to other data outside. Within
the neighborhood N¥(zg) each data point (Z,%) is weighted as w,(Z,%) > 0 with the help of a weighing
function. It can easily be verified that the balloon estimator is insensitive to the order of the data points in
the training data set. Hence, the balloon estimator is indeed only a function the training data through its
empirical distribution and the total number of samples n.

2.1 Statistical Consistency

Our balloon estimation formulation has several hyper-parameters which have to be chosen with care; the
distance function, the number of neighbors, and the weighing function. The statistical properties of the
balloon estimator will depend on how these hyper-paramteres are chosen. We do not try to establish here
the statistical consistency of the balloon formulation in its greatest generality. Rather we briefly discuss the
statistical consistency of its two most common special cases.

The Nadaraya-Watson formulation of hannah2010nonparametric reduces to our balloon estimation for-
mulation for the particular choice k(n) = m. The Nadaraya Watson formulation minimizes indeed the
weighted average using a positive weighting function w,, over all observations

ED [L(Z7y) 'wn(x,afo)]
Ztr[n] (o) € arg min ET Lz, )|z = zo] := tr[n]
t [ ]( 0) g z Dcr[n] [ ( y)l 0] EDtr[n] [wn(x’mo)]

(14)

Typically, the weighing function is taken to be wy(Z,xo) = S(||Z — zol|y /h(n)) with the help of a positive
smoothing function S and bandwidth parameter h(n). Some common popular choices of smoothers are given



in Figure 2. The Nadaraya-Watson formulation is particularly amenable to theoretical analysis due mostly
to its simplicity. Nadaraya-Watson estimation can indeed be shown to be point-wise consistent when using
an appropriately scaled bandwidth parameter h(n) for any of the smoother functions listed in Figure 2.

Theorem 1 (walk2010strong). Let us have a loss function satisfying Ep~ [|L(Z,y)| - max{log(|L(Z,y)|),0}] <
oo for all 2. Let the bandwidth h(n) = cn™? for some ¢ > 0 and § € (0,1/dim(x)). Let S be any of the
smoother functions listed in Figure 2 and the weighing function is taken to be wy(z,z0) = S(||z — xol|, /h(n)).
Then, the balloon estimation formulation (with k(n) = n) is asymptotically consistent for any D*, i.e., with
probability one we have

[L(Z,y)|x = o] = Ep+ [L(Z,y)|x = x0] VZ.

Nearest neighbors learning is one of the most fundamental yet very simple learning methods and is dis-
cussed in virtually any textbook on machine learning. It is a common choice for learning when there is a
lot of data but little or no prior knowledge about the distribution of that data. Choosing a weighing func-
tion wy,(x, o) = 1 in our balloon estimation formulation yields precisely the nearest-neighbors formulation
discussed in bertsimas2014predictive. The nearest neighbors formulation indeed minimizes average
Ep,.. [L(2,9) - H(z,y) € Nj(20)}]
Zirin] (T0) € argmin B [L(z,y)|z = o] := —22 (15)
" 2 Dt Epyy [1{(2.) € Ni(20))]

restricted to the smallest data neighborhood around the context x = zy containing no less than k obser-
vations. Nearest neighbors estimation is consistent under very mild technical conditions provided that the
number of neighbors is scaled appropriately with the number of training data samples.

Theorem 2 (walk2010strong). Assume dist(d = (Z,9), zo) = || — xo||y and follow the random tie break-
ing rule discussed in gyorfi2006distribution. Let k(n) = [min{en®,n}] for some ¢ > 0 and & € (0,1).
Then, the balloon estimation formulation (with w,(Z,x0) = 1) is asymptotically consistent for any D*, i.e.,
with probability one we have

lim E%
nosoo _ Pdata[n]

[L(Z,y)|z = o] = Ep+ [L(z,y)|r = x¢] Vz.

Theorems 1 and 2 merely establish the point-wise consistency of the balloon estimate of the cost for a fixed de-
cision Z in two particular cases related to Nadaraya-Watson (k(n) = n) and nearest neighbors (w, (Z, zg) = 1)
learning. Point-wise consistency of cost estimates crucially does not establish consistency of the associated
budget minimization formulations, i.e., lim,, . Ep« [L(zdata[n], Y|z = xo] = min, Ep« [L(z,y)|z = xo]. For
the latter uniform convergence of the cost estimates needs to be shown. bertsimas2014predictive do so un-
der rather mild technical assumptions. Indeed, it suffices to assume that the family of loss functions {L(-, 7) }5
is equicontinuous. This equicontinuity assumption is rather mild as any family of functions with common
Lipschitz constant is equicontinuous. Lemma 4 of bertsimas2014predictive establishes that if the cost esti-
mate converges, it does so uniformly in the decision Z, i.e., \E’[L)dm[n] [L(Z,y)|x = xo] —Ep+ [L(Z,y)|x = x0] | <
€(n) with probability one and lim,,_, + €(n) = 0 for all Z in a compact feasible decision set dom(Ey« [L(z,y)]).
It is not hard to see that the previous uniform bound in turn implies the consistency of the budget mini-
mization formulation. Indeed, with probability one we have

min, Ep+ [L(z,y)|z = zo] + €(n) > E} [L(z*(x0),y)|z = x0]

ED oy (L (@0),y)|z = 2] 2 Ep, [L(2datafn)» ¥) | = 0]

E%data[n] [L(Zdata[n]a y)|$ - .TQ] Z ED* [L(Zdata[n]7 Z/)|$ = xO] - 6(71)

data[n]

= 0 < Ep+ [L(2datafn), ¥) | = o] —min. Ep« [L(z,y)|z = zo] < 2¢(n).

Here the optimality gap between the cost of the full information decision z*(x¢) and the cost of the data-
driven decision zga¢a[n] is bounded by €(n) which in turn converges to zero. It is noteworthy to remark that
consistency of the balloon estimation formulation is a property which holds uniformly for all distributions
D* which may have generated our data. As we argued in the introduction consistency does not mean good
out-of-sample performance when only a finite amount of training data is available.



2.2 Bootstrapping Balloon Estimation

In this section, we show that carrying out balloon estimation on bootstrap data can be posed as a convex
optimization problem. The significance of the following result will become clear in Section 3. Recall that
any bootstrap data set bs[n| counts the same number of observations and shares its observations with the
training data set tr[n] from which it is resampled. In terms of its empirical distribution Dy, this translates
to

Disin) € Pui={D : Tz peq, DI.gl =1, n-Dle, 5] € {0,1,2,...,n} V(7.5) € R} < D,

We would like to characterize our balloon estimator E% [L(Z,y)|z = o] as an explicit function of such
empirical bootstrap distributions D € D, ,,. That is, an explicit function predicting the cost of decisions z
in the context x = xy based on bootstrap data. We can do so by first associating a partial predictor to each
of the j € [n] neighborhoods sets NJ(zq) with the help of a linear optimization problem

ETBJ [L(zv y)|l‘ = i‘] = S>L[1)pP Z(E,U)EN%(:Eo) wn(i'7l'0) ! L(Za g) ! P[fa g]

st. P[z,y] >0, s-D[z,y] = P[z,y] V(Z,§) € U, (16)

Z(i,g)eﬂn P[a’gg] =S, Z(E,g)eNg,(zo) wn(i“,xo) P j?ﬂ] =1,
2 menio) DB I = 58 X, Pl g) < 555 s,

Here an optimization variable P[z,y| for each distinct observed data point (Z, %) in the training data tr[n]
is introduced together with an additional variable s. Note that the domain of the partial estimators as a
function of the distribution D satisfies

dom E [L(z,y)|z = 7]

, (17)
C Di.= {D € Dyt Ywitgag) DIE I < (k= 1)/n < k/n < X0 o) eni (o) D[f,g]} .

For a distribution D to be in the domain of the partial estimator the constraints in the optimization formu-
lation given in equation (16) must indeed be feasible. In other words, there must exists some P and s > 0
for which s - D[z, 3] = P[z, 7] for all (Z,7) € Q. The last two constraints in equation (16) then imply that
any such D € D,, must also be in DJ. We follow here the standard convention that the supremum over an
empty set to be unbounded from below. The balloon estimator can be decomposed using this convention as
the maximum of each of the partial estimators previously defined. We refer for the proof of the following
result to Appendix A.1.

