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Abstract

A compression function is a map that slims down an observational set into a subset of
reduced size, while preserving its informational content. In multiple applications, the con-
dition that one new observation makes the compressed set change is interpreted that this
observation brings in extra information and, in learning theory, this corresponds to mis-
classification, or misprediction. In this paper, we lay the foundations of a new theory
that allows one to keep control on the probability of change of compression (which maps
into the statistical “risk” in learning applications). Under suitable conditions, the cardi-
nality of the compressed set is shown to be a consistent estimator of the probability of
change of compression (without any upper limit on the size of the compressed set); more-
over, unprecedentedly tight finite-sample bounds to evaluate the probability of change of
compression are obtained under a generally applicable condition of preference. All results
are usable in a fully agnostic setup, i.e., without requiring any a priori knowledge on the
probability distribution of the observations. Not only these results offer a valid support
to develop trust in observation-driven methodologies, they also play a fundamental role in
learning techniques as a tool for hyper-parameter tuning.

Keywords: Compression Schemes, Statistical Risk, Statistical Learning Theory, Scenario
Approach

1. Introduction

Compression is an established topic in theoretical learning, and various generalization
bounds have been proven for compression schemes.

According to a definition introduced in Littlestone and Warmuth (1986), a compression
scheme consists of i. a compression function c, which maps any list of observed examples
S=((z1,y1),-..,(xN,yn)) (x; is called an “instance” and y; a “label”) into a sub-list c(S),
and ii. a reconstruction function p, which maps any list of examples S into a classifier p(.5).
An important feature of a classifier is its risk and, in the context of compression schemes,
one is interested in the risk associated to the classifier p(c(.S)). The concept of risk finds a
natural definition in statistical learning where one assumes that examples (z,y) are gener-
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ated according to a random mechanism: the risk of a generic classifier f is then defined as
R(f) = P{f(x) # y} (throughout, boldface indicates random quantities). In loose terms,
most results in compression schemes establish that low cardinality of the compression im-
plies low risk for the ensuing classifier. A bit more precisely, let S = ((x1,y,),..., (N, YN))
be a list of independent random examples all sharing the same distribution (which coincides
with the distribution of (z, y) in the definition of risk). In the example-consistent framework
(i.e., the bound on the risk is only given for lists of examples S for which p(c(S)) returns
the corresponding label y; for any z; in S — in this case p(c(.S)) is said to be “consistent”
with S) and under the assumption that the maximum cardinality of c¢(S) is bounded by
an integer d (d is called the “size” of the compression scheme), Littlestone and Warmuth
(1986) and Floyd and Warmuth (1995) establish results of the type: with high probability
1—0 with respect to the generation of the list of examples S, if p(c(S)) is consistent with
S, then the risk of ¢(.S) is below a known bound that depends on N, d and § only (in par-
ticular, the bound does not depend on the distribution by which examples are generated).
Results in this vein have been subsequently extended to the non-consistent framework and
to compression schemes with unbounded size, in which context the best known results are
given in Graepel et al. (2005).

In a series of recent papers, compression schemes have been studied under a stability
condition, a notion that is natural in many contexts and that has its roots in Vapnik and
Chervonenkis (1974). For the example-consistent framework and compression schemes with
bounded size, Bousquet et al. (2020) succeeded in removing a log(N) term in the expression
of the bound for the risk as compared to the formulation given in the above referenced
papers; when applied to Support Vector Machines, this result resolves a long-standing issue
that was posed in — and remained open since — Vapnik and Chervonenkis (1974). Later,
the scope of Bousquet et al. (2020) has been significantly broadened by Hanneke and Kon-
torovich (2021), where the non-consistent framework with no upper bounds on the size of
the compression scheme has been considered. Since the stable case is most relevant to the
present paper, we shall come back to these latter contributions with a more detailed dis-
cussion and comparison at the end of Section 3.

In the present paper, we make a paradigm shift: since we are interested in compression
as a general tool applicable across various domains, we are well-advised to adopt a “purist”
approach in which compression functions are studied in isolation (without a reconstruction
function). Our essential goal is to study how the probability of change of compression relates
to the size of the compressed set. The corresponding results can be applied to supervised
learning, unsupervised learning and, in addition, to any other contexts where compression
functions are in use. Our findings are summarized at the end of this section, we start with
introducing the formal elements of the problem.

1.1 Mathematical setup and notation

Examples z are elements from a set Z (for instance, in supervised learning z are pairs
(z,y)). The compression functions we study are permutation invariant. Correspond-
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ingly, given any n = 0,1,2,... and a list of examples (z1,...,2,)," we introduce the
associated multiset written as ms(z,...,2,), where the operator “ms” removes the or-
dering in the list, while maintaining repetitions. The set operations U,N,\ (union, in-
tersection, and set difference) are easily extended to multisets using the notion of mul-
tiplicity function py for a multiset U, which counts how many times each element of Z
occurs in U. Then, o (2) = pu(2) + (=), powr(2) = min {ju (=), pr(2)}, and
() = max {0, py(2) — pur(2) }. Moreover, U C U’ means that py(z) < pyr(z) for all
z, and |U| stands for the cardinality of a multiset where each example is counted as many
times as is its multiplicity. Throughout this paper, multisets have always finite cardinal-
ity and, any time a multiset is introduced, it is tacitly assumed that it has finitely many
elements. A compression function c is a map from any multiset of examples U to a sub-
multiset: c(U) C U. We write c(z1,...,2,) as a shortcut for c¢(ms(z1,...,2,)). Also, given
a multiset U and one more example z, c(U, z) stands for ¢(U U ms(z)). Similar notations
apply to other maps having a multiset as argument. Throughout, an example is modeled
as a realization of a random element defined over a probability space (2, F,P); moreover,
a list of n examples is the realization of the first n elements of an independent and iden-
tically distributed (i.i.d.) sequence zi, z2,.... A training set is a multiset generated from
a list of observed examples. When dealing with problems in machine learning, a learning
algorithm A is a map from training sets to a hypothesis A in a set H (in supervised binary
classification, h is a concept; in supervised learning with continuous label, h is a predictor;
in unsupervised learning, h can, e.g., be a collection of clusters; etc.). According to the
above notation, we write A(z1,...,zyx) to denote the hypothesis generated by A when the
input is the training set ms(z1,...,2zn). We use a {0, 1}-valued function £(h, z) to indicate
whether or not a hypothesis h is appropriate for an example z: ¢(h, z) = 0 signifies that h
is appropriate for z, while ¢(h, z) = 1 corresponds to inappropriateness (for instance, in su-
pervised classification, £(h, z) = 1j(y)2,, Where 1 is the indicator function). The statistical
risk of h is R(h) = P{¢(h, z) = 1}, where z is a random element distributed as each z;.

1.2 Main contributions

The contributions of this paper are summarized in the following three points.

(i) Under the property of preference,® Theorem 4 establishes a new bound to the prob-
ability of change of compression as a function of the cardinality of the compressed multiset.
For a finite size of the training set, the bound is informative and useful in applications (see
Figure 2). When the size of the training set N tends to infinity, the bound tends to the ratio
k/N (where k is the cardinality of the compressed multiset), uniformly in k& € {0,1,..., N}
(the fact that the range for k arrives at N means that the compressed multiset has no upper
limits other than the size of the training set itself), see Proposition 8. No lower bounds to
the probability of change of compression are possible under the sole preference property.
Under an additional non-associativity property and a condition of non-concentrated prob-

1. Note that here symbol n indicates the size of a generic list, while N is in use throughout to indicate
the actual number of observed examples. The distinction between the two is necessary to accommodate
various needs in theoretical developments.

2. While stated differently, the preference property is equivalent to the property of stability, see Section 2
for an explanation of our terminology.
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abilistic mass, Theorem 7 establishes a lower bound (see Figure 3). This lower bound also
converges to k/N uniformly in k£ € {0,1,..., N}. Hence, under the assumptions of Theorem
7, the probability of change of compression is in sandwich between two bounds that merge
one on top of the other as N — oo (see Proposition 8). This entails that the cardinality
of the compressed multiset is a highly informative statistics to evaluate the probability of
change of compression.

(ii) In Section 3, the results in (i) are put at work to study classical compression schemes
in the presence of a reconstruction function. It is shown that a preferent compression scheme
augmented with the examples that are misclassified preserves the preference property. From
this, one finds that the risk can be evaluated without resorting to an incremental approach
(as it was customary in previous contributions) in which the empirical risk is incremented
with an estimate of the mismatch between empirical and actual risk. The resultant eval-
uations of the risk, established in Theorem 17, are unprecedentedly sharp. Under the
additional conditions of non-associativity and of non-concentrated mass, if certain coher-
ence properties hold, then one obtains bounds on the risk that are valid both from above
and from below, which provides a statistically consistent evaluation of the risk. Empirical
demonstrations complement the theoretical study and show that the bounds cover tightly
the actual stochastic dispersion of the risk.

(iii) As examples of application, the achievements in point (ii) are applied in Section
4 to various support vector methods, including the Support Vector Machine (SVM) and
the Support Vector Regression (SVR), and to the Guaranteed Error Machine (GEM). This
study shows that, in various learning contexts, one can identify statistics of the data from
which consistent estimates of the risk can be obtained without resorting to validation or
testing.

1.3 Relation with previous contributions and a more general perspective on
this work

The scientific background in which this work has matured lies in some fifteen years of
work by its authors in the field of data-driven optimization. In a group of papers, whose
forefathers are Calafiore and Campi (2005, 2006); Campi and Garatti (2008) and that in-
clude Campi and Garatti (2011); Campi and Care (2013); Care et al. (2015); Campi et al.
(2018); Garatti et al. (2019, 2023); Garatti and Campi (2023), they laid with co-authors the
foundations of the so-called “scenario approach”, a vast body of methods and algorithms
to obtain data-driven, theoretically-certified, solutions to uncertain optimization problems.
The scenario approach has spurred quite a bit of work also done by others, as witnessed by a
large number of theoretical contributions, of which we here only mention the most significant
ones: Welsh and Rojas (2009); Welsh and Kong (2011); Pagnoncelli et al. (2012); Schildbach
et al. (2013, 2014); Margellos et al. (2014, 2015); Zhang et al. (2015); Esfahani et al. (2015);
Crespo et al. (2015); Grammatico et al. (2016); Crespo et al. (2016); Lacerda and Crespo
(2017); Margellos et al. (2018); Crespo et al. (2019); Falsone et al. (2019). Recently, the
studies on scenario optimization have culminated in the works Campi and Garatti (2018);
Garatti and Campi (2022), which are conceptually linked to the present contribution by
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the fact that the generalization properties of the solution are evaluated from an observable
called “complexity” (complexity parallels the size of the compressed multiset of this paper).
As compared with all this previous literature, the present contribution introduces two major
elements of novelty:

(a) compression takes center stage, beyond any contextualization. By this purist ap-
proach, we aim to lay the groundwork for a new theory of wide applicability, to machine
learning in primis, but also across the other multiple data science fields in which compres-
sion finds application;

(b) by a novel, powerful, theoretical apparatus, this paper establishes bounds on the
risk that fare beyond the domain of previous contributions; in particular, they allow one
to drop any condition of non-degeneracy, which was a standing and limiting assumption in
previous works, e.g., Campi and Garatti (2018); Garatti and Campi (2022).

We hope that the findings presented in this paper will open a new era of exploration and
discovery in an important subarea of data-driven methods that is centered around the notion
of compression. As previously mentioned, we here already consider support vector methods
and improve the results in Campi and Garatti (2021) by eliminating all assumptions on
the distribution of the examples for the problem of obtaining upper bounds on the risk.
We also study a generalized version of the so-called Guaranteed Error Machine, which was
introduced in Campi (2010) under a limiting condition on the complexity of the classifier.
Beyond the applications discussed in this paper, we expect that our results will prove useful
in various fields where the scenario approach is applicable (including robust optimization,
with its multiform applications to diverse contexts). We feel like to also mention that
the authors of this paper are at present actively exploring a wide range of example-driven
computer science algorithms in which the application of the compression theory of this paper
is made possible through an importance procedure for example selection, even in cases where
the original algorithm lacks any compression (see Paccagnan et al. (2023) for a study in
the context of machine learning). For a broader discussion on the increasing importance
of establishing well-founded risk theories for data-driven decision processes, particularly in
today’s time in which the use of data is becoming pervasive, the reader is referred to the
recent position paper Campi et al. (2021).

1.4 Structure of the paper

The main results on compression schemes are presented in a unified treatment in the next
Section 2, which also includes a discussion on the asymptotic behavior of the bounds.
Section 3 presents a rapprochement with classical compression schemes in statistical learning
that incorporate a reconstruction function, along with some other more general results useful
for machine learning problems. Specific machine learning schemes are considered in Section
4. The proofs of the main results are deferred till Section 5.
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2. New generalization results for compression schemes

Our interest lies in quantifying the probability with which a change of compression occurs.
As it was mentioned in the introduction, and it will be further explored in Section 4, this
probability has important implications in relation to learning schemes. We start with a
formal definition of probability of change of compression.

Definition 1 (probability of change of compression) The probability of change of com-
pression is defined as

d(z1,. .., 2n) =P{c(c(z1,. .., 2n), 2nt1) # (21, -, 20)| 215+ - - 20 )2
*

On the right-hand side a new element z,,41 is added to the compression of ms(zy, ..., z,) 4
and it is tested whether this makes the compression change. This gives an event, and our
interest lies in the probability of this event. However, in view of its use in applications, what
matters is not the probability tout court, rather, we take a more fine-grained standpoint
by conditioning on z1,..., z,, so as to capture the variability of the probability of change
of compression as determined by the examples. This makes ¢(z1,...,2z,) into a random
variable. In what follows, we shall often use the symbol ¢,, as a shorthand for the random
variable ¢(z1,...,2y).

Before delving into the mathematical developments, we are well-advised to digress a
moment to discuss the nature of the results we mean to reach. Let N be the size of the
multiset at hand, the one of which we want to study the probability of change of compres-
sion. ¢, has a probability distribution of its own. Arguably, this distribution may vary
significantly with the distribution by which the z;’s are generated. This fact has an impor-
tant implication: any result that describes the distribution of ¢, without referring to some
prior knowledge on the distribution of the z;’s is bound to stay on the conservative side
and is therefore poorly informative. While this may seem to set fundamental limitations to
obtaining distribution-free results on ¢ (i.e., results valid without any a priori knowledge
on the distribution of the z;’s), nevertheless it turns out that this conclusion is hasty and
incorrect: indeed, one can instead move along a different path and take a bi-variate stand-
point, as next explained. Let |c(z1,...,2zn)| be the cardinality of the compressed multiset
c(z1,...,2n). We consider the pair (|c(z1,...,2nN)|, ¢x) and identify conditions of general
interest under which its bi-variate distribution concentrates in a slender, lenticular-shaped,
region (see Figure 3). The implications are quite notable: within the lenticular-shaped
region, the distribution of (|c(z1,...,2x)|, @) does exhibit a strong variability depending
on the problem (which also translates into the variability of the marginal distribution of
¢ ). However, given the realization of zi,...,2zy at hand, one can compute the value of
|c(z1, ..., 2nN)| and intersect the vertical line corresponding to this value with the lenticular-
shaped region to obtain an interval for the probability of the change of compression. The
so-formulated evaluation is tight and informative even for small values of N and offers an
useful assessment tool for applications. Importantly, the corresponding theory retains the

3. This means that ¢(z1,...,2,) is any version of the conditional probability on the right-hand side.
4. Tt is not unimportant that z,4+:1 is added to the compression, not to the initial multiset.
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characteristic of being distribution-free. This finding is stated below as Theorem 7 and it
holds under two properties called preference (Property 2) and non-associativity (Property
5), besides a condition that rules out concentrated masses (Property 6). Interestingly, under
the sole preference property, only the lower bound of the lenticular-shaped region is lost
while the upper bound maintains its validity (Theorem 4), which provides a result broadly
applicable to evaluate an upper limit on the probability of change of compression as a func-
tion of the cardinality of the compressed multiset.

Moving towards the mathematical results, we first formalize the concept of preference.

Property 2 (preference) For any multisets U and V such that V C U, if V. # c(U),
then V # c(U, z) for all z € Z. *

Hence, if a sub-multiset is not chosen as the compressed multiset, then it cannot become
the compressed multiset at a later stage after augmenting the multiset with a new example.’

The following lemma provides a useful reformulation of the preference property.

Lemma 3 A compression function c satisfies the preference property if and only if c(V') =
c(U) for all multisets U,V such that c(U) CV CU. *

Proof Assume c satisfies the preference property and let z1, . .., z, be the elements in U\ V'
where U and V' are multisets such that c(U) CV CU. Let Sy =V and S; = S;—1 Ums(z;)
for i = 1,...,n so that S, = U. Now suppose that c(V) # c(U). Since c(Sy) = c(V)
and c(S,) = c(U), then it must be that c(S;—1) # c(U) and c(S;—1,2) = c(U) for some
i€ {1,...,n}. However, since c(U) C S;_1, this contradicts the assumption that c satisfies
the preference property.

For the other direction, assume that the preference property does not hold. Then, we can
find U, V, z such that V C U and c(U) # V = ¢(U, z). This implies c(U,z) C U C UUms(z)
and c(U) # c(U, z), contradicting the statement that c(V') = c(U’) for all multisets U’, V'
such that c(U') C V' CU". [ ]

An immediate consequence of Lemma 3 is that c(c(U)) = c(U) whenever ¢ satisfies the
preference property.

The statement of our first theorem is better enunciated by introducing the following
functions ¥y, 5 : (0,1) — R, which are indexed by £ =0,1,...,N —1 and by the confidence
parameter § € (0,1):

5. This property is not new and is called “stability” in the literature, see, e.g., Bousquet et al. (2020) where
the formulation is slightly different but, provably, equivalent. Our introducing a change of terminology
is in the interest of clarity as we believe that “stability” may convey the erroneous idea of absence of
change or, what is germane to the field of systems theory, the idea that a small input variation can only
cause a small output variation. We chose “preference” because we feel that this term rightly conveys
the idea that a multiset cannot be selected — and hence preferred — at a later stage if it had not been
preferred earlier when it was already available.
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U s(a)

Figure 1: (a) Function Wy s(a): it starts below § when a@ — 0 and tends to +oo when
a — 1; (b) Function ¥y s(c): it tends to 400 as o« — 1 or @ = —oo and takes a
value below 1 in a point in (—oo, 1).

For any k and any d, the equation Wy s(a) = 1 admits one and only one solution in (0, 1).
Indeed, Wy 5(cv) is strictly increasing, continuous, and ¥y 5(a) < 6 < 1 when o« — 0, while
it grows to +o0o when o — 1 (see Figure 1(a)). Define®

lution to ¥ =1, k=0,1,...,N —1;
Ek:{sou ion to Uy 5(a) =1, 1 ; (1)

1, k=

Theorem 4 Assume the preference Property 2. For any § € (0,1), it holds that

Pl > er} <0, (2)
where €, is the random variable obtained by the composition of k = |c(z1,...,2zN)| (the
cardinality of the multiset c(z1,...,zN)) with the function i given in (1) (in other words,
it is ) evaluated at the random value k). *
Proof The proof of Theorem 4 is given in Section 5.2. |

In the theorem, parameter J is called the “confidence parameter” and it is normally selected
to a very small value, say 107° or 107, The theorem claims that ¢,;, the probability of
change of compression, is upper-bounded, with high confidence 1 — §, by e, which is a
known, deterministic, function ¢, evaluated in correspondence of the cardinality k of the
compressed multiset. Figure 2 visualizes function ¢ for N = 2000 and various values of §.

In machine learning applications, the interest of Theorem 4 stems from the fact that
a change of compression occurs when an example is misclassified, or mispredicted. Hence,

6. € can be computed via a bisection algorithm. An efficient and ready-to-use MATLAB code is provided
in Appendix B.1.



COMPRESSION, GENERALIZATION AND LEARNING

€L
09

0.8
0.7
0.6
051
04

03

0.1

0 | | | |

I I I I I |
0 200 400 600 800 1000 1200 1400 1600 1800 k 2000

Figure 2: Curve ¢, against the value of k for N = 2000 and various values of 4 (1073, 1076
and 107?). As established in Theorem 4, for preferent compression functions
this curve sets an upper bound (valid with confidence 1 — ¢) on the probability
of change of compression as a function of the cardinality k of the compressed
multiset.

the theorem allows one to upper-bound the probability of misclassification, or mispredic-
tion, by using an observable, the cardinality of the compressed multiset. Importantly, the
evaluation holds independently of the distribution of the z;’s, hence the user can apply the
result without positing any, possibly hazardous, conjecture on how data are generated. An
ample space to the use of Theorem 4 in machine learning problems is given in Sections 3
and 4.

Lower and upper bounds on ¢, are established under additional conditions, the non-
associativity Property 5 and the Property 6 of non-concentrated mass, as described in the
following.

Property 5 (non-associativity) For anyn >0 andp > 1,

IP’(E1\E2) =0,
where
Ey ={c(z1,---y2Zn, Znti) = c(21,...,2n), i =1,...,p},
Ey ={c(z1,...,2n, Znt1,- - Znyp) = <(21,...,2n) }.

*

In words, the non-associativity property can be phrased as follows: if the compression does
not change adding elements one at a time, then it does non change when they are added
altogether, with the possible exception of an event whose probability is zero.” The reader

7. Non-associativity is naturally satisfied in many contexts, including all cases in which the compression
singles out the relevant observations in a robust optimization process (this is because adding multiple
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may have noticed that Property 5 is given in probability unlike the preference Property 2,
which was required to hold for any choice of the examples. The reason is that requiring
the validity of the non-associativity property for all examples can be restrictive in some
applications.

Property 6 (non-concentrated mass)
P{z; =2} =0, Vze Z.
*

The property of non-concentrated mass simply requires that any z can only be drawn with
probability zero and, hence, it excludes with probability 1 that the same 2z occurs twice or
more times in a training set.

Theorem 7 is stated by means of the following functions \ik,(; : (—00,1) = R indexed by
k=0,1,...,N and by the confidence parameter § € (0,1):

for k=0,...,N —1, let

i L (1-— —(N—m i AR (1 _ oy
ko = oN o) @) t N (N)( )™, (3)
m=k k m=N+1 \k
while, for £k = N, let

P R— m
s _ m—N

isio) =gy X ()0

m=N-+1

In Appendix A it is shown that, for £k = 0,1,..., N — 1, equation \il;w;(a) = 1 admits two
and only two solutions in (—oo, 1), say a4 and @y, with o < % < @y, (see Figure 1(b) for
a graphical visualization of ¥y s(a), k < N). Instead, equation ¥y s(a) = 1 admits only
one solution in (—oo, 1), which is denoted by ay (this is easy to verify because Wy s(a) is
strictly decreasing and it tends to 0 as o — 1 while it grows to +00 as a — —00). Define®

g, = max{0,a;}, k=0,1,...,N, (4)

and

()

_ ag, k=0,1,...,N —1;
EL =
1, k=N

Theorem 7 Assume the preference Property 2, the non-associativity Property 5 and the
non-concentrated mass Property 6. For any § € (0,1), it holds that

Pler, <@y <&k} >1-4, (6)

constraints that do not change the solution when considered in isolation — viz., the current solution is
feasible for the new constraints — does not change the solution when all the constraints are introduced
simultaneously). See Section 4 for examples in the machine learning context.

8. See Appendix B.2 for a MATLAB code that efficiently computes ¢, and €.

10
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Figure 3: Region delimited by g, and &, for N = 2000 and various values of ¢ (1073,
1079, and 107Y). Under the assumptions of Theorem 7, this region contains with
confidence 1 — § the probability of change of compression as a function of the
cardinality of the compressed multiset.

where gy, is the random variable obtained by the composition of k := |c(z1,...,2zN)| with
the function g, given in (4) and €y is the random variable obtained by the composition of
k with the function gy, given in (5). *
Proof The proof of Theorem 7 is given in Section 5.3. |

With the additional properties of non-associativity and non-concentrated mass, The-
orem 7 assigns upper and lower bounds for the change of compression, as visualized in
Figure 3. Strictly speaking, these additional requirements do depend on the underlying
probability by which examples are generated and, hence, they cannot be labeled as being
“distribution-free”. Nonetheless, in various situations, Theorem 7 becomes applicable un-
der a very limited knowledge on the distribution of the z;’s, and we shall see examples
of this in Section 4. We also note that dropping the assumption of non-concentrated mass
makes Theorem 7 false, as shown in the following counterexample.” Suppose that one single
element z has probability 1 to be selected (so that the non-concentrated mass property is
violated), fix any integer M (for example M = 100) and consider the compression function
that returns the initial multiset any time this multiset includes the element Zz less than M
times, while it trims the number of elements Z to M when Z appears more than M times
in the initial multiset. It is easily seen that the preference and non-associativity properties
hold. On the other hand, for N > M the probability of change of compression is zero with
probability 1, so that no meaningful lower bounds can be assigned in this example.

9. While the mon-concentrated mass property is easy to state, which led us to prefer this formulation,
Theorem 7 can still be proven under a slightly weaker condition, as briefly discussed in Remark 30 after
the proof of the theorem.

11
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Figure 4: Graph of &, and g, as functions of k for § = 1076 and N = 2000, 4000, and 8000.

2.1 Asymptotic behavior of ¢, and ¢, g

The purpose of this section is to establish explicit lower and upper bounds on ¢ and Zy,
€5 able to reveal the dependencies of these quantities on k, N, and d, and also to pinpoint
convergence properties as N tends to infinity. The main result is in Proposition 8, followed
by some comments. We advise the reader that the explicit bounds in Proposition 8 are
in use to clarify various dependencies, but they are not meant for practical computation
since they lead to conservative results if used in place of the numerical procedures given in
Appendix B.

Proposition 8

1
k k41 VE+1yIng 1l
g < — vV 7 4 7o
B S &2 (\/ln(k+1)+4)—|—2 A+ (7)
k E+1 vk + l\/ln%
g > o3 (Vi 1) +2) -3 (8)
Moreover, it holds that
ﬁ <ep < F
N = k> Ck
Proof The proof of Proposition 8 is given in Section 5.4. |

In both (7) and (8), the dependence on § is inversely logarithmic, which shows that “con-
fidence is cheap”: very small values of  can be enforced without significantly affecting the
results and, thereby, the width of the interval [g;,Z)] (see again Figure 3). For any fixed k,
we see that e and &g, g;, tend to k/N as O(1/N), while for k that grows at the same rate
as N (say k/N = constant) e, and &, g, converge towards k/N as O(y/In(N)/v/N). This
is just marginally slower than the convergence rate for the law of large numbers, as given
by the central limit theorem. The evolution of €, g5, as N grows can be seen in Figure 4.

Reading the results of this section in the light of Theorem 4, one concludes that, for
all compression functions satisfying the preference Property 2, the bi-variate distribution
of k =|c(z1,...,2n)| and ¢y all lies below the line k/N plus an offset whose size goes to
zero as O(y/In(N)/vV/N) with the exception of a slim tail whose probabilistic mass is no
more than §. If, additionally, Properties 5 and 6 hold, Theorem 7 shows that the bi-variate

12
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distribution of k = |c(z1,...,2zn)| and ¢ all lies in a strip around k/N whose size goes
to zero as O(y/In(N)/v/N) but a slim tail. In this latter case, Theorem 7 also carries the
very important implication that the ratio k/N is a strongly consistent estimator of ¢y
irrespective of the problem at hand (it can be proven that Theorem 7 and Proposition 8
together imply that |k/N — ¢ | converges to zero both in the mean square sense and almost
surely).

3. Compression schemes for machine learning

The aim of this section is to connect the theory of Section 2 to that of statistical risk in
learning algorithms. Our findings will be compared with existing results at the end of this
section. Refer to Section 1.1 for the mathematical setup and notation.

Given a learning algorithm A, suppose that there exists a compression function c that
ties in with the loss function ¢ according to the following property.

Property 9 (coherence — part I) For anyn > 0 and any choice of z1, ..., zp, 2nt1 € Z,
if E(.A(zl, ey Zn),s zn+1) =1, then c(c(zl, ceesZn), zn+1) #c(z1,...,%n). *

Under Property 9, R(A(21,...,2n)) < ¢y holds with probability 1,Y and Theorem 4 can
be used to bound the risk of the hypothesis returned by the learning algorithm, as specified
in the following theorem.

Theorem 10 Given a learning algorithm A, suppose that there exists a compression func-
tion ¢ that satisfies the coherence — part I Property 9. Assume the preference Property 2.
For any 6 € (0,1), it holds that

]P’{R(A(zl, e ,zN)) > Ek,} <4,

where k = |c(z1,...,2zN)| and ey, is given in (1). *

We next provide a sufficient condition for Property 9 to hold for the case in which the
learning algorithm can be reconstructed from the compressed multiset.

Definition 11 (reconstruction function) Given a learning algorithm A and a compres-
sion function ¢, a reconstruction function p is a map from multisets to hypotheses such that
p(c(zl, ... ,zn)) = A(z1,...,2n) for any multiset ms(z1, ..., zy). *

We also need the following property, which requires that the examples in the training set
for which the hypothesis chosen by the learning algorithm A is inappropriate are included
in the compressed multiset.

Property 12 (inclusion) For any multiset ms(z1,...,2,) and for any i = 1,2,...,n, if
K(A(zl,...,zn),zi) = 1, then z; appears in c(z1,...,2,) the same number of times as it
appears in ms(z1, ..., 2n,). *

10. The reason why the inequality holds with probability 1 and not always is that ¢, is just a version of
the conditional probability in Definition 1 and various versions can differ over events having probability
zero.

13
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The following lemma shows that inclusion implies coherence — part I whenever A admits a
reconstruction function for the given c.

Lemma 13 Given a learning algorithm A and a compression function c satisfying the
inclusion Property 12, if there exists a reconstruction function for (A,c), then the coherence
— part I Property 9 holds. *

Proof We prove that, under inclusion and existence of a reconstruction function, absence
of change of compression is necessarily associated to appropriateness (contrapositive of
coherence — part I Property 9).
Let U := ms(z1,...,2,) and suppose that for a new z,;; the compression does not
change, i.e.,
c(c(U), zn41) = c(U). (9)

Applying p to both sides of (9) and using the definition of reconstruction function gives
A(c(U), zn1) = A(U). (10)

On the other hand, (9) implies that z,41 appears in ¢(c(U), zp4+1) as many times as it does
in ¢(U). Thus, 2,41 appears in ms(c(U), z,41) one more time than it does in c(c(U), zn+1).
Since A and c satisfy the inclusion Property 12, it follows that

(A(W), 2n41), 2011) =0, (11)
and, substituting (10) in (11) gives
((AU), 2n41) = 0.
Hence, it remains proven that
c(c(U), zn41) = c(U) = L(AU),zn41) =0,

which is the contrapositive of Property 9. |

Remark 14 If, for any multiset, an algorithm generates a hypothesis that is appropriate
for all the examples in the multiset (i.e., the hypothesis is consistent with the multiset),
then the inclusion Property 12 is automatically satisfied and, hence, the existence of a re-
construction function implies the coherence — part 1 Property 9. The inclusion Property
12 provides a condition for the coherence — part I property to hold when the algorithm is
allowed to generate hypotheses without appropriateness requirements on the training set.

Notice also that the inclusion property alone (without a reconstruction function) does not
imply the coherence — part 1 property. For example, consider points z; € R and let'!
A(z1, ..., 2n) = (=00, second largest z;] and c(z1,...,2,) = max{z1,..., 2z, },"2 and say that

11. If two or more z; attain the maximum, then the second largest equals the largest.
12. For a training set that has only one element or it is empty, let, e.g., the algorithm return the whole real
line and the compression coincide with the training set.

14
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A(z1,...,2,) is appropriate for z if z € A(z1,...,2,). Here, one can verify that the in-
clusion property holds, while no reconstruction function exists. If a new point z,41 falls in
between the second largest z; and max{z1,...,z,}, then A(z1,...,2,) is not appropriate for
this zn+1, but the compression does not change, that is, the coherence — part I property does
not hold. *

The statement of Lemma 13 does not admit a converse: under the existence of a recon-
struction function, coherence — part I does not imply inclusion. To see this, let examples z;
be points of R and consider A(z1,...,z,) = [second largest z;, +00), while c(z1,...,2,) =
second largest ;.13 Then, A(z1,...,2,) can be reconstructed from c(z1, ..., 2,) and, when a
point for which A(z1, ..., z,) is inappropriate (i.e., the point does not belong to A(z1, ..., z,))
is added to c(z1,...,2,), the compression becomes the newly added point (which is now
the second largest'?) so that the coherence — part I property holds. On the other hand, if
there are among z1, ..., 2z, some examples strictly smaller than the second largest z;, then
A(z1,...,2,) is inappropriate for all of these examples while these examples are not in the
compression (and, hence, the inclusion property does not hold).

Interestingly, the properties of inclusion and coherence — part I become equivalent under
preference, a fact that is stated in the next lemma.

Lemma 15 Consider a learning algorithm A and a compression function c that satisfies
the preference Property 2. Assume that there exists a reconstruction function p for (A,c).
Then, the inclusion Property 12 holds iff the coherence — part I Property 9 holds.