Theorem 3 (An Equivalent Optimization Characterization). We have that the balloon estimator can be
decomposed as

ELL(z,y)le = o] if D € D},

EL"[L(z,y)lx = zo] if D € Dy,

= max;cpy] E} [L(z,y)|x = 0]

for all empirical distributions D € Dy, ,, constructed from n samples contained in the training data set.

3 Distributionally Robust Prescriptions

When working with data instead of models, one should safeguard against making decisions which dis-
play promising training performance, but lead to out-of-sample disappointment. The nominal supervised
learning formulations discussed before are indeed gullible and tend to be over-calibrated to one particu-
lar data set. It is clear that when given only a limited amount of training data, any data-driven method
must be guarded against such overfitting phenomena. Distributionally robust optimization has attracted
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Type Model distance function R(D,D’) =

Total Variation Y @gea, 1Py — D'z, ]|

Pearson X zgea, (D2, 9] — D'[z,5])*/D'[z, 7]
Entropy X (2.0, 108 (D[z,9]/D'[z,9]) D[z, 3]
Burg Entropy 5 en, 08 (D'l2,31/ DIz, g]) D'[2, 7]
Jf-Divergence Lapea, J (PIT,4l/D'[z,9]) D'[z, ]

Table 1: Model distance functions based on popular probability divergence metrices. The f-divergences give
rise to a model distance function for convex functions f with f(1) = 0. The Pearson and Burg entropy are
particular cases for f(t) =t? — 1 and f(t) = —log(t), respectively. postek2016computationally provide
and discus many more probability divergences in great detail.

significant attention as it provides the sample average formulation with a disciplined safeguard mecha-
nism against overfitting. By using a robust counterpart with respect to an ambiguity set of distributions
around an estimated nominal one, they were shown by vanparys2017data to be minimally biased while
still enjoying statistical out-of-sample guarantees. Many interesting choices of the ambiguity set further-
more result in a tractable overall decision-making approach. The ambiguity set can be defined, for exam-
ple, through confidence intervals for the distribution’s moments as done by delage2010distributionally;
vanparys2016generalized; vanparys2015distributionally; stellato2016multivariate. Alternatively,
wang2009likelihood use an ambiguity set that contains all distributions that achieve a prescribed level
of likelihood, while bertsimas2014robust based theirs on models which pass a statistical hypothesis
test. Distance-based ambiguity sets contain all models sufficiently close to a reference with respect to
probability metrics such as the Prokhorov metric (erdogan2006), the Wasserstein distance (pflug2007;
esfahani2015data), or the total variation distance (sun2016).

As a major contribution in this paper we generalize distributionally robust optimization to estimate-then-
optimize formulations. We construct generic robust balloon estimation formulations with the help of a
model distance function. The resulting robust balloon estimation formulations should suffer only a limited
out-of-sample disappointment (12) on the bootstrap data bs[n] generated as defined in (9). Generic robust
estimate-then-optimize formulations are not necessarily robust in the sense put forward in Definition 1. In
the next section we will show that such bootstrap robustness guarantees can be obtained by considering a
very particular bootstrap distance function. However, we will concern ourselves in this section only with
showing the practical viability of generic robust estimate-then-optimize formulations with respect to any
model distance function in terms of computational tractability.

Definition 4 (Model Distance Function). A model distance function R is a function quantifying the distance
between two empirical distributions supported on €, enjoying the following property:

(i) Discrimination: R(D,D’) >0 for all D and D', while R(D’, D) =0 if and only if D' = D
(ii) Convexity: R(D, D) is a convex function of D in D for all fized D’.

We define first a generic robust counterpart to our nominal balloon estimation formulation with respect to
the ambiguity set {D : R(D, Diypny) < T} consisting of all empirical models at distance not exceeding r.

Definition 5 (Distributionally Robust Budget Formulations). The distributionally robust counterpart to an
estimate-then-optimize formulation with respect to the model distance function D is defined as

ztrr[n] (wo) € argmin, ¢, (2, Dy}, Zo) :=supp E} [L(2,Y )|z = x0]
st. D e D,, (18)
R(Da Dtr[n]) <r

11



Due to the discrimination property of the model distance function, the nominal supervised learning formu-
lation is recovered when the robustness radius tends towards zero. In that case we are indeed merely robust
with respect to the singleton {D : R(D, Diyjn)) < O} = {Dtn)}- Using a robust counterpart instead of
nominal supervised learning formulations will help us protect against making prescriptions which do well
on the training data set but tend to disappoint on unseen data. The robust training prescription z,fr[n] (z0)
indeed does well not on one particular empirical training distribution Dy,[,) but rather on all distributions
{D : R(D, Diyjn)) < 7"} at distance less than r simultaneously. The particular distance function D dictates
which distributions are close to the nominal training model and consequently should be chosen with care.
Several popular choices are listed in Table 1. In the next section, we will single out one particularly relevant
model distance function in the context of the bootstrap disappointment defined in (12).

In Section 2, we have divided the training data into the nested neighborhoods N7 (zo). Each of these
neighborhoods sets contains those data points closest to the context of interest x = xzy. We associated
with each of these neighborhoods partial estimators. Theorem 3 shows how the balloon estimator can be
decomposed as the maximum of these n partial estimators Here, we likewise first introduce partial robust
budget function through the optimization problem

C%(ZvDNCO) ‘= Ssup Z(a’c,’gj)eNfL(xo) wn(Z,20) - L(2,9) - P[Evg}
st. s-R(P/s,D)<s-r,
(P/ )_ ) ) B (19)
Z(j,g)e@n P[.’b,y] =S, Z(f,Q)ENﬂ(xU) wn(x,l'()) ! P[.’E,y] = ]-a

2z p)eNi(eo) P01 2 8 K/, 30 gy N PlT, 91 S 8- (k= 1)/n.

The previous maximization problem characterizing the robust balloon estimators is concave. Its first opti-
mization variable s is merely one dimensional, while an additional optimization variable P(Z,7) is added
for each distinct training data point in the support €2,. Its ultimate constraint is the only nonlinear one
and is convex as the perspective function s - R(P/s, D) is convex jointly in both variables whenever the
model distance function R is convex. Remark again that the smoother weights w, (Z, z¢) are assumed to be
non-negative. As a result, the robust estimator ¢/ (z, D, ) is a convex function of the decision z.

Theorem 4 (Robust Balloon Estimation Formulation). The robust balloon estimation formulation can be
reformulated as the convex optimization problem

Ztrr[n] (IO) € arg lein Cn(z7 Dtr[n]vgjO) = %?’rﬁ C%(Z, Dtr[n]7x0)' (20)

Proof. The chain of equalities
{(s,P) : 3D st. s- D =P, R(D,Dy,,)) <7}={(s,P) : R(P/s, Dyyjn)) <7}
:{(S,P) : SR(P/Sthr[n])SST}

imply that the robust partial budget function C{L(Z,Dtr[n],xo) correspond exactly to the robust version
sup {E%? [L(z,y)|x = o] : R(D, Dy [n)) < 7} of the partial balloon estimators. We have from Theorem 3 the
composition ¢, (2, Di[n]; o) := MaXje[n] ¢}, (2, Dix[n]; o). The final optimization formulation is convex as it
consists of minimizing the maximum of the individually convex partial budget functions ¢}, (2, Diy[n), T0). O

The previous theorem establishes the computational tractability of robust balloon formulations and in par-

ticular entails both robust Nadaraya-Watson and nearest neighbors formulations. We indicate that in case
of the former a less involved formulation can be obtained. We refer for its proof to Appendix A.2.