Proof In view of Lemma 13, we only need to show the implication coherence — part I =
inclusion.

Let U := ms(z1,...,2,). Assume the coherence — part I property and, by contradiction,
that the inclusion property fails so that there is a z; € U such that /¢ (.A(U ), zi) =1 and
z; does not appear in c(U) as many times as it does in U. Now, A(c(U)) = p(c(c(U))) =
p(c(U)) = A(U) (where the second last equality is true because c(c(U)) =c(U) under prefer—

i) =

ence — see the comment immediately after Lemma 3); hence, E( U)),z ( zl) =
1. By the coherence — part I property, we then have: c(c(U), ;) ;é c(U), which contradicts
Lemma 3 by the choice V' = ms(c(U), z;) for which ¢(U) CV C U. [ |

Under preference and the existence of a reconstruction function, the previous lemma shows
that inclusion is strictly necessary to have the coherence — part I property. The next
lemma shows a way to secure inclusion (and thereby coherence — part I) by augmenting the
compression function so as to include examples for which the hypothesis is inappropriate.

Lemma 16 Consider a learning algorithm A and a compression function c that satisfies
the preference Property 2 ((A,c) are not required to satisfy the inclusion Property 12).
Assume that there exists a reconstruction function p for (A,c). Define a new couple (¢, p)
as follows:

13. When the training set has only one element z1, let the algorithm return [z1, +00) and the compression
be ms(z1) while, with an empty training set, the algorithm returns the empty subset of R and the
compression is obviously empty.

14. If the compression is empty, then the newly added point is alone and it becomes the compression as well.
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e for any multiset U, let ¢(U) = c(U) U (ms(z; € U : L(A(U)),z) = 1) \ c(U));
(i.e., S(U) is c(U) augmented with the examples that are not already in c(U) for which
A(U) is inappropriate );
e for any multiset U, let p(U) = A(U).
Then,
(i) T satisfies the preference Property 2;
(ii) p is a reconstruction function for (A,<);
(iii) (A, <) satisfies the inclusion Property 12 (and, thereby, the coherence — part I Prop-
erty 9). *
Proof

(i) Consider any two multisets U and V such that ¢(U) C V C U. We want to show
that ¢(V)) = ¢(U), which, by Lemma 3, implies that ¢ satisfies the preference Property 2.
By definition of ¢, it holds that c(U) C ¢(U), yielding c¢(U) C V C U. Since c satisfies the
preference Property 2, Lemma 3 gives c(V') = c(U), which, together with the fact that p is
a reconstruction function for (A, c), also implies that A(V) = p(c(V)) = p(c(U)) = A(U).
Using ¢(V) = ¢(U) and A(V) = A(U) in the definition of ¢(V/

V) = c(V)U (ms(z €V L(AV),2)
= c(U)U (ms(z €V L(AU),z) =
= c(U)U (ms(z € U L(AU),z)=1) \ <(U)), (12)

where the last equality follows by the observation that ¢(U) C V and that ¢(U) contains
by definition all the z; € U such that ¢(A(U), z;) = 1. The thesis follows by observing that
the right-hand side of (12) is ¢(U).

(#1) For any multiset U it holds that c(U) C ¢(U) C U and, since c satisfies the prefer-
ence Property 2, Lemma 3 gives that c(¢(U)) = c(U). Recalling now the definition of p and
the fact p is a reconstruction function for (A, c), we have that

pe(U)) = A(e(U)) = p(c(e(U))) = p(c(U)) = A(U).

(#4i) This is obvious in view of the definition of €. [ |

Using Lemma 16, the following theorem follows immediately from Theorem 10.

Theorem 17 Consider a learning algorithm A and a compression function c that satisfies
the preference Property 2. Assume that there exists a reconstruction function p for (A,c).
Define € as in Lemma 16. For any § € (0,1), it holds that

]P’{R(A(zl, e ,zN)) > ek} <9,

where k = |¢(z1,...,2zN)| and ei, is given in (1). *
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Upper and lower bounds for R(A(z1,...,2zn)) can be established under additional condi-
tions.

Property 18 (coherence — part II) For anyn >0 andp > 1,
P(E1\ Ez) =0,

where
Ey ={c(c(z1,-- -, 2n), Znt1) # c(21,...,2n)},

E2 = {E(A(Zl, ey Zn), Zn+1) = 1}

*

The coherence — part II property requires that Ey covers Fq up to an event of probability
zero. The reason for not requiring that E7\ E; = () is that non-pathological examples can be
exhibited where this latter condition fails (while the one in probability does hold), showing
that this requirement would be unduly restrictive.

We now have the following theorem, which can be proven from Theorem 7 in the light
of the two coherence properties.

Theorem 19 Given a learning algorithm A, suppose that there exists a compression func-
tion c that satisfies the coherence — part I Property 9 and the coherence — part II Prop-
erty 18. Assume the preference Property 2, the non-associativity Property 5 and the non-
concentrated mass Property 6. For any ¢ € (0,1), it holds that

P{ék < R(A(Zla"' ,ZN)) < gk} >1- 57

where k = |c(z1,...,2zN)| and g, B are given respectively in (4), (5). *

Proof Consider events F; and Fs as in the statement of the coherence - part II Property
18 and notice that ¢ = P{Ei|z1,...,zx} while R(.A(zl,...,zN)) = P{Es|z1,...,2N}.
Properties 9 and 18 then imply that ¢y # R(A(zl, .. .,zN)) over a zero probability set
only, and the conclusion of Theorem 19 follows in view of (6). [ |

We close this section with some comparison of the results given here with previous
results established under the preference property (or the stability property, as it is phrased
in some contributions) for compression schemes that consist of a compression function c
and a reconstruction function p. In an example-consistent framework (i.e., the bound on
the risk is only given for multisets S for which p(c(S)) is appropriate for all z; € S),
the best available result for the case when a threshold on the maximum cardinality of
c(S) is known is given by Theorem 15 in Bousquet et al. (2020). When N — oo, the
bound on the risk in Bousquet et al. (2020) exhibits a O(1/N) convergence rate to zero,
in line with the asymptotic results of this paper given in Section 2.1. The findings of
Bousquet et al. (2020) have been extended to compression schemes that have no upper
limit for the maximum cardinality of c(S) in Hanneke and Kontorovich (2021), Theorem
10. As compared to Hanneke and Kontorovich (2021), our upper bound shows a uniform
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Figure 5: Convex hull of points in R3.

(in |c(S)] € {0,1,...,N}) convergence towards |c(S)|/N, which is unattainable within the
approach of Hanneke and Kontorovich (2021) (where |c(.S)|/N is multiplied by a non-unitary
constant). Moreover, our bound is unprecedentedly sharp for finite values of N and gets
rapidly close to [c(S)|/N as N grows, see Figure 4. Moving to the non-consistent framework,
the available literature aims at bounding the gap between the empirical probability of
inappropriateness (ratio between the number of examples in the training set for which the
selected hypothesis is inappropriate divided by the size of the training set) and the actual
probability of inappropriateness (i.e., the actual risk). Our Theorem 17 departs from this
approach by allowing for an evaluation of the risk that uses directly the size of an augmented
compression that automatically incorporates the empirical cases of inappropriateness. This
allows us to use the same bound for the risk, without distinguishing between the consistent
and non-consistent frameworks. The ensuing theory reveals all its sharpness when change of
compression and inappropriateness are equivalent as specified in Theorem 19 (this is, e.g.,
the case for Support Vector Regression in Section 4.1.2 or the Guaranteed Error Machine
in Section 4.2 under mild conditions), in which case one can establish lower and upper
bounds that converge one to the other for increasing N as shown in Section 2.1 (which
is unprecedented in statistical learning).!® See also the next Example 20 for a numerical
simulation that shows that our bounds for finite N well capture the intrinsic stochastic
variability of the risk.

Example 20 We consider a sample of 1000 points drawn in an independent fashion in
R? and an algorithm A that constructs the corresponding convex hull (see Figure 5). The
compression function ¢ returns the vertexes of the convex hull (in case of multiple points
corresponding to the same vertex, only one point is put in the compression) and a new
point is appropriate if it belongs to the convex hull. It is easy to check that c satisfies
the preference Property 2 and the non-associativity Property 5 and that coherence — part
I Property 9 and coherence — part II Property 18 also hold. Hence, if the probability by
which the points are drawn has no concentrated mass (for instance, if it admits density),
then the non-concentrated mass Property 6 is also verified and Theorem 19 can be used to
assess the risk. Panels (a) and (b) in Figure 6 profile the region delimited by €, and gy for
N = 1000 and § = 1073. The green dots have coordinates equal to the cardinality of the

15. This also shows the sharpness of the upper bound in Theorem 17 because €, < € (see Proposition 8)
and the cases dealt with in Theorem 19 that admit lower bound g, and upper bound &, have to be
accommodated in Theorem 17 as well.
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Figure 6: Region delimited by ¢, and & for N = 1000 and § = 1073. The green dots are
generated by a Monte-Carlo testing with (a) a Gaussian distribution and (b) a
uniform distribution.

compressed multiset (x axis) and the risk (y axis) in a Monte-Carlo testing in which points
in R have a Gaussian distribution — panel (a) — and a uniform distribution in a hyper-cube
— panel (b). One sees that the two clouds of green dots in (a) and in (b) are quite different,
while, in both cases, they belong to the region (compare with the discussion in Section 2).
Moreover, the stochastic fluctuation of the two clouds well covers the gap between the lower
and the upper bound, signifying that the bounds are tight. *

Remark 21 (On the role of observations) We feel advisable to just touch upon here
an aspect, the full study of which goes beyond the intended goal of this paper. In data-driven
applications, it is common practice that observations are split in two sets, used respectively
for training and testing. This paper shows that, in a compression setup, data can well stand
a double role, in which they are all used for training, while preserving their usability in the
process of assessing the risk. Indeed, under the assumptions of Theorem 19 one can show
that the quality of risk assessment by means of g;, and gy (which is based on the sample of
data points that has been used for training) only marginally degrades as compared to testing
the solution with a mew, untouched, sample of data points of equal cardinality. Hence, in
this context, saving data for testing seems inappropriate, particularly when data are a scarce
or costly resource. *

For the non-consistent framework, it is interesting to further contrast asymptotic bounds
that stem from the theory of this paper with previous results. To facilitate the comparison,
we first reformulate our upper bound in terms of the empirical probability of inappropriate-
ness FAQ(.A(S )) (empirical risk). Start by noticing that |¢(S)| in Theorem 17 can be bounded
as follows: |c(S)| < IA?(A(S))N + |c(S)]| (strict inequality occurs when one or more exam-
ples z; are simultaneously inappropriate and also contained in c¢(.S) and, therefore, counted
twice in the right-hand side). Then, Theorem 17 in conjunction with Proposition 8 give,
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with probability 1 — § with respect to the draw of the training set, that

R(A(S))
< R(A(S)) + ‘C(]?)
LV R(A<S>)f;fV T lelS)+1 (wn (R(AS)N +[e(5) +1) +4>

VRIAS)N +[e(8)[ + 1/} 11

9 it}
+ N +N

[<(S)]

= R(A(S)) +
R

+
N
A
O \(/N(S))+ |C(i,)‘+1 <\/1H<Q(A(5))N+|C(S)|+1)+1> (13)

(since our use of the notation O(-) is not standard, we clarify that here and in (14)
g(N,c(S),R(A(S))) = O(f(N,c(S), R(A ( )))) means that there exist a constant C' and
an N such that g(N,c(S),R(.A(S))) < Cf(N,c(S),R(A(S))) for all ¢(S) € {0,...,N}
and R(A(S)) € [0,1] when N > N). This last expression can be compared with the best
available result in the literature given by Theorem 17 in Hanneke and Kontorovich (2021),
which yields

X c V/R(A(S))/]e(S)] + 1
R(A(S)) = R(A(S)) + O ‘(SZ)\‘[“+ Sl ))Jﬁ‘( ) : (14)

It stands out that in (13) term IA?(A(S)) does not multiply /|c(S)|+ 1, as it instead

does in (14); moreover, 1/|c(S)[ + 1 is divided by N instead of v/N. As a consequence, it is
easy to show that, if, e.g., IA?(.A(S )) is replaced by a constant (so as to accommodate typical
non-consistent frameworks), then the rate provided by (13) outdoes that of (14) whenever
|c(S)| grows sub-linearly and faster than In(N) (when |c(S)| is slower than In(N), the
dominant term in (13) is of the type O(y/In(N)/v'N), whereas in (14) it is of the type
O(y/|c(S)|/V/N)). For instance, replacing |c(S)| with VN gives the rate \/In(N)/vN in
(13) and the rate 1/Ni in (14).16

To close, we finally mention an interesting implication of our result that has been kindly
suggested to us by an anonymous reviewer. Suppose that in a binary classification problem a
hypothesis is selected from a class H via a compression scheme that minimizes the empirical
risk (such compression scheme is named “agnostic sample compression scheme for H” in
David et al., 2016b, Section 2; see also David et al., 2016a), and that this compression

16. Interestingly enough, both these rates violate the lower bound established in Hanneke and Kontorovich
(2019) for generic non-preferent compression schemes, which shows that the property of preference is
strictly necessary to establish accelerated convergence rates for the excess risk as discussed here.
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scheme is also preferent. Then, (13) and Lemma 3.2 in David et al. (2016b) give (with high
probability with respect to the draw of the training set) that

R(A(S)) = gg?f{R(h) + ‘C(J\f) +0 (%) (15)

On the other hand, Theorem 5.2 in Anthony and Bartlett (1999) establishes a bound to the
rate at which any hypotheses class H of Vapnik-Chernovenkis dimension d can be learned:

R(A(S)) — nf R(h) > 1/ o2 (16)

Considering classes H whose Vapnik-Chernovenkis dimension increases with N more than
In(N), results (15) and (16) imply that these classes cannot admit preferent “agnostic
sample compression schemes for 1’ of a size that increases at a rate less than v/dv/N. This
result is in contrast with the case of non-preferent “agnostic sample compression scheme
for H”, in which context David et al. (2016b) shows that schemes of smaller cardinality can
be found.

4. Application to known learning schemes

The theory developed in Section 3 is here applied to well-known learning techniques: some
algorithms within the family of support vector methods and then a more recent classification
technique called Guaranteed Error Machine (GEM). In all these cases, Theorem 10 applies
without restrictions, while the use of Theorem 19 requires some conditions on the probability
distribution of the examples. The content of this section is also meant to illustrate the
flexibility and usefulness of the theory of this paper and, in this light, additional schemes
that are amenable to be analyzed within the framework of Section 3 are hinted upon at the
end of the section.

4.1 Support Vector methods
4.1.1 SUPPORT VECTOR MACHINES

In supervised binary classification, an example z is a pair z := (z,y), where x € X (think
of X as a generic space without any specific structure) is an “instance” and y € {—1,1}
is a “label”. A hypothesis, called a “binary classifier”, is a map h: X — {—1,1}. We let
£(h, (z,y)) = Lyzp(a), S0 that the loss function equals 0 when y = h(x) (correct classifica-
tion) and 1 when y # h(z) (misclassification).

To add flexibility, support vector methods are often got to operate in a feature space. Let
p: X — H be a “feature map” from X into a Hilbert space H equipped with an inner prod-
uct (-, -). Support Vector Machine (SVM, see Cortes and Vapnik, 1995; Schélkopf and Smola,
1998) is a learning algorithm Agyy that maps a training set S = ms((z1,y1), ..., (Tn, Yn))
into a binary classifier according to the formula

1, i (w(S), p(x)) + b (S) > 0

Asvm(9)(z) = {_1’ if (w*(S), p(z)) +b*(S5) <0,
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where x is a generic instance and (w*(S),b*(S)) (along with the auxiliary variables &(S)
that are used to relax the constraint of exact classification of all the examples in the training
set) is the solution to the optimization program

n
Pswa(S):  min lwl> +p) & (17)
5,20,1‘:’1 ,,,,, n i=1

subject to: 1 —yi((w,o(x)) +0) <&, i=1,...,n.

As shown in Theorem 2 in Burges and Crisp (1999), (17) always admits a minimizer and,
moreover, w*(S) is unique; however, b*(S) (and &/(S)) need not be unique. When b*(5)
is not unique, we assume that the tie is broken by selecting the value of b that minimizes
|b].17 Note that once w*(S) and b*(S) are uniquely determined, then also the optimal values
& (S) remain univocally identified.

As is well known, see e.g. Schélkopf and Smola (1998), the feature map ¢(-) and the
inner product (-, -) need not be explicitly assigned to solve (17). The reason is that the de-
termination of the solution to (17) (as well as the evaluation of Agy\(S)(x)) only involves
the computation of inner products of the type (p(x;), ¢(x;)) and (p(z;), p(x)). These inner
products can indeed be directly obtained from a kernel k(-, -) (k(-,-) is a function X x X — R
that satisfies suitable conditions of positive definiteness, see Scholkopf and Smola, 1998) and
the theory of Reproducing Kernel Hilbert Spaces ensures that any choice of k(-,-) always
corresponds to allocate a suitable pair ¢(-), (-,-) so that k(-,-) = (p(-),(-)) (this is the
so-called “kernel trick”). We also note that the solution to (17) is typically obtained by
solving a program that is the dual of (17). However, although important for the practice
of SVM, all these remarks are immaterial for the discussion that follows.

To cast SVM within the framework of the present paper, introduce the following com-
pression function cgyy. First, endow X with an arbitrary total ordering (to be used below
in point (ii)). For any multiset S, define cgy\(S) = S+ U Sy where:

(i) Sy is the sub-multiset of all the examples (repeated as many times as they appear in
S) for which 1 — y;({(w*(S), p(zi)) + b*(S)) > 0 (note that this is equivalent to the
condition £*(S) > 0);

(ii) consider the sub-multisets Sy of smallest cardinality for which:
(a) 1 —wi((w*(S),¢(xi)) + b*(S5)) = 0; and,

(b) the couple (w*(S; U Sp),b* (S USy)) given by (17) with Sy U Sy in place of the
original S is the same as (w*(S), b*(S)).1®

17. This certainly breaks the tie because, if the smallest absolute value were achieved by two values for b*,
say b* = &b, corresponding to the solutions (w*,b,&;) and (w*, —b, &7 o) (recall that w™ must be the
same at optimum), then the optimality of these two solutions would imply that Y 7" &' = > 7 &
and therefore the solution half way between (w*, b, &) and (w”, —b, &lo), le, (w*,0,0.5-&14+0.5-£5),
would be feasible thanks to convexity, it would achieve the same cost as the other two solutions, but it
would be preferred because it carries a smaller value of |b|.

18. The sub-multiset of S formed by all examples that satisfy relation 1 — y;({(w*(S), p(z:)) + b*(S)) > 0
certainly gives the same couple (w*(S),b"(S)) obtained when (17) is applied to the whole multiset S,
hence a multiset of smallest cardinality satisfying (a) and (b) certainly exists.
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Among the multisets So, single out Sy by using the ordering on X': for each candidate
multiset Sy, identify the element with smallest instance and pick the multiset that
exhibits the smallest among all; if a tie remains, move on to compare the second
smallest and so on until Sy is uniquely determined.

We want to apply Theorem 10 to SVM. To this purpose, we start by verifying that cgyu
satisfies the preference Property 2.

o Preference. We apply Lemma 3, which requires to show that, for every multisets S
and Sl SuCh that CSVM(S) g SI g S, 1t hOldS that CSVI\/[<S/) - CSVM(S)'
First, we show that

(w*(8"), () = (w*(9), b"(9)). (18)

For the sake of contradiction, suppose that (18) does not hold:

(w* (), b7(5)) # (w*(9),0°(S))- (19)

Note that the value achieved by (w*(S"), b*(S")) for the problem that only contains the con-
straints corresponding to the examples in cgyy(5)1? cannot be worse than the value achieved
by (w*(S’),b*(S")) for the problem containing the constraints associated to S’ (because the
latter is more constrained than the former); moreover, the value achieved by (w*(S), b*(S5))
for the problem containing only the constraints associated to csyy(.9) is equal to the value
achieved by (w*(S),b*(S)) for the problem containing the constraints associated to S” (be-
cause the examples in S’ that are not in csyy(S) corresponds to £F(S) whose value is zero).
From (19), then, one concludes that (w*(S’),b*(S’)) must be preferred to (w*(S),b*(S)) for
the problem containing only the constraints associated to cgyy(S). This, however, leads
to a contradiction because, by construction (w*(csym(5)),0*(csvm(S))) = (w*(S9),b*(S5)).
Hence, (18) remains proven.

Consider now csyn(S’) = S/ US|, where S’ and Sj are obtained from (i) and (ii) applied to
S’. Since S’ D cgym(S), S’ contains all the examples in S for which 1 — y;((w*(S), p(x;)) +
b*(S)) > 0 and, in view of (18), these examples are also all those in S’ for which 1 —
yi((w*(S9"), p(x;)) + b*(5")) > 0. Thus, S, = S;. The fact that Sj = Sy follows instead
from observing that S is the preferred selection according to the ordering procedure in (ii)
to recover (w*(S),b*(S)) and, since (w*(S’),b*(S")) = (w*(S),b*(S)) and Sy is available as
a sub-multiset of S/, this same S is selected when (ii) is applied to S’, leading to S{, = Sp.
This establishes the validity of Lemma 3 and closes the argument. *

Next, we verify the coherence — part I Property 9.

o Coherence — part I. Notice first that the very definition of cgyy; implies that Agyay(csva(S))
= Agvm(5), i.e., Agyy itself acts as a reconstruction function. Moreover, if we have that
U Agym(S), (z4,9:)) = 1 for an example (z;,y;) in S, then it must be that y; ((w*(S), ¢(x;)) +
b*(S)) < 0 (because y; has sign opposite to that of (w*(S), ¢(x;))+b*(S)). This implies that
1 — yi((w*(S), e(x;)) + b*(S)) > 0, from which the inclusion Property 12 follows because

19. This amounts to substitute (w*(S’),5*(S’)) in the problem of the type (17) where only the constraints
corresponding to the examples in csvi (S) are enforced, and then optimize with respect to the variables &;.
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csvm(S) includes all examples for which this latter inequality holds true. Based on these
results, the coherence — part I Property 9 follows from Lemma 13. *

Having established the preference and the coherence - part I properties, the following
theorem follows as a corollary of Theorem 10.

Theorem 22 (Risk of SVM) For any ¢ € (0,1), it holds that
P{R(Asvu(9)) > e} <,

where k = |csym(S)| and e is given in (1). *

We are instead not in a position to establish lower bounds for R(ASVM(S )) The reason is
that adding a new example (Z,41,yn+1) for which 1 — y,,11((w*(S), p(Tni1)) + b*(S)) > 0
changes the compression (refer to (i) in the definition of cgyy), but this does not exclude
that yp+1((w*(S), (zn+1)) +0*(S)) > 0, in which case the new example is not misclassified.
This fact prevents the coherence — part II Property 18 from being satisfied.

Remark 23 (A computational aspect) To evaluate an upper bound to the risk according
to Theorem 22, one needs to compute |csyy(S)|. Computing the cardinality of St is easy;
determining the cardinality of Sy, however, is more computationally demanding. On the
other hand, <y, is increasing with k so that a valid result can be easily found by overestimating
|csvm (S)| with the cardinality of the set of exzamples for which 1—y;({(w*(S), ¢(x;))+b*(S)) >
0. Heuristically, this evaluation often turns out to be sharp. *

4.1.2 SUPPORT VECTOR REGRESSION

In regression problems, an example z is a pair z := (z,y) with € X, a generic space, and
y € R. A hypothesis h is called a “predictor” and it is a map from X to R. As loss function,
we take

1, if |y — h(z)| >t

U(h, (z,y)) = {0’ if |y — h(z)| <t,

where t is the so-called “prediction tolerance”. Let ¢ : X — H be a feature map from X
to a Hilbert space H endowed with inner product (-,-). Support Vector Regression (SVR,
see Smola and Scholkopf, 2004) is a learning algorithm Agyg(S) that maps any training set
S =ms((z1,y1),---,(@n,yn)) into the predictor

Asvr(9)(2) = (w(5), p(2)) +b7(5)

where w*(S) and b*(S) (along with £(5)) are the solution to the program

n
Psvn(S):  min lwl>+ 9> &
5120,1':’1 ..... n =1

subject to: lyi — (w,p(x;)) — 0| <t+&, i=1,...,n.

Similarly to SVM, a minimizer certainly exists and w*(.S) is also unique, but v*(S) may
not be, see Burges and Crisp (1999). In the latter case, the tie is broken by choosing
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the minimizer with the smallest value of |b|. After that w*(S) and b*(S) have been made
unique, also the values of £/(S) remain univocally determined. The kernel trick described
for SVM applies here as well, so that ¢(-) and (-, -) need not be specified explicitly and can
be assigned via a kernel function.

Our definition of a compression function cgyg closely resembles that for SVM. For any
multiset of examples S, define cgyr(S) =S4 U Sy where:

(i) Sy is the multiset of all the examples (repeated as many times as they appear in S)
for which |y; — (w*(S), p(z;)) —b*(S)| > t (note that this is equivalent to the condition
§(5) > 0);

(ii) Sp is the smallest sub-multiset only containing examples that satisfy condition |y; —
(w*(8S), p(x;)) — b*(S)| =t for which w*(S4+ U Sp) = w*(S) and b*(S4 U Sy) = b*(5).
In complete analogy with SVM, Sy as defined before may not be unique, in which
case an Sy is singled out by a total ordering on X.

The proof that cgyr satisfies the preference Property 2 and that (Asyg,Csvr) satisfies
the coherence — part I Property 9 follows the same path, mutatis mutandis, as for SVM and
is therefore omitted. This gives the following theorem, obtained as a direct consequence of
Theorem 10.

Theorem 24 (Risk of SVR) For any 6 € (0,1), it holds that
P{R(Asvn(S)) > ex} <6,

where k = |cgyr(S)| and ey, is given in (1). *

Unlike SVM, for SVR lower and upper bounds for the risk are established under an addi-
tional, mild, distributional assumption.

Assumption 25 The reqular conditional distribution of y given ® has mo concentrated
mass almost surely. *

To establish the lower and upper bounds, we resort to Theorem 19. Preliminarily, we show
the validity of the assumptions of this theorem.

o Non-associativity. Consider any training set S = ms((x1,v1),...,(Tn,yn)) and an ad-
ditional multiset of examples S’ = ms((Zn41,Yn+1)s - - -+ (Tntps Yn+p)) such that c(S, (zn44,
Yn+i)) = c(S) for all i € {1,...,p}. Further, assume that |y,+; — Asyr(S)(znti)| # t for
all i € {1,...,p}. Then, it must be that |y,; — Asvr(S)(Tn4i)| <t for all i € {1,...,p}.
Indeed, suppose by contradiction the opposite: |yn+i — Asvr(S)(Tnis)| > ¢ for some i.
Then, if Asvr (S, (Tnti, Ynti)) = Asvr(S), then |y, i — Asvr (S, (Tnii, Ynri) ) (Tnyi)| > t and
(Tntis Ynti) is counted in cgygr (S, (Tn+i, Yn+i)) leading to coyr (S, (Tntis Ynti)) # Csvr(9); if
instead ASVR(Sa ($n+i; yn+¢)) # ASVR(S)a then ASVR(CSVR(Sa (IEn—i—i; yn+i))) # ASVR(CSVR(S))a
which means that cgyr (S, (Tn+i, Yn+i)) cannot be the same as cgyr(S). Thus, it remains
proven that |yn4i — Asyr(S)(znti)| < t for all i € {1,...,p} and this yields immediately
that Asyr(S U S’) = Asyr(S) and that csyr(S U S’) = csyr(S). This, along with the fact
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that |y, ; — Asvr(S)(®n4i)| # t for all @ € {1,...,p} holds with probability 1 in view of
Assumption 25, gives the non-associativity property. *

o Non-concentrated mass. This is obvious in view of Assumption 25. *

o Coherence — part I11. The proof is by contrapositive: letting S = ms((1,y1),- .., (ZTn,Y,,))
we show that

P({£(Asvn(S), (@at1,9n41)) = 0} \ {esvn(Csva(S), (@nt1,9n41)) = csvn(S)}) = 0. (20)

Assumption 25 implies that the case |yn+1 — Asvr(S)(Tn+1)| = t can be disregarded
because it correpsonds to an event that has probability zero. Moreover, when |y,11 —
Asyr(S)(zn41)| > t, we have that €(Asyr(S), (Tnt+1,Yn+1)) = 1, so that this case can be
disregarded too. When instead |yn4+1 — Asyr(S)(zn+1)| < t, it holds that E(ASVR(S), (Tnt1,
ynﬂ)) = 0. In this case,

|yn+1 - ASVR(CSVR(S))($7L+1)| = ‘yn+1 - ASVR(S)(xn+1)| <t

yields ASVR(CSVR(S)7 (anrla yn+1)) = ASVR(S)7 from which

|yn+1 - ASVR(CSVR(S)7 ($n+17 yn+1))($n+1)| < t.

Hence, (Zn41,Yn+1) 18 not in cgyr(csvr(S), (Tnt1,Yn+1)), so that, owing to the preference
Property 2, it must be that csyr(Csvr(S), (Tn+1, Yn+1)) = csyr(S). This shows the validity
of (20). *

Using Theorem 19, we now have the following result.

Theorem 26 (Risk of SVR - bounds from below and from above) Under Assump-
tion 25, for any 6 € (0,1), it holds that

P{Qk < R(ASVR<S)) < gk} >1-9,
where k = |cgyr(S)| and gy, € are given respectively in (4), (5). *

4.1.3 OTHER SUPPORT VECTOR METHODS

The applicability of Theorems 10 and 19 can be carried over to other Support Vector
methods. SVR with Adjustable Size, Scholkopf et al. (1998), requires minor modifications.
Suitable but conceptually straightforward modifications of the arguments used in this sec-
tion can also be applied to one-class SVM, Schélkopf et al. (1999), and Support Vector Data
Description (SVDD), Tax and Duin (2004) and Wang et al. (2011). In these latter two cases,
the setup changes slightly since examples are unlabeled and hypotheses are regions in the
set hosting the examples. To apply Theorem 19, one needs here to modify Assumption 25
so as to enforce specific non-accumulation conditions for the method at hand.
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4.2 Guaranteed Error Machine

The Guaranteed Error Machine (GEM) is a learning algorithm for classification that was
first introduced in Campi (2010) and then further developed in Caré et al. (2018).2Y GEM
returns a ternary-valued classifier, which is also allowed to abstain from classifying in case
of doubt. To be specific, letting z = (x,y) with x € X, a generic set, and y € {—1,1} (this
is the same setup as in SVM), a hypothesis h is here a map from X to {—1,1,0}, where
the value 0 is interpreted as admission of being unable to classify. Issuing an incorrect label
(—1 in place of 1 or wice versa) leads to a mistake, and the theory aims at bounding the
probability for this to happen. Correspondingly, the loss function is defined as follows:

L if |y — h(z)| =2

U(h, (x,y)) = {07 if [y — h(z)] =0 or 1.

To describe the operation of GEM, start by introducing a feature map ¢ : X — H, where H
is a Hilbert space with inner product (-,-) (as for support vector methods, ¢, H, and (-, -)
need not be explicitly given and can be implicitly defined by means of a kernel) and also
assume the existence of an ordering on X' (used later to introduce a tie-break rule). GEM
requires that the user chooses an integer d > 1, which specifies the maximal cardinality for
the compression.?! In loose terms, GEM operates as follows. It is assumed that one has an
additional observation (Z,y) (besides the training set S = ms((z1,y1),..., (Zn,yn))) that
acts as initial “center”. GEM constructs the hyper-sphere in H around ¢(Z) which is the
largest possible under the condition that the hyper—sphere does not include any ¢(z;) with
label y; different from g. All points inside this hyper-sphere are classified as the label g, and
all examples (x;, y;) for which ¢ (x;) is inside the hyper-sphere are removed from the training
set. The example that lies on the boundary of the hyper-sphere (and that has therefore
prevented the hyper—sphere from further enlarging) is then appointed as the new center (in
case of ties, the tie is broken by using the ordering on X') and the procedure is repeated
by constructing another hyper-sphere around the new center. This time, only the region
given by the difference between the newly constructed hyper-sphere and the first hyper—
sphere (which has been already classified) is classified as the label of the second center. This
procedure continues the same way and comes to a stop when either the whole space has
been classified or the total number of centers is equal to d, in which case the portion of X
that has not been covered is classified as 0. This leads to the algorithm formally described
below.

STEP 0. SET ¢:=0, P:=SUms((Z,9)), C =0 and z¢c = T, yo = ¥;
STEP 1. SET ¢ := ¢+ 1 and SOLVE problem
max 1
r>0
subject to: llo(x;) — @(xe)| =, for all (x;,y;) € P such that y; # yc.