Corollary 1. The robust balloon estimation formulation (k(n) = n) can be reformulated as the convex

12
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optimization problem Ztan]

(wo) € argmin, ¢, (2, Dygfp], 2o) with

cn(z, Dyfn), To) = S%p Z(i,g)eﬂn wn (T, o) - L(2,7) - D[Evg]/Z(i,g)eQn wn(Z, Zo) - D[Z, Y]
s.t. R(Dv Dtr[n]) <r

= sup Z(;@g)egn wn(jva) : L(Za 27) : P[fﬂj]
s>0,P

st. s-R(P/s,Dypy) <51,

Z(j’g)egn P[j,gj] =S, Z(f}g)egn ’U)n(.f’,l‘o) : P[.’L‘,y} =1L

Robust Nadaraya-Watson formulation have been proposed before, most notably by hanasusanto2013robust
in the context of robust dynamic programming. We briefly take here the opportunity to point out that our
robust Nadaraya-Watson formulation is fundamentally different. The robust Nadaraya-Watson formulations
found in hanasusanto2013robust correspond directly to the more restricted alternative

(25 Dixfn), 20) == S%p > (@p)eq, WnlT, x0) - L(2,9) - D[Z, Y1/ 5 5)eq, wn(E; x0) - D[Z, Y]
s.t. R(D,Dtr[n]) =,

Z(i,@)eﬂn wy (2, o) - DT, 9] = Z(@g)egn wn (T, x0) - Dtr[n] [z, ]

In hanasusanto2013robust one particular convex model distance function R based on a scaled version
of the Pearson distance mentioned in Table 1 is singled out. In terms of the convex reformulation given in
Corollary 1, this alternative can be easily seen to correspond to simply restricting the optimization variable
s > 0 to take fixed value s = 1/2(27@60” Wn(Z,20) - Diyjn)[Z,9]. Even in the particular context of the
Nadaraya-Watson formulation, our notion of distributional robustness hence seems to be novel.

In this section, we were merely interested in the practical viability of the generic robust supervised learning
formulations stated in Definition 5. We argued that for arbitrary convex model distance functions this is
indeed the case. Most convex model distance functions do not necessarily guarantee that the corresponding
generic robust supervised learning formulations perform well on the out-of-sample bootstrap data. In the
next section, we single out one particular distance function for which this is not the case. Correspondingly,
we will come to denote this special model distance function as the bootstrap distance function.

4 Bootstrap Robust Prescriptions

In the previous section, we indicated that a robust balloon estimation formulation with respect to any
arbitrary model distance function is not necessarily bootstrap robust in the sense of Definition 1. In the
remainder of this section we will indicate that for the following particular model distance function this
is however not the case. We also provide an even more practical representation of the particular budget
minimization formulations based on convex duality specific to this particular bootstrap distance function.

Definition 6 (The Bootstrap Distance Function). For two empirical models D and D' in D,, we define their
bootstrap distance as

B(D, D)= Yz 5,c0, Dl log (54 (21)

The bootstrap distance between two empirical models is recognized as the relative entropy distance for dis-
crete distributions as stated in Table 1. The relative entropy is also known as information for discrimination,
cross-entropy, information gain or Kullback-Leibler divergence (kullback1951information). We first prove
that in fact the resulting particular robust balloon estimation formulation is in fact statistically consistent
under mild conditions.

13



4.1 Statistical consistency

The bootstrap robust Nadaraya-Watson estimation is consistent for bounded loss functions when the ro-
bustness radius r(n) is appropriately scaled with respect to the bandwidth parameter h(n). To establish
consistency of the associated bootstrap robust balloon estimation, it is noteworthy to know that the total
variation distance is related to the bootstrap distance as

ID = D'y =maxeca, |DIE] - D'E]
< /1/2B(D, D)

which better known as to Pinkser’s inequality.

Theorem 5 (Bootstrap Robust Nadaraya-Watson Esitmation). Assume a bounded loss function L(Z,§) <
L < oo for all feasible decisions Z and parameters 5. Let h(n) = cn™? for some ¢ >0 and & € (0,1/dim(z)).
Let S be any of the smoother functions listed in Figure 2 and the weighing function is taken to be wy, (T, xo) =
S(||Z — wo|ly /h(n)). Let the robustness radius satisfy lim, o v/r(n)/h(n)3™@ = 0 for model distance
function R = B. Then, bootstrap robust balloon estimation (with k(n) = n) is asymptotically consistent for
any D*, i.e., with probability one
nh—>n<§o Ep- [L(Zgata[n]’ y)|x = .’L‘()] = Inzin Ep- [L(Z,y)|l' = LL'()] .

We refer to the proof of the previous result based on Pinsker’s inequality to Appendix A.3. A similar result
holds for bootstrap robust nearest neighbors estimation. Here the robustness radius r(n) needs to be scaled
appropriately as a function of the number of nearest neighbors k(n). Again the proof is technically based
on Pinsker’s inequality and referred to Appendix A.4.

Theorem 6 (Bootstrap Robust nearest neighbors Estimation). Assume a bounded loss function L(z,3) <
L < oo for all feasible decisions z and parameters y. Let dist(d = (z,9),x0) = ||Z — 20|, and follow the
tie breaking rule discussed in gyorfi2006distribution. Let k(n) = [min{en’ n}] for some ¢ > 0 and
§ € (0,1). Let the robustness radius satisfy lim, o n\/r(n)/k(n) = 0 for model distance function R = B.
Then, bootstrap robust balloon estimation (w, (T, o) = 1) is asymptotically consistent for any D*, i.e., with
probability one

lim Ep- [L(zgata[n], y)lx = xo] = mzin Ep« [L(z,y)|x = xo] .

n—oo

4.2 Bootstrap Performance

We will now see that a particular robustness radius is advisable if a constant bootstrap performance is
required. To establish that besides consistency, the bootstrap robust balloon estimation formulation suffers
only a limited bootstrap disappointment, we will need one elementary result from large deviation theory.
The following theorem characterizes the essential large deviation behavior of the empirical distribution Dy,
of the bootstrap data resampled from the training data as outlined in (9). This result forms the backbone
of most of the theoretical results in this paper concerning the out-of-sample properties of our robust balloon
estimation formulation.

Theorem 7 (The Bootstrap Inequality (csiszar1984sanov)). The probability that the random bootstrap
distribution Dy, realizes in a convex set of models C satisfies the finite sample inequality

Dgf[n] [Dbs[n] S C} < exp (—n -infpee B(D, Dtr[n])) , Vn>1. (22)

The geometry of the bootstrap inequality is visualized in Figure 3. The bootstrap inequality is of high-quality
and is asymptotically exact in the exponential case. Large deviation theory provides the corresponding lower
bound

. S T
_ Dgilrftc B(D, D)) < hnH—l>1<>rcl>f - log Dy, [Dbs[n] € C] , (23)
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Figure 3: Visualization of the bootstrap inequality (22) in Theorem 7. The probability D (Dypspn) € C)

decays at the exponential rate r := inf pee B(D7 Dtr[n})7 which can be viewed as the bootstrap distance of
the empirical training model Dy, [, to the set of interest C.

which meets the upper bound (22) asymptotically in the exponential case for regular event sets C = clintC as
the bootstrap distance function is continuous in its first argument when its second argument Dy, [,)[Z, 7] > 1/n
happens to be positive for any (Z,§) € €,. For further discussion on large deviation theory we refer the
reader to the work of csiszar1984sanov.

Notice that for the optimization problem defining the partial estimators ¢/ to be nontrivial for the training
model Dy,[,), the robustness radius r needs to be bigger than the minimum robustness radius

ri =inf R(D, Dtr[n])

st. DeDj 29

where DJ was defined in (17). If this is the case, then the feasible set of the optimization problem (19) defining
the partial cost ¢/, is indeed non-empty. Also these extremal bootstrap radii are characterized as the solution
of a tractable convex optimization problem. These bootstrap radii will come to play an important role in
the characterization of the bootstrap disappointment suffered by our robust balloon estimator formulation.

Theorem 8 (Performance of the Bootstrap Robust Balloon Estimation Formulation). The robust balloon
estimation formulation with bootstrap distance function (R = B) and robustness radius r suffers a bootstrap
disappointment defined in (12) at most

b=23_ e exp (—n - max{r, ri}).

Proof. Let us fix a training data set with empirical distribution Dy,[,) and consider a given decision 2.
Let ¢ := E},’i[n] [L(z,y)|x = xo] with ¢, = max;e[,) &, be the budgeted cost based on the training data.
In order to prove the theorem, it suffices to characterize the probability of the event that the empirical

distribution Dy, of random bootstrap data resampled from the training data realizes in the set C =
{D S Dn : Cn(Z,D,.’Eo) > En} = Uje[n] C]‘ with

Cjt

{D eDi : B L y)|r = o) > an}
= {D €D} X pyeni (@) Wn (T 20) - L(Z,y) - D[Z,7] > Cn - 3 5 5yeni (2g) Wn (T 0) - D[7, 7]}
Each of the partial sets C; is a convex polyhedron. We can use the union bound to establish

Dtof[n] (Dbs[n] S C) < Zje[n] D (Dbs[n] S Cj).

tr[n]
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The robust budget cost ¢, is constructed precisely as to ensure that infpec, R(D, Dyfn)) > 7. Indeed, we
have the implication D € C; = E}’ [L(2,y)|z = o] > &, > sup{E}’ [L(z,y)|x = x0] | R(D, Dypy) <

r, D € D,,} which in turn itself implies R(D, Dy, () > r. By virtue of the inclusion C; C DJ, evidently, we
must also have that infpec, R(D, D)) > rd = inf{R(D, D)) : D € DJ }. Hence, the result follows from
the bootstrap inequality (22) applied to each of the probabilities Df'li[n] (Dysjn) € C;) as in this particular case

the employed model distance function (R = B) coincides with the bootstrap distance function. O

The previous theorem gives an explicit characterization of the bootstrap performance of the general balloon
estimation formulation. Choosing the robustness radius r(n) yielding a desired bootstrap disappointment b
can not be done analytically, but thanks to the convex characterization (24) of the minimum bootstrap radii
rJ it can nevertheless be carried out numerically in a tractable fashion. It is also trivial to see that adding
robustness to the extend r(n) > (log(n) + log(1/b))/n suffices to have bootstrap disappointment at most b.
When we scale the robustness radius in such a way that

r(n)-n

li =
nggo log(n) o0

then the disappointment on bootstrap data asymptotically converges to zero when the number of training
data points n tends to infinity. To be asymptotically consistent the robust nearest neighbors formulation
needs to satisfy lim, . n+/r(n)/k(n) = 0 as pointed out in Theorem 6. Asymptotically vanishing disap-
pointment on bootstrap data can be combined with consistency by taking a number of nearest neighbors
k(n) = [min{cn’®,n}] for some ¢ > 0 and ¢ € (0,1) while at the same time scaling the robustness radius as
r(n) = tnY with —1 < v < 2(6 — 1) for any ¢ > 0. For the Nadaraya-Watson formulation a slightly improved
result can in fact be stated. We omit the proof and refer to Appendix A.5.

Corollary 2 (Bootstrap Performance of the Nadaraya-Watson Formulation). The robust balloon estimation
formulation (with k(n) = n) with bootstrap distance function (D = B) suffers bootstrap disappointment as
defined in (12) at most

b=exp(—n-r).

Adding robustness to the extend r(n) > log(1/b)/n already suffices here to have bootstrap disappointment
at most b. When we scale the robustness radius in such a way now that lim, . r(n) - n = oo then the
disappointment on bootstrap data asymptotically converges to zero when the number of training data points
n tends to infinity. To be asymptotically consistent the robust Nadaraya-Watson formulation needs to satisfy
lim,, 00 v/7(n)/ h(n)dim(w) = 0 as pointed out in Theorem 5. Asympotically vanishing disappointment on
bootstrap data can be combined with consistency by scaling the bandwidth parameter h(n) = cn’® for some
¢ > 0and § € (0,1/dim(x)) while at the same time scaling the robustness radius as r(n) = tn? with
—1 <y <2§-dim(x) for any ¢ > 0.

4.3 Dual Perspective

Despite all previous encouraging results regarding the bootstrap performance and consistency of the robust
balloon estimation formulation, it is still stated as the solution to a saddle point problem in (20) which may be
awkward to handle practically. Both the size and the number of the maximization problems constituting the
bootstrap robust nearest neighbors formulation grows linearly with the amount of training data samples. The
following lemma tries to alleviate one of these concerns by considering a dual formulation of the maximization
problem characterizing the partial robust cost functions. We refer its proof to Appendix A.G.

Lemma 1 (Dual Representation balloon estimation). The partial bootstrap robust budget ¢l (Z, D, xq) can
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be represented using a dual convex optimization problem as
inf «

st. a€R, neR2, veRy,

vlog (Z@,@ezv;;—l(%) exp([(L(2,y) — @) - wn(Z,20) +m — 2] /v) - D[Z, ] (25)

+ Z(i,g)eN{;(mo)\Ni_l(xo) exp([(L(2,y) — @) - wn(Z, 20) + m]/v) - D[z, 1]
+ZQH\Ng(zO) D[@@]) +rev— %(771 —1m) — B <0.

when the robustness radius satisfies v > rJ for all D € D,,.

The main advantage of using the previous convex dual formulation of the robust nearest neighbors formulation
is that finding the optimal prescription ztrr[n] (z0) now merely requires the solution of a convex optimization
problem over the decision z and three additional dual variables «, 8, and 7, instead of a saddle point problem
with variables of a dimension which may scale linearly in the amount of training data. This dependence on
the amount of training data is again not completely eliminated as the constraint in the dual characterization
(25) of the partial robust budget ¢/ still counts j terms. As the robust nearest neighbors cost function ¢,
consists of the maximum of all of these partial robust cost functions we still have to account for a total
number of O(n?) such terms. Only in the special case of Nadaraya-Watson estimation can the quadratic
size in terms of the number of optimization variables in n be avoided. We refer to the proof of next result

to Appendix A.7.

Lemma 2 (Dual Representation Nadaraya-Watson estimation). The partial bootstrap robust cost ¢l (z, D, xq)
can be represented using a dual conver optimization problem as

inf «

st. ae€eR, veRy, (26)
v 108 (S (s p)eq, 50 (L(%,y) = a) - wn(@,20)/v) - DIz, g]) +7-v < 0.

for all D € D,.

5 Numerical Examples

We discuss a data-driven news vendor problem in Section 5.1 and a data-driven portfolio allocation problem in
Section 5.2. Both of these problems are prescriptive analytics problems stated generally in (2) for a particular
loss function L. For both problems, we consider the nominal and bootstrap robust supervised learning
formulations discussed in this paper. We briefly discuss first how our supervised learning formulations
were solved and trained in practice. All algorithms were implemented in Julia discussed developed by
bezanson2017julia.

The nominal Nadaraya-Watson and nearest neighbors formulations of bertsimas2014predictive were im-
plemented with the help of the Convex package developed by udell2014convex. Taking advantage of the
dual representations given in Lemmas 2 and 1, the same procedure was followed for their robust counterparts
with respect to the bootstrap distance function as well. The corresponding exponential cone optimization
problems were solved numerically with the ECOS interior point solver by domahidi2013ECOS.

Both the Nadaraya-Watson and nearest neighbors formulations require several hyper parameters such as the
smoother function S or the number of neighbors to be learned from data. We considered a Nadaraya-Watson
formulation using the Gaussian smoother function given in Figure 2. Likewise, we considered the classical

nearest neighbors formulation with the Mahalanobis distance metric d(m = (z,y),Z) = (z — i)TZt_r[ln] (x—1T)
based on the empirical variance X[, := Z(i 7)eteln] (% — pieen)) - (T — Htr[n) )T /n and the empirical mean of the
auxiliary data pig) = Z(j g)etrin] x/n. Potential ties among equidistant points were broken based on the

method discussed by gyorfi2006distribution. The bandwidth parameter h(n) and the number of nearest
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Figure 4: The empirical bootstrap disappointment b of the Nadaraya-Watson and nearest neighbors for-
mulations in function of the number of samples n. The nominal Nadaraya-Watson and nearest neighbors
formulation corresponds to the case r = 0. Such nominal formulations do not safeguard against over-
calibration as they disappoint on random bootstrap data about half (b = %) the time. The dotted lines
visualize the upper bounds concerning the bootstrap disappointment of the bootstrap robust Nadaraya-
Watson and nearest neighbors formulation given in Theorem 2 and Theorem 8, respectively. Large deviation
theory (csiszar1984sanov) indicates that these bootstrap upper bounds and the actual bootstrap disap-
pointments of either formulation drop to zero at the same exponential rate 7.

neighbors k(n) were determined based on the squared prediction loss performance of the corresponding
Nadaraya-Watson or nearest neighbors predictive learner on ten data sets cross validated from the training
data.