20. The algorithm described here is a variant of those proposed in the referenced papers.

21. Selecting a large value for d reduces the chance of abstention from classifying. When d is larger than
the cardinality of the training set, the set of abstention becomes empty. In other cases, the user tries
to achieve a good compromise between the probability of abstention and the probability of making an
error. This is not specific to GEM and applies to any technique for the construction of ternary-valued
classifiers. See Campi (2010) for more discussion on this point.
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Let r* be the optimal solution (note that r* can possibly be 4+00);

STEP 2. FORM the region Ry :={z € X : ||p(x)—¢(zc)| < r*} and LET ¢, := yc; UPDATE
P as follows: if 7* > 0, then remove from P all the examples with z; € Ry; if instead
r* = 0,22 then remove from P the example (z¢, yc);

STEP 3. IF r* < 400, THEN

3.a SET C := C Ums((x;*,y;=)), where (x;+,y;<) is an example in P such that: a.
|lo(ix) —p(zc)|| = 7*; b. yix # yo; ¢. xi= is smallest in the ordering of X among
all the examples satisfying a. and b.;

3.b SET (z¢,yc) := (zi, yi);

STEP 4. IF either |C| = d or P = §) THEN STOP and RETURN ¢;, R, j = 1,...,q and C;
ELSE, GO TO 1.

The GEM predictor is defined as

0, ifegR;Vi=1,...,q;
L otherwise, with j* = min {j e{l,....q}: z € Rj}.

Acen(S)(z) = {

The compression function for GEM is cqpy(S) = C.

We next establish the preference and coherence — part I properties, required to apply
Theorem 10.

o Preference. Given any multisets S and S’ such that cgpy(S) € 5" C S, it is easy to
verify that running STEPS 0-4 with S” as input returns the same output as when these
steps are run with input S. In particular, cqopy(S’) = C = caru(S) and, therefore, the
preference property follows by an application of Lemma 3. *

o Coherence — part I. Since applying STEPS 0-4 to cgpum(S) returns the same output as
when they are applied to S, Aggy itself acts as a reconstruction function. Also, the in-
clusion Property 12 is immediately verified (just pay a bit of care to the case in which
more examples with different labels corresponds to the same x¢). The coherence — part I

Property 9 then follows from Lemma 13. *

Applying Theorem 10 we now have the following result.

Theorem 27 (Risk of GEM) For any 6 € (0,1), it holds that
]P){R(AGEM(S)) > €k} S (57

where k = |ceem(S)| and e is given in (1). *

22. r* = 0 only happens if there are examples with different labels whose instance is z¢.
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Notice also that |cqpn(S)| < d holds by construction, which implies that the bound
R(.AGEM(S )) < g4 is always correct with high confidence 1 — §.23

We now turn to lower bounds to the risk, which are established by an application of
Theorem 19. We start by showing the validity of the non-associativity property.

o Non-associativity. Consider any training set S = ms((x1,¥1),. .., (Zn,yn)) and an addi-
tional multiset of examples S" = ms((Zp41,Yn+1), - - - (Tntps Yntp))- Suppose that cap(SU
S’) # cepm(S). For this to be, it is required that at least one of these conditions applies:
(1) £(Acem(S), (Tn+i, Yn+i)) = 1 for some i € {1,...,p}; or, (ii) one of the (Xn+i, Yn+i),
i€ {1,...,p}, for which ¢(Acem(S), (Tn+i,Yn+i)) = 0 lies on the boundary of a R; and is
lower in order than the example that is chosen as center by the algorithm applied to S.
However, take in isolation an example (x4, Yn+i) that satisfies either (i) or (ii); then, that
example alone makes the compression change. This proves the non-associativity property. x

To move on and prove the non-concentrated mass and coherence — part II properties,
we need a mild assumption on the distribution of examples.

Assumption 28 For any c € H and v € R, it holds that
P{llp(z) —c|* =~} = 0.
*

o Non-concentrated mass. This immediately follows from Assumption 28: if P{z =z} # 0
for some z = (Z,y), then Assumption 28 is violated by the choices ¢ = ¢(z) and v =0. *

o Coherence — part II. In view of Assumption 28, x,1 lies on the boundary of a region R;
with probability zero. On the other hand, when x,41 is not on the boundary, a change of
compression only occurs if (2,41, yn+1) is misclassified, that is, £(Agem(S), (Tnt1, Yn+1)) =
1. This proves the coherence — part II property. *

The following theorem now follows from Theorem 19.

Theorem 29 (Risk of GEM - bounds from below and from above) Under Assump-
tion 28, for any 6 € (0,1), it holds that

P{ék < R(AGEM(S)) < gk} >1- 5,
where k = |ceem(S)| and g, ;. are given respectively in (4), (5). *

4.3 Other learning schemes with a preferent compression

Besides Support Vector methods and GEM, other learning schemes can be studied within
the framework of the present paper. We mention here just two additional examples, without

23. A similar result would not be possible without resorting to ternary classifiers that allow for abstention
from classifying.
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working out all the details as it was done in Sections 4.1 and 4.2.

One first example is the class of methods for classification based on the nearest-neighbor
(NN) algorithm. Consider for simplicity 1-NN in a finite Euclidean space X and with labels
generated by a target concept, see Shalev-Shwartz and Ben-David (2014). For every train-
ing set S = ms((z1,41),-..,(@n,yn)) of instance/label pairs, 1-NN relies on the Voronoi
partition of the instance domain X induced by S, where cells are C; = {x € X : || — ;]| <
|z —z;||Vj=1,...,n}, i =1,...,n. If one eliminates from S all the examples whose as-
sociated cell is in the interior of the region labeled as the cell, then the remaining examples
form a compressed multiset for which 1-NN itself acts as a reconstruction function. It is
then a simple enough task to show that such a compression function satisfies the prefer-
ence Property 2; moreover, since the 1-NN classifier is always consistent with S, Lemma
13 allows us to conclude that the coherence — part I Property 9 holds. Thereby, Theorem
10 can be applied to evaluate the probability of misclassification of the 1-NN classifier.
Similar arguments are expected to be applicable to more general k-NN schemes, even in
generic (infinite dimensional) metric spaces. Further studies can possibly cover more general
NN-based methods along the lines of Kontorovich et al. (2017, 2018); Hanneke et al. (2021).

As a second example, again in the context of classification, we would like to mention the
Total Recall algorithm of Helmbold et al. (1990), which is in use to learn nested differences
of concepts from intersection-closed classes. In the setup of Helmbold et al. (1990), no
matter whether the depth?® of the hypothesis returned by the algorithm is arbitrary or
a-priori fixed, it is fairly easy to prove that the union of the spanning sets*® with minimal
cardinality for the multisets of examples used in the various calls to the closure learner
by the Total Recall algorithm?® defines a compression function that satisfies the preference
Property 2. By the very definition of spanning sets, we also have that the Total Recall
algorithm applied to the union of the minimal spanning sets (i.e., applied to the compressed
multiset) returns the same hypothesis as when the algorithm is run on the whole training
set. This means that the Total Recall algorithm itself acts as a reconstruction function and
Theorem 17 can be used to obtain evaluations of the probability of misclassification. More
research can extend this analysis to alternative algorithms, e.g., along the lines discussed
in Section 5 in Helmbold et al. (1990).

5. Proofs

5.1 A brief overview of the proofs

To help readability, we first trace a roadmap of the fundamental steps in which the rather
long proofs of Theorems 4 and 7 are articulated. To prove Theorem 4, we first establish
some properties that have necessarily to be satisfied by any compression scheme that is
preferent. These are (i) and (ii) in the second page of the proof. Next, the probability
P{¢n > e} that appears in the left-hand side of (2) in the statement of Theorem 4 is re-

24. See Helmbold et al. (1990), page 166.

25. See Helmbold et al. (1990), page 170.

26. If multiple spanning sets with minimal cardinality exist, then a choice is singled-out by means of any
total ordering of the finite subests of X.
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written in integral form with respect to suitable measures that are introduced in (23), and
the resulting expression is minimized under conditions (i) and (ii). The ensuing variational
problem (33) returns an upper bound to P{¢, > ek }. The next step consists in the evalua-
tion of the optimal value of problem (33). This step is accomplished by dualization, leading
to the reformulation (42). Interestingly, dualization does not introduce any conservatism
since strong duality holds, as stated in equation (36). To close the proof, we show that the
value  that appears in the statement of Theorem 4 is achieved by a feasible solution of the
dual problem and, thereby, it upper bounds the optimal value of (42) and, by this, that
of P{¢py > er}. This derivation is covered in the last part of the proof that starts after
equation (46).

The proof of Theorem 7 follows the same path as that of Theorem 4 with the non-trivial
difference that the property (ii) holds with equality in this case (it has an inequality in
the proof of Theorem 4). This results in primal and dual problems that have substantial
differences from those in the proof of Theorem 4, while the conceptual structure of the proof
remains the same.

5.2 Proof of Theorem 4
Result (2) is first proven under the following additional assumption of no concentrated mass
P{zizz} =0, Vz € Z; (21)

the extension to the general case is dealt with at the end of this proof.

The quantity of interest P{¢py > €k} can be expressed as follows

]P’{(j)N > €k} = P{‘IbN > 5\C(Z17--~7ZN)\}
N

= IP’{|c(z1,...,zN)|:kand ¢N>8k}
k=0

I
M) =

P U {c(zl,...,zN):ms(zil,...,zik) and ¢N>€k}

0 {15l }
c{1,..,.N}

N
Z Z P{c(zl,...,zN) =ms(zi,,..., %) and ¢y > 5k},

k=0 {i1,....ix}
g{177N}

B
Il

where the last equality holds because: due to (21), z; # -+ # zx occurs with probability
1, and so the multisets ms(z;,,...,2;,) are all different from each other with probability 1;
whence, c(z1,...,2n) = ms(zi,,..., 2z, ) holds for one and only one choice of the indexes
with probability 1, implying that the events under the sign of union are disjoint up to over-
laps of probability zero.
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Now, for any fixed k, all the probabilities in the inner summation are equal because the z;’s
are i.i.d. and so we can write

N
Z Z ]P’{c(zl,...,zN) =ms(zi,,..., %) and ¢ > ak}

k=0 {i,....i,}
Q{L»N}

N

Z <]]Z>P{c(z1, ooy ZN) =ms(z1,...,2;) and ¢y > Ek}
N
k

k=0
N

:Z< >/ dm (22)
k=0 (ee1]

where m;’  is a (positive) measure on [0, 1] defined as follows (for future use we introduce a

definition that holds for a generic integer m, and not just for m = N): for all m =0,1,...
and £k =0,...,m, let

m;m(B) = P{c(zl, ceiyZm) =ms(21,...,2;) and @, € B}, (23)
with B any Borel set in [0, 1].

Next we derive two relations (i) and (i) that are satisfied by measures m;7 ~ for all com-
pression schemes that satisfy the preference property; relations (i) and (ii) will be in use
when evaluating P{¢y > e }.

(i) For m =0,1,..., it holds that (we use « as variable of integration)
= (m
Z (k:) / dmzm(a) =1; (24)
k=0 [0,1]

(ii) For m =0,1,... and £k =0,...,m, it holds that

/Bdmkﬁmﬂ(a) - /B(l —a) dmzm(a) <0, (25)

for any Borel set B C [0, 1].

For any given B, the left-hand side of (25) returns a numerical value and, when B ranges
over the Borel sets in [0, 1], the left-hand side of (25) defines a signed measure. Condition
(25) means that this measure is in fact negative. In the following, this measure will be

denoted as m} - (1= a)m; 27 and condition (ii) can also be written as

m;mﬂ - (1- oz)m,im e M™,

where M~ is the cone of negative finite measures on [0, 1].

27. Note that (1 — a)m{, cannot be interpreted as a product since (1 — «) is not a number because it

depends on «; hence, “m;mﬂ - (1- a)m;m” has to be interpreted just as a symbol that indicates the

measure defined via the left-hand side of equation (25).
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Proof of (i): Along the same lines as the proof of (22), we obtain

k=0 {ir.in)
g{]'??m}
Ui m
- Z (k)IP){C(Zl’ ,Zm) = mS(Zl, ,Zk)}
k=0
i m
= dm;
Z <k> /[0,1] eim

Proof of (ii): For any given Borel set B in [0, 1], we have that

/ dmk”erl = P{c(zl, ce s Zmg1) = ms(21,...,2;) and @, | € B}. (26)
B K

By Lemma 3, relation c(z1, ..., zm41) = ms(z1, .. ., 2;) implies the following two facts:
(a) c(z1,...,2m) = ms(21, ..., 2k);
(b) c(c(z1y- -y 2m), 2m+1) = (21, -+ Zm)-

Equation (a) is an immediate consequence of Lemma 3, while (b) is proven by the

following chain of equalities: c(c(z1, ..., 2m), 2m+1) = [use (a)] = c(z1, ..., 2k, 2m+1) =
[use Lemma 3] = c(z1,. .., Zm, Zm+1) = Ms(21, ..., 2k) = (21, ..., Zm).
Over the set where c(z1,...,2m+1) = ms(z1, ..., 2), it therefore holds that
Pry1 = P{C(C(Zb oy Zma), Zma2) F (21, Zm) |21, - 7zm+1}
= P{c(c(zl, ey Zm)s Zma2) F (21,0, 2Zm)| 21, - - ,zm+1}
(where we have used (a), which gives c(z1,...,2m+1) = c(21,. .. ,zm))
= P{c(c(zl, ey Zm)s Zma2) (21,0, 2Zm)| 21, - - ,zm}
= ¢, P-almost surely, (27)

so that the right-had side of (26) can be re-written as

}P’{c(zl, s Zmy1) =ms(z1,...,2;) and @, 1 € B}

= P{c(zl, ey Zm41) = ms(z1,...,2;) and ¢, € B}. (28)
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On the other hand, an application of (a) and (b) also gives®®

}P’{c(zl, ceoy Zma1) = ms(z1,...,2;) and ¢, € B}
< P{c(c(zl,...,zm),zm+1) =c(z1,...,2m) and
c(z1,...,2m) =ms(zy,...,2x) and (meB}. (29)

Using (28) and (29) in (26), we obtain

/ dm;mle < IP’{c(c(zl, cesZm)s Zma1) = (21, ..., Zm) and
B 9
c(z1,...,2m) =ms(z1,...,2;) and ¢m€B}. (30)

The proof of (ii) is now established by noticing that the right-hand side of (30) can
be re-written as follows

E[E []l{c(c(zl,...,zm),zm+1):c(z1,...,zm)} ’ ]l{c(zl,...,zm):ms(zl,...,zk) and ¢meB}|Z17 e 7Zm]]
=E [E[ﬂ{c(c(zl,...,zm),zm+1):c(zl,...,zm)}\Zh e Zm)]
) ]l{c(z1,...,zm):ms(z1,...,zk) and ¢m€B}:|

= E[(l - d)m> ) ]l{c(Z1,...,zm):ms(zl,...,zk) and 4)meB}]
- / (1—a)dm}, .
B b

*

We are now ready to upper-bound P {¢, > i} by taking the sup of the right-hand side of
(22) under conditions (i) and (i) (in addition to the fact that measures m;| belong to the
cone M™ of positive finite measures on [0, 1]). This gives

P{oy > e} <, (31)

28. Importantly, inequality in (29) may be strict. For example, suppose that z is uniformly distributed over
a circle with unitary circumference and that c(z1, .. ., zn) selects the two points whose gap is smallest (i.e.
c(z1,...,2n) = ms(zi,, 2zi,) such that no other pair of points is closer — if a tie occurs use an arbitrary tie-
break rule). Take m = 3 and B = [0, 1]. The left-hand side of (29) equals 1/6, as is obvious by observing
that any choice of two points has the same probability of being selected. Instead, the right-hand side is
the probability that c(z1, z2,z4) = ms(z1, 22) and c(z1, 22, 2z3) = ms(z1, z2). Naming x the length of
the arc connecting z; and z2, we have: i. @ has uniform density equal to 2 over [0,1/2]; ii. if @ > 1/3,
then adding one more point certainly changes the compression; and iii. if @ < 1/3, then the probability
that one more point changes the compression is 3x. Hence, the right-hand side of (29) has value

1
P{c(zl, Z2,24) = ms(z1, z2) and c(z1, 22, 23) = ms(zl,zz)} = /3 (1 —3z)% 2dz = %7
0

which is strictly larger than 1/6. We shall see in Theorem 7 that, by strengthening the assumptions of
the theorem with the introduction of the non-associativity Property 5, inequality in (29) turns into an
equality and this provides lower bounds on the probability of change of compression in addition to the
upper bound of the present theorem.
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where v is defined as the value of the optimization problem

NN
_l’_
sup Z <k:> /(Ek’u dmkyN

mfemt k=0
m=0,1,..., k=0,....,m

"}/:

m
subject to: Z (m) / dm:m =1, m=0,1,
o \E) Joy T
ml - (l—a)mf, e M, m=01,...;k

To evaluate 7y, we consider a truncated version of problem (32) that only includes the mea-
sures m;}  for m < M (we take M > N). We then dualize the truncated problem and let

M increase.

The truncated problem is

Y™ =

m=0,...,M, k=0,....m

m
subject to: Z

N
N
sup Z (k:) / dmz’N
mz;nLEM+ k=0 (Ekvﬂ

(33¢)

As M increases, one adds new constraints (which also contain new variables), while the cost
function and previous constraints remain unchanged. Hence, v3; does not increase with M

and
v <YM,

for all M. To dualize (33), consider the Lagrangian:

which is a function of
omf €MV, m=0,....,.M, k=0,...
and the Lagrange multipliers

o Am €ER, m=0,..., M,

35
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pi, €CL0,1], m=0,....M -1, k=0,...,m,

where C9.[0, 1] is the set of positive and continuous functions over [0, 1].

We show below that??

M (é) sup inf £ (2) inf  sup £ (g) Yars (36)
{mi 3 {Am} {Am} (mf, 3}
R 1| VS

where 7}, is the value of the dual of problem (33) (1 denotes the indicator function):

M
N = inf > Am (37a)

Am, m=0,...,M
ui,,€CY[0,1], m=0,...,.M~1, k=0,....m

. m
subject to: (k:) Lae(e, 1) Tm=nN + (1—04),uz7m(a)ﬂm¢M
m +
< Amn . —|—,uk’m_1(a)]lm¢k, Va € 10, 1],
k=0,...,M;m=Fk,....M (37b)

(note that in (37b) the indexes run over a range such that there appear functions, for
instance ,u,('{ _1, that are not listed as optimization variables; however, these functions are
all multipliéd by an indicator function that is zero and they therefore disappear; we have
used this way of writing the constraints because it simplifies the notation).

Proof of (A) in (36): If measures m;” do not satisfy the constraints in (33b) and

k,m
(33c), then inf{)\m} (.} £ is equal to —oo. This is true for (33b) because, if for some

" /m
dm+m—1
(§<k> [0,1] " )

in the right-hand side of (35) is not null, then A, can be taken any large with sign equal
to that of that term, bringing £ down to arbitrary large negative values. Likewise, if
(33c) is not satisfied for a given pair (k, m), then the last term in the right-hand side of
(35) can be made any large negative by selecting a suitable positive large continuous
: + 30 : : : -
function [ Hence, the sup{m;m} of 1nf{)\m}7{#;m} £ is attained at measures LA

m the term

29. In various parts of this paper from here onward, the set of measures m;”_, m=0,...,M, k=0,...,m,

30.

k,m>

is indicated by the notation {m;m}, where the range of variability for m and k is suppressed for brevity.
Similar notations apply to A, and M:,m and other collections alike.

Intuitively, this is achieved by a function u;m that is concentrated over the domain where m;m Tl
(1 —a)m;  is positive. In this footnote, we provide the interested reader with a formal construction of

k,m

such a function ,u;m. Note that, if condition (33c) is not satisfied for a given pair (k,m), then there is
a Borel set B in [0, 1] such that

/ dmf 1 — / (1—a)dm/,, >0. (38)
B B
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satisfying (33b) and (33c) and, once (33b) and (33c) hold, inf{/\m} (u y £ is achieved

by setting the second and third terms in the right-hand side of (35) to zero (choose
Am to be any value and ,ugm, e.g., equal to zero for all m and k). This leads to the
conclusion that sup (m} }inf O b }2 equals 77 of problem (33). *

Proof of (B) in (36): This long and technical proof is provided in Appendix C. %

Proof of (C) in (36): First note that the Lagrangian can be rewritten as follows (in
the second last term we have used the change of running index j = m+1)

M m M m
£ = Z Z 0.1] (Z) ﬂae(ek,l}ﬂmzN dm;;m — Z Z/ )\m <T:) dm;’m

m=0 k=0 m=0 k=0 [0:1

M M
IDRVED ) By IRTIMOLTLYS
m=0 )

§=0 k=0

+> Z/ Pt (@) (1= @) Loy dmyf .

Letting m be the measure m;mﬂ + m;m, B can be sandwiched between a closed set C' and an open set
O (C C B C O, note that O C R, but it may not be restricted to [0, 1]) such that m(O) — m(C) < ¢ for
any arbitrarily small ¢ (Theorem 12.3 in Billingsley, 1995). Let now

dist(cr, O°)

= R
dist(a, O¢) + dist(a, C)’ vacR,

g(a)

where dist(a, X) = inf{|a— x| : = € X} and O° is the complement of O. g is a continuous function with
codomain [0,1] and g(a) = 0 on O° while g(or) =1 on C. We have that

(since O can expand beyond [0, 1] but m;m_‘_l and m;m are supported in [0, 1])

> [ ) dnl s~ [ gle) (- a) dm,
c ' c '
(since 0 < g(a) - (1 —a) <1 for a € ]0,1] and dm;;m <e)
o\c
= / dmk m+1 / (1 - CY) dmz_m €
. ;
> / dmyg 01 sf/(lfa) dm;m €
B

(since / dm/,. .4 <e)
B\C ’
> 0, for e small enough and using (38).
Taking ,u,;m to be an arbitrarily rescaled version of the restriction of g to [0, 1], one obtains that the last

term in the right-hand side of (35) can be made any large negative.
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By renaming j as m in the second last term and re-arranging the summations E%:o Yo
as ZIJCVI:O SM_ | we then obtain:

e - Yy y

m
[(/{7) ﬂae(sk,l}ﬂmzN + (1 - a)/j’—l:,m(a)lm#M
m=0 k=0 m=k [0,1]

m
_)\m<k> _ u;ml(a)nm#] dmy,. (39)

Now, if for some pair (k,m) the constraint in (37b) is not satisfied for a given o = @,
then sup fwi ) £ can be sent to +00 by choosing mzm that has an arbitrarily large

. . . . ,
mass concentrated in a. Hence, the inf Don bt} of sup {mi .} £ is attained at A,,’s

and ufgm’s satisfying (37b) and, once (37b) holds, sup (m }2 is achieved by setting

the second term in the right-hand side of (39) to zero (choose, e.g., m;m = 0 for all
k and m). This leads to the conclusion that inf Ol 3 SUP }S equals vy, of
problem (37). 7 ’ *

Next we want to evaluate ~j, of problem (37).

For a better visualization of the constraints in (37b), we write them more explicitly in
groups indexed by k as follows:

k=0,...,N—1
(1—a)ipla) < wlz)k m=h
A=)t pr (@ < M (51 + () m—k41
N Ay y(@) < Mvor(U0) (@) men
(k)]lae(sk,l] "‘(1—04)#;1\/(04) < )‘N(k)N—i_iu—/:,N—l(O‘) m=N
(1_0‘),“2:]\/4-1(0‘) < )‘NH( :)"‘”;N(O‘) m=N+1
: B (40a)
(=a)fp (@) < A (M) H i a(@)  mena
< A (y) + (@) —_—
k=N
(V) Laeena) + (1—a)uf y(@) < AN(%)N 1 m=N
(I=a)uf yi(@) < Avri(Cy) + sy n(@) m=N+1
(1_0‘)F‘J+V,M—1(O‘) = >‘M—1(M1\71) +:“K,M—2(0‘) m=M-1
< () + #kara (@) e
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k=N+1,...,M—1

(=)@ < (}) m=k
(1_a)ﬂzk+1(a) < At (k—}i;—l) + ,U«;:,k(a) m=k+1
(1_04)/@:]\471(@) < Au-i (Mk_l) + N;M72<O‘) m=M-1 ov)
0 < () Hhiya@) e
k=M
0 < M) m=M
For any given k € {0,..., M}, consider the corresponding set of inequalities and multiply

both sides of the first inequality by (1 —a)?, both sides of the second inequality by (1 —a)?,
and so on till the last inequality, which is multiplied by (1 — a)™~*. Then, summing side-
by-side the so-obtained inequalities, and noting that all functions :“Zm(a) cancel out, one
obtains that the constraints in (40) imply the following inequalities:

N M m
k=0,...,N <k>(1 — )M P L £ ) )\m<k>(1 —a)mk
m=k

M
k=N+1,....M 0< me@)u—a)mk. (41)
m=k

We next show that the optimal value of problem (37) equals the optimal value of an opti-
mization problem with the same cost function as in problem (37) and the constraints (41)
complemented with the condition A\, =0 for m =N +1,..., M, viz.

M
Yir=_ inf > Am (42a)
m=0

M
. N _ m —
subject to: (/{:) (1—a)V k]lae(%l} < mgk Am < k‘) (1—a)™ ",

Vae 0,1, k=0,...,N (42b)
M m

0< 2Am<k>(1—a)m_k, Va € [0, 1],

k=N+1,...,.M (42¢)

Am=0form=N+1,..., M (42d)

(clearly, (42c) is automatically satisfied in view of (42d)).

To show that the values of v}, given by (37) and (42) are actually the same, start by
noting that adding the condition A,, =0 for m = N +1,..., M to problem (37) does not
change its optimal value. This requires a short proof:

The constraints in (40) imply that A,, > 0 for m = 0,..., M as it can be seen from
the first inequality (m = k) of each group (k = 0,..., M) evaluated at &« = 1. Now,
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given a feasible point of (40) that does not have A\,, = 0 for m = N +1,..., M,
consider a modified point by setting A\,, = 0 for m = N +1,..., M and ,u,:m =0
for k=0,...,M — 1 and m = max{k,N},..., M — 1, while maintaining the original
choices for all other \,, and ,u;m. This point is still feasible for (40) because, for all
k, all the inequalities for m >"N + 1 become 0 < 0, the inequality for m = N is
a-fortiori satisfied (recall that function u,": y in the left-hand side of this inequality is
> 0 so that setting it to 0 relaxes the coflstraint) and all other inequalities are not
affected. On the other hand, the value of problem (37) corresponding to the modified
point outdoes the value at the original point since all A, in the original feasible point
were nonnegative and some of them have been set to zero in the modified point.

Since the condition A\, = 0 for m = N +1,..., M in (42d) can be added to (37) without
affecting its optimal value, and considering that the other constraints in (42) for & =
0,...,M are implied by those already present in (37) (as shown before equation (41)), the
optimal value of (42) is not bigger than the optimal value of (37). The reverse inequality
that the optimal value of (37) is not bigger than the optimal value of (42) is proven by
showing that for any feasible point of (42) one can find a feasible point of (37) that attains
the same value. This is shown in the following.

Consider a feasible point of (42). Evaluating all constraints (42b) for £k = 0,..., N,
at a = 1, one sees that \,, > 0 for m =0,..., N. Moreover, it holds that A\,, = 0 for
m=N+1,..., M. To find the sought feasible point of (37), consider the same \,, as
those for the feasible point of (42) and complement them with the following functions
pi . Fork =0,...,M —1, m = max{k,N},...,M — 1, take g} = 0. With
this choice, all the inequalities in (40) for k =0,...,M, m = max{k;N +1},...,M
become 0 < 0 and are therefore satisfied. The expressions of M;m for the remaining
indexes are first defined over [0, 1) and then extended to the closed interval [0, 1]. Over
[0,1), consider the inequalities in (40) for k = 0,...,.N —1, m = k,...,N — 1 and
take ,uﬁm(a) such that these inequalities are satisfied with equality, starting from top
and then proceeding downwards. This gives

' l-«a
k+1 k
,u+ (@) = >‘k+1( Z:_ ) A (k)
kok+1 1— o 1—-a)?
(43)
N-—1
M+ (a) _ )‘j (i) -
k,N—1 = (1 _ Oé)N_]

Since A, > 0, the obtained ,uzm(oz)’s are all positive and, moreover, are continuous
over [0,1). We next show that choice (43) satisfies over [0, 1) the remaining inequalities
(those in (40) for k = 0,...,N and m = N). For Kk =0,...,N —1 and m = N,
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oo -1 N( .
substituting ,u;N_l(oz) = Z;y:kl # and [LZF’N(O() = 0 gives

N Ny 1
() tocteun < > (D) = a (a4)
‘]:

while for k = N and m = N, substituting z}; ,(«) = 0 we have

N N
<N> ]lae(aN,l] <Ay (N) . (45)

Equations (44) and (45) are satisfied because they coincide with (42b) (recall that
Am =0form=N+1,...,M —see (42d)). As for o = 1, note that functions u;m
defined in (43) tend to infinity when o« — 1. This poses a problem of existence for
«a = 1, which, however, can be easily circumvented by truncating the functions u;m

in the interval a € [1—p, 1] at the value p (1—p) to obtain

] -
m ppm(l=p) a>1-p,

and noting that all the inequalities are satisfied over [0, 1] if p is chosen small enough.
Summarizing the results so far, we have

(31)  (34) 36)
P{on > ek} < v < vymw = 7Y (46)

where ~}, is given by (42). Notice now that increasing M beyond N in (42) does not change
the problem because \,, = 0 for m > N + 1, so that v}, = v} for all M > N. The proof
of the theorem (under condition (21)) is concluded by showing that v}, < ¢, which is what
we do next.

For M = N, problem (42) becomes

Am, m=0,...,N

N
. N _ m m—
subject to: (k: ) (1—a)V kllae(%l} < g Am < k‘) (1—a)™*,

m=k

N
i = inf > Am (47)
m=0

ael0,1], k=0,...,N.

Take A\, = % form=0,...,N—1and Ay = 0, so that Zgzo Am = 0. We show that these
Am’s are feasible for (47) so that 73, < Z%:o Am = 6. The inequality for kK = N is satisfied
because the left-hand side is 0 (recall that ey = 1 so that the indicator function is 1 over
an empty set). For k = 0,..., N — 1, the inequalities for & = 1 become 0 < )\, which is
true, while for a € [0,1) the inequalities can be rewritten as

5N—1@

lae(akvl] S N Z (N) (1 B a)_(N_m)7 k= 07 s 7N - 17
m=k \k
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and are satisfied in view of the definition of €, see (1). This concludes the proof under
condition (21).

Next we remove condition (21).

Let us augment each random element z; with a random variable 6; uniformly distributed

over [0,1] and independent of z; so as to form an ii.d. sequence 2| = (21,601),2, =
(22,02),....31 Clearly, condition (21) applies (mutatis mutandis) to 2}, viz.
P{z; - z’} =0, v € Z x[0,1]. (48)
Given a multiset of augmented examples ms(z],...,z2}), let
proj[ms(21,...,20)] = ms(z1, ..., 2,),

i.e., proj is the extractor of the z; components. We define a compression ¢’ to be ap-
plied to multisets of augmented examples as the compression that satisfies the follow-

ing rule: proj[c/(z],...,2))] = c(z1,...,2,) and, among sub-multisets of ms(z{,...,z2),)
whose projections is c(z1,...,2,), ¢’ favors augmented examples with lower second com-
ponents ;. We next show that ¢’ inherits from c the preference property. Suppose that
d(2,...,2,,2") Cms(z],...,z2,). This implies that c(z1,...,2n,2) C ms(z1,...,2,). Then,
projlc’(z],. ., 2,2)] = c(z1,...,2n,2)
= c(21,..-,2n) (because of the preference property of ¢)
= pI‘Oj [C,<Zi, ) Z’:’L)]

and, hence, the z components of ¢/(z], ..., 2],,2') and those of c’(2], ..., z},) coincide. More-
over, also the # components coincide by the rule that favors lower second components. This

establishes the preference property of c’.

In view of (48) and the fact that ¢’ has the preference property, we are in the position
to apply to ¢’ the proof that has been developed before under the assumption of no concen-
trated mass. Defining ¢y = P{c/(c/(2],...,2}y), 2,y 1) # <(2],....2y)|2],..., 2y} and
k' =|c(2],...,2))|, we have
On the other hand,

C(C(Zl, ey ZN), ZN—H) 75 C(zl, N ,ZN)
implies that

(' (2, 2N) 2gn) A (L 2y)
(while the vice-versa does not hold), which gives ¢ < @)y P-almost surely. Moreover,
k = k'. Hence,

P{oy > ex} < P{Ply > e} =P{py > e} < 0.

This concludes the proof. *

31. Note that the augmented random elements 2z are mere mathematical tools used to draw conclusions on
zi, which remain the measured and relevant variables.
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5.3 Proof of Theorem 7

We prove the equivalent statement that

P{qu < e or by > gk} <.

The proof parallels that of Theorem 4 and we highlight here the differences.