5.1 A News Vendor Problem

A company sells a perishable good and needs to make an order z € R. Ideally, the company would of course
like to order exactly z = y where y is the demand of the perishable good. Unfortunately, a decision on the
order quantity needs to be made before the demand is observed. Fortunately, however, the company can
observe before making the order several covariates x = xy which may correlate with the uncertain demand.
The company may consider the day of the week w € {Monday,...,Sunday} to capture weekly cyclical
demand, and the outside temperature t € R which can influence demand as well. Here, only two covariates
are considered where in practice many more covariates may be taken into consideration. For repeated sales,
a sensible goal is to order a quantity that minimizes the total expected cost according to

2*(w9) € arginf Ep« [L(z,y):=b-(y—2)T +h-(z —y)t |z = x0] .

The constants b = 10 € Ry and h =1 € R represent here the marginal cost in dollars of back ordering and
holding goods, respectively. If the model distribution D* is known, then a classical result states that the
optimal decision is then given by the quantile z*(2¢) := inf {z : Ep« [1{y < z}|x = zo] > b/(b+ h)} of the
demand distribution in the covariate context of interest. The classical news vendor formulation assumes the
joint distribution D* between returns and covariates to be known. In practice however this is almost never
the case.

A supervised data version of this news vendor problem is discussed by rudin2014big. We consider synthetic
training data drawn as independent samples from the synthetic model D* with a Gaussian conditional
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distribution
D*(z = (f,w)) = N(100 + (£ — 20) 4 20 - I(w € {Weekend}), 16)

and where the day of the week and outside temperature are independent random variables distributed
uniformly and normally as N(20,4), respectively. In our synthetic example, the oracle solution z*(xg) is
not linear in zy and hence, as discussed in the introduction, the empirical-risk-minimization formulation
developed in rudin2014big will be biased and hence not directly applicable. We ignored here for the sake
of simplicity that the demand typically is not observed directly but needs to be estimated from censored
data as discussed for instance in ferreira2015analytics. Also for simplicity, we assume that the decision
is static in contrast to recent work by ban2018dynamic. We shall use this synthetic big data news vendor
problem to illustrate the bootstrap disappointment of the robust Nadaraya-Watson and nearest neighbors
formulations in a particular context of interest, i.e., z = (¢,w) = (10°C, Friday).

We would like to investigate to what extent our bootstrap robust formulations prevent against overfit-
ting the training data set. Given an action ztrr[n] calibrated to this training data set and its budgeted cost
cn(z";r[n} s Dtx[n), o), we approximate its bootstrap disappointment as stated in Definition 1 using a large num-
ber |B| = 20,000 of bootstrap resamples as suggested in (10). In Figure 4, we present this empirical bootstrap
disappointment as a function of the number n of training samples for the nominal and robust Nadaraya-
Watson and nearest neighbors formulations. The nominal Nadaraya-Watson of hannah2010nonparametric
and the nearest neighbors formulation by bertsimas2014predictive corresponds to the cases depicted with
r = 0. Such nominal formulations do not safeguard against over-calibration as they disappoint on random
bootstrap data about half the time. The dotted lines visualize the upper bounds concerning the bootstrap
disappointment of the bootstrap robust Nadaraya-Watson and nearest neighbors formulation given in Corol-
lary 2 and Theorem 8, respectively. The guarantee in case of the nearest neighbors formulation is not as
tight as its Nadaraya-Watson counterpart mostly due to the use of the union bound in the proof of Theorem
8. Nevertheless, large deviation theory via (23) ensures that the empirical bootstrap disappointments and
their corresponding theoretical upper bound in either formulation drop to zero at the same exponential rate
7.

Working with synthetic data gives us the opportunity to compare the robust and nominal formulations
in terms of their true performance. Indeed, as the distribution D* is known we can compare the actual
cost Ep« [L(zdata[n],yﬂx = xo} of any proposed decisions 2gata[n)- We are also interested in seeing how
each of the methods fares if we augment the covariates with a number d of irrelevant spurious observations
generated from independently sampling a standard normal distribution. It should not come as a surprise
that when no spurious covariates are introduced the robust approaches in blue outperform their nominal
counterparts in orange significantly as can be seen in Figure 5. The reported cost is the average among
20,000 random training sets each of length » = 200. Here, the amount of robustification 7 used in ei-
ther formulation was determined based on ten fold cross validation. Given only n = 200 training samples,
both the robust Nadaraya-Watson and nearest neighbor formulation do indeed come close to the theoret-
ically minimal cost min, Ep« [L(z,y)|x = x¢] visualized as the black line for reference. As more spurious
covariates are injected in the training data set, the performance of any data-driven method must evidently
degrade. Ultimately as d tends to infinity, the noise completely drowns out the signal. The performance of
data-driven methods is expected to tend to the optimal cost min, Ep« [L(z,y)] without using any covariate
information and is visualized as the red line. It is curious to observe that the performance of the nom-
inal Nadaraya-Watson and nearest neighbors decisions behave differently than their robust counterparts.
Counter-intuitively, the performance of both nominal formulations initially improves with the introduction
of spurious covariates. We observed empirically that when no spurious covariates are introduced the nominal
cost estimates Ep, [L(Z,y)|z = xo] for all Z on which the nominal formulations are based tend to over-
calibrate the training data. Consequently, the nominal actions suffer poor out-of-sample performance. Our
robust formulations do a good job in alleviating this adverse phenomenon without much performance loss.
The introduction of artificial noise in the data through spurious covariates seems to provide implicit protec-
tion against over-calibration of E7Ll)tr[n] [L(Z,y)|x = xo] to the training data by preventing the selection, at
least when using cross-validation, of a small bandwidth parameter h(n) or a small number of neighbors k(n)
in the Nadaraya-Watson and nearest neighbor formulation, respectively. The addition of spurious covariates
has a similar effect as robustification but crucially does comes with a loss of performance.
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Figure 5: The actual cost Ep [L(z,y)|z = o] of the decisions proposed by the nominal and robust Nadaraya-
Watson formulation as well as the nominal and robust nearest neighbors formulation. The reported cost is the
average among 20, 000 random training sets each of length n = 200. The error bars indicate 95% intersample
variation. The dimension d reflects the number of spurious covariates introduced. The black line correspond
to the optimal full information cost min, Ep« [L(z,y)|z = x¢], while the red line represents the optimal no
information cost min, Ep« [L(z,y)]. The robust formulations clearly dominate their nominal counterparts
when no spurious covariates (d = 0) are introduced. When spurious covariates are introduced (d > 0)
the cost predictions Ep, [L(z,y)|x = xo] on which all formulations are based tend to be under-calibrated
leading to both a loss of performance and a limited room for improvement through robustification.
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5.2 A Portfolio Selection Problem

We consider a small portfolio allocation problem in which a decision z € Ri needs to be taken in how to split a
limited weekly investment budget, i.e., 1Tz = 1, among four stocks S := {Apple, Airbus, Boeing, Facebook}.
We decide each Sunday which stocks to buy on Monday and sell on Friday during the subsequent trading
week. We obtained weekly trading data for each of the mentioned stocks from Alpha Vantage! for all 261
weeks between the 2th of February 2014 and the 27th of January 2019. The weekly returns of each of those
stocks may evidently be affected by a large number of covariates. We decided to use the popularity of the
search terms {Cambridge Analytica, IBM Redhat} as obtained from Google Trends? as well as the date as
potential covariates 2. The mentioned covariates may have an indirect impact on the weekly returns y € R*
of each of the stocks in our portfolio. A responsible portfolio manager would hence do good to take into
account this additional information in the selection of stocks to invest in.

Portfolio selection via optimization has a long history dating back to the pioneering work of markowitz1991foundations.
A plethora of methods have been developed in the literature which address portfolio selection problems, see
demiguel2007optimal and references therein. More recently, ban2016machine use machine learning to

incorporate covariate information when optimization the portfolio selection. The purpose of this section is

not to show that the our data-driven formulations compares favorable to all other portfolio selection strate-

gies. Given the amount of prior art in portfolio selection, this seems indeed unlikely to be the case. Rather,

we would like to illustrate the value of robustness in the context of real data.