Result (22) holds unaltered in the present context, with the only notational difference
that e is now &;. By proving a similar equation for P{¢y < €3}, we come to the result

N
_\ N +
P{¢N < g or py > Ek} = E (k) /[O,Ek)u(%ﬂ dmy - (49)

k=0

One main difference arises next in connection with (i) and (ii): while (i) holds as before,
(ii) holds in this context with equality, which we write in the following way:

(ii)) Form =0,1,... and k =0, ..., m, it holds that
ml - (1 —amf =0
Proof of (ii)’: Follow the derivation of (ii) till equation (29). Next, we prove that, in
the present context of Theorem 7, equation (29) also holds with reversed inequality,

so proving that the two sides of (29) are in fact equal. To see this, notice that in
the event under the sign of probability in the right-hand side of (29) it holds that

c(z1,---52m) = ms(z1,...,2;), which, owing to the preference Property 2, implies
(21, vy 2k, 2i) = MS(21, ..., 2k), i=k+1,...,m,
and
c(z1y. .oy 2k) = ms(21,. .., 2k)-
In addition, in the same event it also holds that (simply substitute c(z1, ..., zy) with
ms(z1,...,2x) in the first condition that defines the event)
(21,5 Zky Zma1) = Ms(21, ..., 2k).
Hence,
P{c(c(zl, cesZm)y Zmt1) = (21, ..., Zm)

and c(z1,...,2m,m) = ms(z1,...,2%) and ¢,, GB}
SP{c(zl,...,zk,zi):c(zl,...,zk), i=k+1,..m+1
and c(z1,...,2k) = ms(z1,...,2;) and ¢,, GB}

< P{c(zl, ooy Zma1) = ms(z1,...,2;) and @, € B},

where the last inequality follows from the non-associativity Property 5. This estab-
lishes the reversed inequality of (29) and, therefore, that (29) and (30) hold with
equality. The final part of the proof of (ii)’ consists in re-writing the right-hand side
of (30) as is done in the proof of (ii). *

43



M.C. CaMPI AND S. GARATTI

We are now ready to upper-bound P{(bN < g Or Oy > Ek} by taking the sup of (49)

under conditions (i) and (ii)’ (in addition to the fact that measures mk belong to the cone
M of positive finite measures on [0, 1]). This gives

P{¢N <gp or gy > gk} <7 (50)

where v is defined as the value of the optimization problem

N

N
v = sup ( > / dmzN
mz_mEM+ Z k [OVék)U(EkJ] ’

; k=0
m=0,1,..., k=0,....,m

subject to: Z (ZZ) / dmgm =1, m=0,1,...
1

k=0
m;m+1—(1—a)m,im20, m=0,1,...; k=0,...,m.

To evaluate 7, we consider as before a truncated version of the problem

N
N / N
YM = sup dm 51a
M Z<k> 0e)UE o

subject to: Z (7;)

/ dmf =1, m=0,....,M (51b)

m;mﬂ - (1- a)m;’m =0,
m=0,....M —1; k=0,...,m. (51c)
and observe that
Y= IM; (52)

for all M. In evaluating vy by dualization one important difference with the proof of
Theorem 4 occurs in the Lagrangian

N M m
e - Z(N)/ dmf = 5" A Z(m>/ dmf  —1
k) JoeyoEe — k) Joy 7

k=0 m=0 k=0
M—-1 m
M / k(@) dmf o~ (1= ], (53)

because functions ji,,, € C°[0, 1] are now required only to be continuous, while their sign is
arbitrary (this difference stems from the equality condition on measures in (ii)’ as opposed
to the inequality condition in (ii)).

Tantamount to (36), we here have

e 2 sup [nf £ © [nf sup £ 2 (54)
+ m m +
emd ) iy (e
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where 7}, is the value of the dual of problem (51):

Am, m=0,....M

M
fe,m €CO[0,1], m=0,..,.M~1, k=0,..m "0

. m
subject to: <k> Lacio.e)u(er, 1) Lm=n + (1 =)t m () Loz

< )\m <T]:ZL> + Hk,m—l(a)]-m7£k7 Va € [07 1])

k=0,...,M, m=k,... M. (55b)

Proof of (A) in (54): If measures m; = do not satisfy the constraints in (51b) and
(51c), then infry y 1, .3 € is equal to —oo. The reason why this is true for (51b)
is the same as the reason why this is true for (33b) in the proof of (A) in Theorem
4. As for (51c), note that in the present context functions fy ,, have more flexibility
than u,:m in Theorem 4 because they need not be positive. By concentrating on
im’s that are indeed positive, we have as before that m:’mﬂ —(1- a)m;m e M~
similarly, with negative p ,,’s one concludes that mzm (1= a)mzm € M™, and
these two facts together imply (51c). To close the proof of (A), we simply notice that
the Lagrangian (53) with (51b) and (51c) in place reduces to (51a). *

Proof of (B) in (54): As in the proof of Theorem 4, matters of convenience suggest
to introduce a modified Lagrangian £, that corresponds to a continuous cost func-
tion. To this aim, for k =0,1,..., N, the integral f[O,gk)U(Ek,l] dm,tN in the first term
of the Lagrangian is rewritten as f[o,l] Laelo.e,)u(En] dm; n and the indicator function
Laefoe,)u(zy,1) is replaced with a continuous function ¢k, (a) that perturbs the La-
grangian in a vanishing way as 7 — oco. Precisely, to obtain a continuous transition,
we tilt the edges of the indicator function by a small enough quantity 7 (which creates
linear slopes over the intervals (g, &, + 7] and [ — 7, ) while leaving the indicator
function unaltered for other values of ) with the only advice that: if £, = 0 (so that
the left edge does not exist), then ¢y, - (o) continues at the value 0 till o = 0; likewise,
@i, (a) continues at value 0 till o =1 if &, = 1. The modified Lagrangian is

N N M m m
_ + +
o= <k> /[0,1} P (o) dmi = 2 A <Z <k> 0,1] im 1)

k=0
Pkeym (@) d[m;@r,m—&-l -(1- Q)m;m} :

In full analogy with (83) in Theorem 4, the proof consists in showing the validity of
the following relations:

SUp(t yinf gy S = dnf () supge L
Hk,m Hik,m
dri0 VI (56)
Sup{m:m} inf {Am} £ < inf {Am} Sup{m:m} 2,
’ {pem} {prem} ’
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where the only difference with (83) is that the positive functions u;m are now the
functions pik ., that are undefined in sign. Here, as in Theorem 4, we need only to
show the validity of the = at top and the convergence |,y on the left.

To show the validity of the top equality

sup inf £, = inf sup £, (57)
fmf b o D} )

Hie,m } {1e,m }

one follows the same argument as in Theorem 4 after noting that there is no need here
to introduce the positive measures p;m (in Theorem 4, the p;m’s served the purpose
of making null the measures qy, ,, = mzm“ -(1-a) m,im +p,‘;m to evaluate the value

V and the supervalue V; this is not needed here because mngrl -1-aw m;m is

downright zero and not just negative). Hence, for precise reference, we make explicit
that set H in the present context becomes

H = {(v,{rm}, {akm}) € R x RMTL x M

N
v = Z <N> / Ok 7-(04) dm;‘N,
—\k/) Joy ’

{8 0) [, -}

k=0
{akm} = {mipn - —a)mi, },
where, for all m and k, mzm € /\/l+}. (58)

(M+1)M
.

All derivations from here till the equivalent of equation (89) are identical to those
developed in Theorem 4 with the only notice that functions pf , must not be non-
negative in the present context (hence, delete from the derivations in Theorem 4
the sentence “Moreover, noting ... in place of uj , .”). This way one arrives in the
present context to the following equivalent of (89), which only differs from (89) because
functions i, which have undefined sign, take the place of u,":m:

M—-1 m
inf sup {v — Z A Tm — Z Z/ e (x qum} <V. (59)

{{ﬁ,"m}} (v{rm ¥ {dr,m DEH =0 0

By recalling the expression of v, 7y, qim in the definition of H given in (58) and
noticing that the curly bracket in the left-hand side is nothing but £, (in Theorem 4 we
had to digress to take care of measures p,i:m), (59) immediately gives the counterpart
of (91):

inf sup £, <V.

A
iy (hom)

The last portion after (91) holds unaltered in the present context to conclude that

inf sup STZV.
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The next step that V' = V becomes simpler in the present context. Indeed, one has
just to suppress p, " wherever encountered to show the validity of equations (96) and
(97), while, by a derivation similar to that used to obtain (96) and (97), one obtains
from (94) (without p;m) relation

/{O ) AR~ (=) W] =0,
Vgi(a), 5=1,2,..., m=0,1,....M -1, k=0,...,m. (60)

The last part now becomes: Taking now any function f in C° [0, 1] and noting that f
can be arbitrarily approximated in the sup norm by a function g;, (60) yields

muf@w(ﬂmzm+l_(1_a)m1m]:0’

from which

My g — (I—a)m’, =0 (61)
(recall Footnote 30). In the light of (96), (97) and (61) one sees that {rﬁ,jm} maps
into the point (V, {rm = 0}, {qx,m = 0}), which proves that this point is in H. Hence,
it holds that V' =V and equation (57) remains proven.

Turning now to equation

lim sup inf £, = sup inf £ (62)
=0 ity {Am} {m+ ) {Am}
P L m } P Lk m

(which is the only remaining relation to prove in (56)), we notice that this is a step
that contains some major differences from Theorem 4, for which reason we prefer to
repeat the whole derivation even at the price of duplicating some parts already con-
tained in the proof of Theorem 4.

Notice that, in both sides of (62), the inf operator sends the value to —oo when-
ever the constraints in (51b) or (51c) are not satisfied by {m; }: hence, (51b) and
(51c) must be satisfied and are always assumed from now on. Under (51b) and (51c),
(62) is rewritten as

NN
li (o) dm”
i 35(2) [ ooy

{m} .} k=0
N
N
= sup ) (k) / Laciog,)UE 1] A v (63)
{mz’m} k=0 [0,1]
To show the validity of (63), we discretize 7 into 7, i = 1,2,..., 7, — 0, and consider
a sequence {ﬁl;:sl}, i=1,2,... (where measures ﬁlz_% satisfy (51b) and (51c) for any

i), such that
N /N '
lim / Ok (@) dm;!
1—00 kZ:O ( k ) [0,1] ( kN
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equals the left-hand side of (63) (for this to hold, m + : 1, must achieve a progressively
closer and closer approximation of SUP oty in the left—hand side of (63) as ¢ in-

creases); then, we construct from {m, ;ﬂ} a new sequence {rﬁz;ﬂ}, i=1,2,... (still
satisfying (51b) and (51c)), such that

N N ‘ N N ‘
lim / Prr; (@) din 2 < lim ( > / Locioe o 1 At (64
1—>00 kZ:O ( ]{; ) [071] ( ) k7N i—00 kZ:O k [071] E[Ov—k)u( kvl} k,N ( )

which shows that the left-hand side of (63) is upper-bounded by a value that is no big-
ger than the right-hand side of (63). Since, on the other hand, the left-hand side of (63)
cannot be smaller than the right-hand side of (63) because ¢y - () > Laefo,e,)uER 1]
(63) remains proven.

The construction of {m, n’l} is in three steps:

Step 1. [construction of {ﬁ1+’i }] For all k < N for which & # 1 and for all m, move the

probabilistic mass of 1 me " contained in the interval (€, —T;, 2] into a concentrated
mass in point & + 7; and for all kK < N for which ¢;, # 0 and for all m, move the
probabilistic mass of 1 me " contained in the interval [g;,, £,+7;) into a concentrated

mass in point g, — 7;; let mk " be the corresponding measures.

Step 2. [construction of {ﬁlz_ fn}] The mass shift in Step 1 can lead to measures tﬁ;r;% that

violate condition (51c) in & + 7; and/or g, — 74; the new measures m; restore
the validity of condition (51c¢). The construction is in two steps that focus on
€k + 7; and g, — 7y, respectively. For all £ > N and all k£ < N for which g, =1,
let m+ A1) _ ﬁl;;l, for all m = k,..., M. For all other k’s, let ﬁlzlz( ) = ‘ﬁZkl:’

then, Verlfy sequentlally form=k,..., M — 1 whether the condition

wft L (E+ ) — (= Gt ) iV (B + 7)) = (65)
is satisfied; if yes, let m,j:n(_l& = tﬁ;;’H_l, otherwise trim ﬁl,t;il+1({5k +7}) to the

value (1—(Ex+m)) mk m ({5/1€ +7;}) and define m,j Z(+)1 as the trimmed version of

ﬁl;: 7; - 32 Likewise, we need to restore validity of condition (51c) in g, —7;. Since

we again want to trim — i.e., reducing rather than raising — measures (for reasons
that will become clear in Step 3) and in this case the mass shift is leftward, we
are well-advised to scan the values of m from bottom to top. For all £k > N and
all k < N for which g, = 0, let ﬁl;:; = m;:;fl) for all m = k,..., M. For all

other k’s, let 61;;/[ = ﬁlZ’Jf/(Il); then, verify sequentially form = M -1, M —2... k

whether the condition

w (e =7 = (1= (g — 7)) w0V (e — 7)) = 0

32. Note that, if (65) is violated, its left-hand side is necessarily greater than zero (so that the “trimming”
operation achieves its intended goal). Reason is that the initial masses in (£ — 7;, 2] are balanced (i.e.,
ﬁli’ilﬂ(?k — T, &k — f(Ek—n 2l (1- a)drﬁZ’ " =0) and the shift to &, + 7; reduces the coefficient (1 — «)
in the second term, which is the negative one.
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is satisfied; if yes, let n%::n = ﬁl,:r;jfl), otherwise trim ﬁl;ﬁfl)({gk — 7;}) to the

value ﬁlliﬁwl({?k —7i})/(1 — (g, — 7)) and define ﬁlz;n as the trimmed version

~+,i(1)
of my

Step 3. [construction of {tﬁ;;n}] The trimming operation in Step 2 may have unbalanced
some equalities in (51b), i.e., it may be that
m
> (%
(&)
k=0

for some m. If so, re-gain balance by adding to measure ﬁlﬁfm a suitable proba-

bilistic mass concentrated in o = 1, while leaving other measures I'fl;:;l, k # m,
~ i

unaltered. The so-obtained measures are m;’ . Note that this operation pre-
serves the validity of condition rﬁ:;Zm - (1-a) i, = 0 (since we have altered

measures tﬁfnlm only in @ = 1 where coefficient (1 — «) is null), so that {tﬁlj;l}
satisfies (51c) besides (51b).

Since the mass shift in Step 1 has only moved masses into points where ¢y, -, ()
is bigger, this mass shift can only increase Z,JLO (J,Z ) f[o,l] Ok () dtﬁ;’]@; moreover,
any trimming and re-balancing in Steps 2 and 3 involve vanishing masses as 7; — 0.
Therefore,

lim / V.7 (a dm! < lim ( )/ Okr, (0 dm; . 66
“""kz::o<k> o P () LN o Pt AP (09

On the other hand, by construction, ¢k (@) = Lacjoe,)u(z, 1 if € = 0 and g = 1,

while, for g, # 0 and/or & # 1, @k~ () # Lacjoe, )u(e,,1 only occurs where iy is

null. Hence,

N /N N oy
i = i

Ph,r; (& dmy = ( )/ ]la £ 1, dm, ,

Z <k) /[0,1] k(@) k,N Z k) Jio €[0,e;,)U(ER,1] Mg N

k=0
which, substituted in (66), gives (64). This concludes the proof of (B). *

Proof of (C) in (54): The proof of point (C) follows, mutatis mutandis, that of
Theorem 4. Here, the Lagrangian can be re-written as

M M M
e = Yty f
k=0 m=k ” [

m
o [(k) Lacpoe, )0 1) Im=N + (1 — @)t m (@) Linzas
m=0 )

m
_Am < k> - Uk,ml(a)]lm;ék] dm]—:ma

and the argument is closed as in Theorem 4, in which derivation one has only to
substitute u;m with fig - *
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Next we want to evaluate ~;, for problem (55).

In the present context, the constraints can be rewritten more explicitly as in (40) with
the only change that all functions u,jm, for any index m, k, need not be positive, so that
the superscript “4” must be droppea everywhere and, moreover, the indicator function
Lae(ey,1) now becomes Lycioe,)u(z,,1- The discussion that follows (40) remains the same
with only a major difference: the discussion leading up to the conclusion that one can add
the constraints A\,, = 0 form = N + 1,..., M ceases to be valid here because it was
grounded on the fact that functions ,u;rm were positive, while here functions py,,, do not
undergo this requirement. Hence, one comes to the following problem:

M
inf Am
Ay M0, M mz::o (67a)
: . N N—k < - m m—k
subject to: i (1 =) " lagoe,)uEr < Z Am f (1 —a)™ ",
m=k
Va € [0,1], k=0,...,N (67b)
M m
0< z_:kAm<k>(1 —a)™ " Vaelo1],
k=N+1,...,M (67¢)

and the claim is that it returns the same optimal value v, as (55). The fact that the
optimal value of (67) is not bigger than the optimal value of (55) is obvious. The converse
result that the optimal value of (55) is not bigger than the optimal value of (67) is proven
by showing that for any feasible point of (67) one can find a feasible point of (55) that
attains the same value, which is shown in the following.