Typically an portfolio selection is made to balance both expected return and some measure of risk. Pop-
ular risk measures are the value-at-risk (VAR) and the conditional value-at-risk (CVaR); see for instance
lim2011conditional. To simplify the exposition here, we imagine a portfolio manager which is a assigned
a budget to manage risky investments where the primary objective is high expected returns in the long run.
Here, the primary focus is the raw profit L(z,y) = —z 'y without regard for risk assessment. Ideally, the
portfolio manager would like to select

z*(zg) = argmin, Ep« [~z ylz = z0]

s.t. z€ Ri, 172 =1.

where D* is the unknown distribution of the returns and covariates. Let us denote the expected return of
each stock as r(z¢) = Ep- [y|z = x¢] € R*. Evidently, when primarily caring about long term expected profit
the manager will assign the entire budget to the stocks arg max;es r; (o) with highest expected return.

However, in practice the distribution D* is not known and our training data set of 261 historical losses and
covariates will have to do instead. We use instead the data-driven formulations we consider in this paper
again. To evaluate the performance of a data-driven formulation in view of the fact that the actual expected
profits are unknown, we partition the data into n = 200 training data points, 31 validation data points and
30 test data point. As market return data is highly noisy, we consider 200 such partitions randomly and
report as the validation performance and test performance of any data-driven formulation, its profit averaged
over each of these 200 validation and test partitions; see Figure 6. Besides the nominal Nadaraya-Watson
and nearest neighbors formulations (r = 0), we consider their robust counterparts with r(n) = 1/nlog(1/b)
where b ranges between 1 and 0.01. The final r* is chosen as to maximize the validation profit. It should
first be remarked that Nadaraya-Watson learning seems more appropriate here as it seems both to provide
better average profits and is less affected by the highly variable return and search data. From Figure 6 it is
clear that robustness in Nadaraya-Watson formulations select portfolios which have better performance on
both the validation and crucially the test data sets. We close by remarking that robustness only helps if the
nominal formulations are appropriate for the data set. Indeed, the nominal nearest neighbors formulation
does not seem to be competitive, and simply adding robustness is not a miracle cure.

Lhttps://www.alphavantage.co
2https:/ /trends.google.com
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Figure 6: The average profit of the portfolios on 200 random train-learn-test partitions for both the Nadaraya-
Watson and nearest neighbors formulations. From first glance it is clear that the Nadaraya-Watson formula-
tions seem more appropriate here as they seems both to provide better average profits and are less affected
by the highly variable return and search data. Adding robustness is most effective when the nominal formu-
lation performs well. Robustness is not a miracle cure when the data-driven formulation is not appropriate
as the results for the nearest neighbors formulation illustrate.

6 Conclusion

We discussed in this paper prescriptive analytics problems where cost optimal decisions are to be adapted to a
specific covariate context using only supervised data. Our balloon estimation formulation allows for superior
context specific decision-making when compared to the naive sample average formulation. As all data-driven
methods are prone to adverse overfitting phenomena we must safeguard against over-calibration to one
particular training data set. To that end we introduced a novel notion of robustness which guards against
overfitting and crucially is itself completely data-driven. Our notion of bootstrap robustness is inspired by
the statistical bootstrap, and does not pose any statistical assumption on training data. We derived a novel
bootstrap robust balloon estimation formulation which is as tractable as its nominal counterpart based on
ideas from distributionally robust optimization. Finally, we have illustrated the benefits of bootstrap robust
decisions empirically in terms of their superior out-of-sample performance on two small numerical examples.
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A Proofs

A.1 Proof of Theorem 3

Proof. First note that the domain of the partial estimators as a function of the distribution D satisfies

dom E [L(z, Y)|x = %] C D).
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For a distribution D to be in the domain of the partial estimator the constraints in equation (16) must
indeed be feasible. In other words, there must exists some P and s > 0 for which s - D[z, y] = P[z,y] for all
(Z,7) € . The last two constraints in equation (16) then imply that any such D € D,, must also be in DJ,.

Any D € D, ,, is the empirical distribution of some bootstrap data set, say bs[n|, consisting of n observations
from the training data set. Each set ’Dfm := DJ N'D,, ,, has a very natural interpretation in terms of N} ()
being the smallest neighborhood containing at least k observations of this associated bootstrap data set
bs[n]. Indeed, D € Dj, ,, is in terms of the associated data set equivalent to

k< X gensm H(@,9) € Ni(zo)} =n- 2@ eNi (zo) PIE ],
k> Z(i,y)ebs[n] 1{('f’g) € N%;l(xO)} =n- Z(m eNJ 1 (z0) D[j7y]

The first inequality implies that the neighborhood N/ (x¢) contains at least k observations of the associated
data set. Note that the sets NJ(xg) are increasing with increasing j in terms of set inclusion. The latter
inequality hence implies that the biggest smaller neighborhood N7 (zg) does not contain k observations.
Both conditions taken together thus imply that N7 (z) is the smallest neighborhood which contains at least
k samples of the bootstrap data set. Any D in D, ,, is an element in one and only one set Dﬁh as the smallest
neighborhood containing at least k samples is uniquely defined for any data set. Formally, DJ , N DJL n=10
for all j # j' and moreover Uje[n]wa = D,, . Notice also that the only feasible s in the constralnts defining
the partial predictors in equation (16) is‘the particular choice s = 1/3" . -y i (o) Wn(Z, 20) - P[Z,9] > 0.
Hence, we must have that for any D € Dj, ,, the partial estimator equates to

2 (3,5)e N (z0) L(Z:0) - wn(F,20) - D(Z,7)
Z(M)GN,J;(%) wy (T, 20) - D(Z,7)

B [L(Z,y)|x = wo] = vz

which is precisely the weighted average over the neighborhood N7 (o). We have hence for all Z that

2 (o, )eN (o) L(Z §) - wn(T, 20) - D2, 7]
(@.9)ENL (zg) Wn (T, To) - D[Z, 7]

for D € D},

maxjepi,.... Bf [L(Z,y)|z = z] =

(2,5)END (z0) wn<j7 .%'0) . D(‘fa g)

= Ep [L(z,y)|x = o]

as we have argued that D ¢ Dn ., if and only if NJ(z) is the smallest neighborhood containing at least k
data points. As the empirical distribution D and associated data set bs[n]| were chosen arbitrary the result
follows. H

A.2 Proof of Corollary 1

Proof. Remark that from the definition of the Nadaraya-Watson cost estimate Ep, [L(z,y)|x = xo] :
EDu [L(z,y) ~wn(x,:c0)}/EDtr[n] [wn (2, 20)] given in (14) it follows that we have
E%tr[”] [L(z,y)|x = xO] ‘= IaXs>0,pP Z(z,g)eQn wn(ia xO) ) L(Z>g) : P[i’,gﬂ
st. P[z,y] = D[z,g]-s Y(T,y) € Uy,
Z(i,ﬂ)EQn P[i‘vg} =S, Z(f@)eﬂn wn(i‘,ﬂfo) ’ P['falg] =1
Indeed, the only feasible s is such that s = 1/}, - cq wa(Z,20) - P[2,9]. Hence, the only feasible P is

P =D/} peq, wn(Z,20) - P[2,7] and the equivalence follows. The chain of equalities

{(s,P) : 3D st. s- D =P, R(D,Dy,)) <7}={(s,P) : R(P/s, Dyyjn)) <7}
= {(S,P) : SR(P/Sthr[n]) < S‘T}
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imply that the robust budget function c,(z, Diy[,), Zo) corresponds exactly to the optimization formulation
claimed in the corollary. O

A.3 Proof of Theorem 5

Proof. We first show the uniform convergence of the robust budget function to its nominal counterpart when
the loss function L(%,9) < L < oo is bounded. Let us first consider a given training data set tr[n]. Note
that because of its definition as robust counterpart of the balloon estimator, we have that the robust balloon
budget can be bounded as

Ep, Lz Yz = x0] < ca(Z, Dufn), 0) < Ep [L(Z,y)|z = 0] + @

for some worst-case distributions D[] at distance at most B(Diyycfn]; Dirr)) < r(n) from the training dis-
tribution for any arbitrary o > 0. In terms of the total variation distance, we have that Hch[n] = Dir[n) H1 <

/B (Dyefn)], Dixn)) /2 < \/ r(n)/2 following Pinkser’s inequality.

The Nadaraya-Watson estimate based on the worst-case distribution is the fraction

Z(i,zj)eﬂn L(z,9) - wn (@, z0) - ch[n] [z, g]/h(n)d
Z(a‘c,y)eﬂn wn('fa 'rO) : ch[n] [iv g]/h(n)d

n —

B, LG y)le =z =

weln.

where we denote here d = dim(x) for conciseness. We have that the denumerator of the Nadaraya-Watson
estimator is lower bounded by

> (z.)eq, Wn(Z:x0)/h(n)? Dyen [, 7]
=Y epen, Wn(@20)/h(n) Dugn)[#,9] + Xz pea, wn(@20)/1(0)" (Duetn] 2, ] = Deata) [, 91)
>3z pyen, WnlT, T0)/ h(n)thr[n} [z, 9] — (max(m)egn wn(@, 20)) /7 () /2/h(n)
> 5 e yetn, Wnl:20)/h(0) Doy 7, 7] — /r(0)/2/h(n)

Here the first inequality follows from the Cauchy-Schwartz inequality |a"b| < |||l - [|]/;. Notice that here
the weights 0 < wy(Z,z9) < wyn(x0,20) < 1 are all non-negative and bounded from above by one for all
smoother functions in Table 1. Lemma 6 in walk2010strong establishes that the limit

hnH_l)loréf Z(i,y)eﬂn wn(f7 xO)/h(n)dDdata[n] [i'7 g] = 2d(m0) >0

is positive with probability one. Taken together with the premisse lim, o 1/7(n)/h(n)? = 0 this estab-
lishes the existence of a large enough sample size ng such that for all n > ng we have that the de-
nominator of the Nadaraya-Watson estimator satisfies 3, -ycq W (Z, o) /M(1n)? Dyepn)[Z, 9] > d(x0) and

Z(@g)egnwn(f»$0)/h(n)thr[n] [Z,75] > 24/7(n)/2/h(n)?. Similarly, the nominator of the Nadaraya-Watson
estimator satisfies
S erear, LEB) - 0n(5,20) - Dyein[7.3/h(n )d
< Z(i,g)e@n L(E ZJ) wn( ) Dtr[n] [x ] /h + VT /h

In what follows we will use the inequality a/(b —x) < a/b+ 2a/b- x for all z < b/2 when a,b > 0. This
inequality follows trivially from the definition of convexity of the function a/(b— z) for all x < b when

sl
S
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a,b > 0. Using the previous inequalities we can establish when n > ng the following claims

ED et [L(Z9) |7 = 0]
B > @pea, L(Z9) - wn(Z, 20) - Dy (2, yl/h(n)? . r(n)/2
- Z(@ﬂ)eﬂn Wy (T, 20) * Dy [T, 9]/ h(n)4 h(n)dd(zo)
S e, L2, 9) - wa(@z0) Dnm 2. 9)/h(n)? /2

<
- X @pea, Wnl(, o) - Do) [T, §]/h(n —/r(n)/2/h(n) (n)dd(zq)

Do [L(Z y)lw = o] + 2B, | [L(Z zo] /7Y /2/h(n) ()((;;)(g)
< Ep,. [L(Z y)|z = 20] + (2L + 1/d(z0)) m/h (n)?

The nominal Nadaraya-Watson estimator is uniformly consistent, i.e., |Ede[n] [L(z,y)|x = xo]—Ep+ [L(Z,y) |z = z¢] | <

e(n) for lim, . €(n) = 0 as discussed before. It hence trivially follows that the robust Nadaraya-Watson
estimator is uniformly consistent as well. Indeed, from the previous inequality it follows that

[n (%, Daatain; ©0) — Ep~ [L(Z, )| = xo] | < e(n) + (2L + 1/d(20))y/r(n)/2/h(n)" + a

with probability one for all Z. This inequality holds for any arbitrary « > 0. Uniform consistency then
directly implies here an asymptotically diminishing optimality gap

Ep- [ (2datan)» Y|z = a:o} - mln Ep- [L(Z,y)|x = o] < 2e(n) + (4L + 2/d(x0))\/7(n)/2/h(n)?

Using that lim,, oo \/7(n)/h(n)? yields the wanted result immediately. O

A.4 Proof of Theorem 6

Proof. We show the uniform convergence of the robust budget function to the unknown cost, that is, and
any bounded function L(z,7) < L < oo for all z and g. Let us first consider a given training data set tr[n]
without ties. That is, we have that | (g | = j for all j € [n]. Note that because of its definition as robust

counterpart of the balloon estimator E"tr - [L(Z,y)|x = xo], we have that the robust cost can be bounded as

E%tr[n] [L(Z, y)|£L’ - ZL'()] < cn(zz‘r[n]’Dtr[n]axO) < E]D

we[n]

[L(Z,y)|z = x0] + «

for some worst-case distributions Dy, € DJ* at distance at most B(Dyein); Dirfny) < 7(n) from the
training distribution for any arbitrary a > 0. In terms of the total variation distance, we have that
Hch[n] — Dy Hl < /B(Dyejn]s Dixpn)) /2 < \/r(n)/2 following Pinkser’s inequality. The nearest-neighbors
estimate based on the worst-case distribution is defined as the fraction

Z(i,gj)ENi*(wo) L(Z, g) . ch[n] [;f, g]
2 (#.9) NG (ag) Dwveln] [T, 7]

E% o] [L(Z,y)|z = xo] :=
The neighborhood parameter j* satisfies by definition Z(i’g)e NI (o) Dy [T, 9] > k(n)/n. The previous
inequality bounds the denominator from below by k(n)/n. Using the Cauchy-Schwartz inequality |aTb’ <
lla|l - 116]l; as well as the Pinkser inequality, the nominator of the Nadaraya-Watson estimator satisfies

< Xapenit @) L3 Y) - Dup® +L\/7

We also have that from the definition of the total variation distance that ||Dtr[nl_ch[n] l1 > Dy [N I*(20)]
DWC[n] [N,Jl*(xo)] > (]* - k(n))/n We have also ||ch[n] _Dtr[n]Hl > ch[n} [Nrjz*_l(mo)] _Dtr[n][ *= (mO)}
(k(n) —j*)/n. Last two inequalities imply that we can use the bound /7(n)/2 > [|Dijn) — Dywenll1

IV IV
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|k(n) — j*| /n. By applying first the Cauchy-Schwartz inequality again and then the previously obtained
bounds we can obtain

Z(@g)e]\/‘i*(mo) L(Zv g)Dtr[n] [‘(Ea g]

_ k
< Z(i,y)EN,ff(")(xU) L(Zv )Dtr[n] [.’b ] + L‘Dtr[n]{Nj (.’Eo)} - Dtr[n] [Nn(n) (.’to)”
< Z(j’g)eN:f(n)(mO) L(Z’ y)Dtr[n] [CE ?7] + L ‘] - (n)| /n
< Z(E,ﬂ)ENTIf(n)(GL’U) L(Ev )Dtr[n] j + L VAl

Hence,

2Lny/r(n)/2

for any arbitrary training data set without ties. Ties among data points when using the random tie breaking
method are a probability zero event which we may ignore. We already know that the nearest neigbors
estimator is uniformly consistent. That is, we have that |[E}, o] [L(z,y)|z = 0] — Ep~ [L(Z,9)|z = x0] | <
€(n) with probability one and lim,,_,, €¢(n) = 0. When the robustness radius does shrinks at an appropriate
rate, i.e., its size compared to the bandwidth parameter is negligible (lim,, oo nv/r(n)/k(n) = 0), then
uniform consistency of budget estimator ¢, follows by taking the limit for n tends to infinity for the chain
of inequalities in (27) applied to Dgatajs) and observing that o > 0 is arbitrarily small. Uniform consistency
of the nearest-neighbors formulation follows by the exact same argument as given in proof of Theorem 5 in
case of the Nadaraya-Watson formulation. O

E%”[n] [L(Z,y)|x = x0] < cn(Z, D), T0) < E’LL,N["] [L(zZ,y)|z = xo] + (27)

A.5 Proof of Corollary 2

Proof. Let us fix a training data set with empirical distribution Dy,[,) and a given decision z. Let ¢, :=
ED [L(Z,y)|z = xo] be the budgeted cost based on the training data with k(n) = n. In order to prove
the theorem, it suffices to characterize the probability of the event that the empirical distribution Dy, of
random bootstrap data resampled from the training data realizes in the set

s >0, 53 g, Wnl(Z w0) - L(Z,y) - D(Z,7) > &n,
Y (z.g)eq, Wn(Z,z0) - D(Z,7) =1

as follows from Corollary 1. After eliminating the auxiliary variable s we arrive at the description C = {D €
Dy : Y (z.5)e0, WnlZ,20) L(Z,y) - D(Z,7) > -3z gyeq, Wn(Z w0)-D(Z,7)}. The set C is a convex polyhe-
dron. The robust budget cost ¢, is constructed to ensure that infpec R(D, Dyy[n)) > 7. Indeed, we have the
rather direct implication D € C = E} [L(2,y)|z = o] > ¢, = sup{E}, [L(2,y)|z = 0] | R(D, Diyjn)) <1}
which in turn itself implies R(D, Dy,[,)) > 7. Hence, the result follows from the bootstrap inequality (22)
applied to the probability fo[n] (Dpgpn) € C) as in this particular case the employed model distance function

C::{DEDn

(R = B) coincides with the bootstrap distance function. O

A.6 Proof Lemma 1

Proof. We will employ standard Lagrangian duality on the convex optimization characterization (19) of the
partial nearest neighbors cost function associated ¢/, (z, D, xp). The Lagrangian function associated with the
primal optimization problem in (19) is denoted here at the function

L(P,s;a,B,m,v) =
(2.9)END (20) Wn (T, T0) - L(2,9) - Pla,y] + (1 = 2 (@) eNi (@o) Wn(T: T0) - P[»@Q]) @
( (%,9)€Ni (o) Plz,y] - % ' S) m+ (% "8 Z(fc FENL ™ (zo )P[f ]) 2

Y
(e gren, PET = 5) B+ (15 = Y pea, Pl.dllog (51 ) ) v

++M
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where P and s are the primal variables of the primal optimization problem (19) and «, 3, n and v the dual
variables associated with each of its constraints. Collecting the relevant terms in the Lagrangian function
results in L(P, s;a, B,v) =

ats(rv — B — %(771 — ) — 2)
+ Z(g’c,gj)EN-ﬂ;_l(xo) {P[fv ] ((L(Zvy) - a) : wn(jamo) + B +m — 772) - VP[E’,@] log (ngT:gg]j]
+ Z(@g)eNf;,(wo)\Nﬁfl(a:o) [P[i‘7y} ((L(Zv y) - a) ' wn(f,xo) + B + 771) - VP@?@] log (sPD[Tafg]j]>}

+ X gy e ooy | P17 818 — Pl 3] 1og (552

The dual function of the primal optimization problem (19) is identified with the concave function g(a, 8,1, v) :=
infp>o, 550 L(P, 55, B,v). Using the same manipulations as presented in the proof of Lemma 2 we can ex-
press the dual function as g(«, 8,n,v) =

N—
—

<

=sup,g a+ s(rv—B — E(n —n2) — ) + sv > (E.5) € \N () P1T, J] €xp (% - 1)

+ sv Z(z,g)eNﬁ‘l(m) DIz, ] exp ((L(Z’g)_a)'w"(f’m)wﬁl_nz - 1)
_ L(z,9)—a) wy (Z,z
+ Syz(i,ﬂ)ENi(LEO)\Ni,il(wo) D[I7y] exp (( — ) 1/( oJ+ftm _ 1) .

Our dual function can be expressed alternatively as

g(aaﬁvnal/) = {Oé rev—= %(771 - 772) - % + Vz(ff,ﬂ)eﬂn\ijL(%O) D[ivg} €xXp (g - 1)

+v Z(i,y)eN,’fl(mo) DIz, 3] exp ((L(Z’g)ia).wn(j’EO)JrBer77]2 - 1)
= L(z,9)—a) wn(Z,x0)+B+m
tv Z(i,?})EN%(Io)\Nifl(zo) D[$7 y] exXp (( ol 0 Uy(ﬂf = - 1) < '6}

The dual optimization problem of the primal problem (19) is now found as inf, 5 ,>0 g(c, 5, 7). As the primal
optimization problem in (19) is convex, strong duality holds under Slater’s condition which is satisfied when-

ever r > rJ . Using first-order optimality conditions, the optimal 8* must satisfy the relationship 8* = —v +
v108(3_ 2 pyeni— (zo P2 Yl exp([(L(2, §) =) wa(Z, mo) +m—m2] /V)+D2 2 5y e N2 (wo)\ Vi~ (2) D1 Ul exp([(L(z,7)—
a) - wn(Z,20) + M]/V) + X 2 5N (o) \ NI~ (20) P[Z¥]). Substituting the optimal value of 5* in the back in

the dual optimization problem gives

a,ér,ll:fZO 9(0%5777» V) :lnfa,uzo g(a7ﬁ /B l/)
:inf{aeR:3V€R+,3n€Ri, rov—Em ) -2y
+ 1108(S gy wi oy EXDU(L(2: ) — @) - 1 (@, 70) + 1 — 1)) - D[z, ]

+ Z(f,g)eNﬂL(mo)\Nﬁfl(mg) exp([(L(z,9) — @) - wn(Z, x0) +m]/v) - D[z, 7]

A.7 Proof Lemma 2

Proof. We will employ standard Lagrangian duality on the convex optimization characterization of the
Nadaraya-Watson cost function given in Corollary 1. The Lagrangian function associated with the primal
optimization problem is denoted here at the function

»C(P,S;OQﬁ,I/) = Z(E,Q)EQH wn(jvx()) : L(E, g) : P[.’f,g] + (1 - Z(E,g)éﬂn wn(j7x0) : P[:Evg]) a+

(Z(i,g)eﬂn Plz,y] - 5) B+ (T 5T Z(@ﬂ)eﬁn Plz,y]log (SPA%?Q]?])) v

27



where P and s are the primal variables of the primal optimization problem given in Corollary 1 and «, 8 and
v the dual variables associated with each of its constraints. Collecting the relevant terms in the Lagrangian
function results in

L(P,s;a, B,v) =a+s(rv—B)+ > 5ea. [P[f,gj] ((L(z,9) — @) - wn(Z,30) + B) — vP|z, y| log (SPIET;Z]?])}

The dual function of the primal optimization problem is identified with the concave function g(a, 8,v) =
infp>g, s>0 L(P, s;a, B,v). Our dual function can be expressed alternatively as g(a, 5,v) =

S s (v = B) +sup | Pl 5] (L(Z,) — a) - w2, 30) + B) — vP[z, 7] 10g (7522 )|
= (@9

=sup,sg ¢+ s(rv— )+ Z P[gu}])>0 [P[:E,y] ((L(z,9) — @) - wy (T, 1) + B) — vP|[, y] log (S%T;}ﬂ)}
@geQ, Y=

=SUPysg @+ S (1v — B) + 835 pyeq, PIT glsupaso A ((L(Z, ) — @) - wa(Z, 20) + B) — vAlog (N)].

The inner maximization problems over A\ can be dealt with using the Fenchel conjugate of the A +— X - log A
function as

=sup,so @+ s(rv —f) + sv Z(f,g)eﬁn D[z, gy exp ((L(E’g)_“);”"(i’x“)+ﬁ — 1)

= {04 Ly +v Z(f,gj)eﬂn DIz, y]exp ((L(E’y)ia)ﬁvn(j’m”ﬂ - 1) < 5} .

The dual optimization problem is now found as inf, 5,>0 g(a, 8,v). As our primal optimization is convex,
strong duality holds under Slater’s condition which is satisfied whenever r > 0. Using first-order optimality
conditions, the optimal 8* must satisfy 8* = —v + v1log(}_; 5)eq, PIZ, ¥l exp((L(Z,7) — a) - wn(Z, 20)/v)).
Substituting the optimal value of S* in the back in the dual optimization problem gives

inf g(a,B,v) =inf, >0 g(a, 5%, v)

B>

v

= inf {a ER : weRy, rv+vlog (Z(f,g)eszn D[z, 9] exp ((L(E,ﬂ)—a)‘wn(i,wo))) < 0} .

O
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