Consider a feasible point of (67). To find the sought feasible point of (55), consider
the same A, as those for the feasible point of (67) and augment them with the
functions py, , defined as follows. Consider the inequalities in (40) where the ,u:m’s
are replaced by the iy ,,’s as it must be in the present context. The inequality’ for
k = M and m = M is satisfied in view of (67c) for ¥ = M. Next, satisfy the
inequalities corresponding to k = 0,...,M — 1, m = max{k, N} + 1,..., M with
equality starting from bottom and then proceeding upward. This gives:

prav—1(q) = —AM<]\]:;[>,

pr g —2() = _)‘M—1<Mk_ 1) — A (]\:)(1 —a)

M

Mk,max{k,N}(Oé) = — Z )\j (‘2) (1 _ a)jfmax{k,N}q‘

j=max{k,N}+1

Note that for kK = N + 1,...,M — 1, this choice also satisfies the inequalities for
m = k in view of (67c). The expression of py,, over [0, 1) for the remaining indexes
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are instead defined as in Theorem 4 by equations (43). We show that choices (68)

and (43) satisfy over [0, 1) the remaining inequalities (those for k =0,..., N and m =
. . _ (7 .

N). Substituting pp y—1(a) = Z;V:kl % and g (o) = _Zj]\iN+1 ()=

J=N=1in these inequalities gives

N AN 1 M j
i—N
<k>ﬂ“€{“’sk)u(€k’”§2ﬁ (k) oy * 2 Y (k>(1—a)3 -
p

j=N+1

@)

Equation (69) is satisfied because it coincides with (67b). As for v = 1, note that
functions py, ,, defined in (43) tend to infinity when a — 1. This poses a problem of
existence for a« = 1, which, however, can be easily circumvented as in Theorem 4 by
truncating the functions py, ,, in the interval o € [1—p,1] at the value py m(1—p) to
obtain

prm(a)  a<l—p
fy () = 475
fem(l=p) a>1—p,

and noting that all the inequalities are satisfied over [0, 1] if p is chosen small enough.
Summarizing the results so far, we have

4y (50)  (52) 1)
P{¢N<§k 0T¢N>5k} < v < vywm = Y

where 7}, is given by (67). Choose now M = 4N. The proof of the theorem is concluded
by showing that vj, < d, which is what we do next.

Take Ay, = 5% for m = 0,...,N — 1, Ay = 0 and \,, = g for m = N + 1,...,4N,
so that anN: 0Am = 0. Inequalities (67c) are clearly satisfied because all \,, are non-
negative. The inequalities in (67b) for a = 1 are satisfied because they become 0 < \; (for
k < N, the term (1 — )V =" in the left-hand side of (67b) annihilates, while for k = N
it is the indicator function that annihilates because €y = 1). For « € [0,1), (67b) can be

rewritten as

4N
6 (%)
—(N—m k m—N
Lacoguenll S 5y m(l—a) W D m(1—04) ,
m=k \k m=N+1 \k
k=0,...,N—1,
5 4N m
Logjoey) < 6N Z <N> (1—04)7”7]\[7 k=N,
m=N-+1

and are satisfied in view of the definition of ¢;, and g, see (4) and (5). This concludes the
proof. *

Remark 30 Theorem 7 preserves its validity under the following slightly weaker assumption
than the non-concentrated mass Property 6 (while maintaining the preference and non-
associativity Properties 2 and 5): with probability 1, if for some n an example z appears in
c(z1,...,2n), then it appears in c(z1,..., 2z,) as many times as it does in ms(z1,..., zy).
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Clearly, the non-concentrated mass property implies the assumption stated here because
the non-concentrated mass property gives that any multiset does not have repetitions with
probability 1. To instead prove that Theorem 7 preserves its validity under this extension,
one proceeds similarly to the last part of the proof of Theorem 4 (where the temporary
condition of non-concentrated mass was removed). Precisely, define 2}, ¢/, ¢y, and K
as it was done there. Then, the preference property of ¢’ holds as shown in the proof of
Theorem 4, while the non-associativity property of ¢’ follows from the non-associativity of
c along a similar argument. Moreover, z| satisfies the non-concentrated mass property by

construction. Using Theorem 7 for 2, ¢, @'y, and k' now gives

Then, to prove Theorem 7 for the initial setting, one has to show that k = k' and ¢y =
@\, with probability 1. k = k' is obviously true. As for ¢ = @'y, in the proof of
Theorem 4, it was already noted that c(c(z1,...,2N),2N+1) 7# c(21,...,2Nn) implies that
(21, 28)s 2 g1) # (215, 2y). On the other hand, the assumption introduced
in the present remark straightforwardly gives that c’'(c'(2],...,2y), 2y41) 7# <(21,..., 2y)
implies that c(c(z1,...,2N),2N+1) # c(21,...,2N), except for at most a probability zero
event. This gives ¢ = @'y, and we therefore have

Pleg, < oy <Er} =Pley < @y <ep} >1-0.

5.4 Proof of Proposition 8

We first establish that % < g, < . The result is obvious for kK = N since g, = 1 = g.
For k < N, recall that e is the unique solution to U 5(a) = 1, while g is the solution
to Wy 5(a) = 1 bigger than % Notice that Wy 5(a) = $Wys(a) + vgs(a), where vy 5(a) =

6%, an]\; N1 E}S;(l — )™ V. Using the same argument given in Appendix A to show that

Uy.5(%) < 1,1t is easy to prove that vy 5(&) < § < 1, which, along with the fact that vy, 5(c)
is strictly decreasing over the interval of interest (0,1), yields vy s(a) < 3 for a € [£,1).
Since g > % (remember that Wy s(c) is monotonically increasing and the argument in
Appendix A can be used again to show that \IJ;C’(;(%) <6 < 1), we have that

Usler) = 5%ns(er) + vislen)
= % + Vk,5(€k> (Since \Ilk,(S(gk) = 1)
< 1. (since vy 5(ex) < %)

This, along with the fact that \il;w; (o) is first decreasing and then increasing, gives ey, < g.
We next prove equations (7) and (8).

For k = 0,1,...,N — 1, consider the equation (note that the left-hand side is not ex-
actly equal to function Wy, 5 in (3) because a “2” in the first term has been substituted with
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a M677)
N-1 m AN m
0 (&) ymn 0 (%) N
—Z— -~ = Y g —am N =1 (70)
N N
6N 7= (%) ON i (k)
For every « in (—o00,1), the left-hand side is no bigger than \if;w; (o) and, as a function of

a, it has a behavior smnlar to \ilk,(; (i.e., it is first decreasing and then increasing, diverging
to +oo for both &« — —oo and o — 1). Thus, (70) admits exactly two solutions in (—oo, 1),
one smaller than k/N and one bigger than k£/N, and these solutions give a lower bound and
an upper bound to g, and &, respectively. Since (1 — a)¥=F #£ 0 over (—o0, 1), equation
(70) is equivalent to

4N

which is obtained by multiplying both sides of (70) by (]IX ) (1—a)V~* and then adding on the
left and on the right the term %(]IX)(I —a)V=F. Notice that (71) is meaningful for k = N
too, and is indeed equivalent to the equation defining ey, i.e., Uns(a) = 1 (for k = N
(71) admits only one solution, which coincides with €,;). Thus, summarizing, the solution
to (71) smaller than k/N provides a lower bound to ¢, for all k =0,1,..., N, while the so-
lution greater than k/N, which exists for k = 0,1,..., N —1, provides an upper bound to .

We now rewrite (71) in a form that is better suited to obtain an explicit evaluation of
its solutions.

For k = 0, the summation in the left-hand side of (71) is

4N 1— (1 _ CV)4N+1

S—aym =t

m=0

and, noticing that for a generic k it holds that

4N m ] k dk 4N
TPy
m=k m=0

a cumbersome, but straightforward, computation gives the following general formula for the
left-hand side of (71)

g (Mg gy 010 Yio (i1 — )N
6N — 6N af+1 '

(72)

k+1

Substituting in (71) and multiplying on the left and on the right by Na***, we then obtain

g (1 B f (4Ni+ 1) ail _a)4N+l—i> _ (1+ 6(]5\7) N(Z>ak+1(1 —a)NE (13
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which, in view of the multiplication by Na**!, is equivalent to (71) for o # 0. In what

follows, the usage of equation (73) to investigate the solutions to (71) will be limited to
the interval (0,1) (and, hence, the condition o # 0 becomes irrelevant). As is clear, this
is always the case for the solution greater than k/N, which upper bounds &, while for the
solution lower than k/N, which lower bounds g, a sufficient condition for this solution to
be in (0,1) is that

k > 1n(3/0), (74)

as shown in the following derivation.

Start by noticing that

k>1n(3/0) = Oghtt 5 q 50 4
6 6 k+1

> 1,

where the latter implication follows from 4% /z > €® for x > 0. Since % > 4 and
6

4NN7—7 >4 fori=0,1,...,k — 1, the previous inequality implies that

§ AN+1 4N 4AN+1—-k 1 -
6 N+g N N+1—-k k+1

L

which, re-arranging the terms and dividing the left-hand and right-hand sides by k!,

yields
5(4N+1)--~(4N+1—k)> . S\N---(N+1-k)
6N (k+1)-k! 6N k! ’
or, in a more compact form, 6%(4,?&1) > (1 + 6%) (],Z ) Using in this last expression

4N

=Y ei (7)), one concludes that

the hockey-stick identity (which asserts that (4N +1)

k+1

4N
1 m 0 N
— 14+ — .
v 2 (1) > () (0)
This means that the left-hand side of (71) evaluated at o = 0 is larger than the right-

hand side evaluated at o = 0, and this implies that the two solutions of (71) (and,
thereby, those of (73)) are both within the interval (0, 1).

Apart from the factor %, the left-hand side of (73) is a so-called Beta(k+1,4N +1—k) cumu-
lative distribution function and, as such, it takes value 0 for &« = 0 and is strictly increasing
in (0,1) converging to the value 1. The right-hand side, instead, for k = 0,..., N — 1 takes
value 0 for both @ = 0 and a = 1 and is first increasing and then decreasing, while for
k = N is 0 for &« = 0 only and it is increasing. A graphical illustration of the typical
trend for the left-hand and right-hand sides of (73) for In(3/§) < k < N — 1 is given in
Figure 7 (solid blue lines). Given this state of things, it is clear that if the left-hand side of
(73), call it L(«), is replaced by a function that lies below L(«), while the right-hand side,
call it R(«), is replaced by a monotonically decreasing function that stays above R(«), the
so-obtained equation has the property that any solution to it upper bounds the solution
to (73) bigger than k/N, which in turn upper bounds g;. Similarly, keeping the same re-
placement for the left-hand side of (73), but this time substituting the right-hand side R(«)
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NN
D>

A\

Figure 7: Graph of the left-hand and right-hand sides of (73) (solid blue lines) and of the
curves that are used to obtain suitable lower and upper bounds to the solutions
o (73) (dashed red lines).

with a monotonically increasing function that stays above R(«), an equation is obtained
whose solutions provide lower-bounds to ¢;. In the following, the sought upper bound to &
and lower bound to g;, will be obtained by replacing L(«) with a suitable constant function
and the right-hand side R(«) with a decreasing exponential and an increasing exponential
function, respectively. See again Figure 7 for a graphical illustration (dashed red lines).

o Upper bound to g

Consider (73) for k=0,1,..., N — 1. Start with the left-hand side and notice that

( 5> <4N N 1) ol(1 - a)‘“”“) (75)

=0

CD\CM

9
12 =

for a > 41;\? J}Z. As a matter of fact, ﬁv%lz is the mean of the Beta distribution having

cumulative distribution function 1 — Zf:o (4]\2+1)ai(1 — a)*N+1= and the mean of this

Beta distribution is greater than its median, see Payton et al. (1989).
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As for the right-hand side of (73), pick any number ¢ > 1 and notice that3?

<1 + 6(]5V> N(‘Z) oML — )N E

g N+1\ N41—(k+1)
< — _
< (1—1—6N>(k+1)<k+1>a (1-a)

k+1

7 N+1\ N+1—i

< 6(k+1);< ; )a(l—a)
k+1 ,

7 k1 N +1)\ ra\d N+1—i
< ! ad _
< gkt De ;( . >(C) (1-a)

N+1 ,

7 k N+1 o\t i
< ’ 41 et _ N+1—1
= 6(k+1)c ;( l >(c> (1-a)

_ 1\ N
= L na- -0t (1m0t

6 C
< g(kJr1)6_(1—0)(k+1)e—a°;61(N+1)
< g(k‘ + l)e_(l_c)(kﬂ)e_o‘c;l]v,

where the second-last inequality derives from relation 1 — x < e™*. Taking now

\/In(k‘—l—l) +Inid

c=1+

VE+1 ’
one obtains
1) N\ .
1+ 2\ N 1] _ )Nk
(1+ay) (i)
y/In(k+1)+1n L. N

—

N )

6

where the right-hand side is a monotonically decreasing function of «.. Using (75) and (76)
together, in view of the argument given after (73) we have that the solution to

5 v/In(k+1)+1n L. N
7 In(k+1)+ln 4k~ @ i1
N 7(]{: i 1)6 n(k+1)+n 5 vVk+ o \/m+\/ln(k+1)+lnT (77)

12 6
upper bounds gj, as long as the solution turns out to be no smaller than ﬁjf J}Q (which is the
condition to ensure that (75) is indeed true). Solving (77) for « gives

l<:+1+2v’ﬁ+1\/1n(/’f+1)+1111§1 +1n(l<:+1)+1n%
N N N ’

33. This computation is insipred by Alamo et al. (2015).

o =
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which is always greater than 4?\}*' +12. Thus, it follows that, for k =0,1,..., N — 1,

_ /~c+1+2vk+1\/1n(k+1)+1n154 +ln(k+1)+ln16—4
=N N N ‘

Moreover, the bound turns out to be valid for ¥ = N too, since €y = 1, while the right-
hand side of the previous inequality is greater than 1 for ¥ = N. Using the fact that

\/ln(k: +1)+Int < /In(k+1) + /In(14) + y/In 1 in the previous expression, and re-
arranging the terms, one obtains:

gk 2VEAHI (\/In(k +1) + \/ln(l4)) +In(k+ 1) +W(14)+1 VE+1/Ing 1

It is easy to verify that In(k + 1) + In(14) + 1 < 4v/k + 1; using this fact in the numerator
of the second term together with /In(14) + 2 < 4 yields

1
ko o VE+1 Vk+1y/Ing Inl
§k§N+2 N (\/ln(k+1)+4)+2#+ﬁ,

which is the bound in (7).
o Lower bound to g,

Consider (73) again, this time for k£ > ln(%) as given in (74) (which, as we have seen,
ensures that the solution lower than k/N takes value in the interval (0,1)). The right-hand
side of (73) is upper bounded as follows (c is any number bigger than 1):

g NY k1 N—k
<1+6N>N<k)a (1—a)
0 N+1\ N+1—(k+1)
< i _
< <1+6N)(7€+1)<k+1)a (1—a)
N+1
7 NAT\ i\ Nt1-i
6(k+1),5 < ; >a(1 a)
i=k+1
N+1

%(k‘ + l)ck% Z (N:_ 1) (ce)i(1 — )N+

i=k+1

IN

IN

IN

N+1
7 1SN (N y
=0

T (1+a(c—1))N+1
= gkt (14 (c— )™

C(oq_e=1)?
7(k+1)e°‘(c_1)(N+1)e( 15 e
6

IN

I
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12
where the last inequality derives from e~ 2 <14 x < e” for x > 0. With the choice

ik +1) +1n 4

c=1+ ,
vk +1

we now obtain

<1 + 6‘;) N(Z) B (1 — )Nk

14
7 In(k+1)+In =5 - (N+1) _ 14 1 14
< 6<k+ 1) = o~/ In(k+1)+In 55 VEFI+3 (In(k+1)+1n & ), (78)

where the right-hand side is an increasing function of «. Using (75) and (78) together, in
view of the argument given after (73) we have that the solution to

In(k+1)+In 14-(N+1)
1% _ g(k +1)e V e o VI 1) Hin 3 VAT (In(k+1)+1n ) (79)

lower bounds ¢, as long as the solution turns out to be no smaller than 4]}3\, ~5 (which is the
condition to ensure that (75) is indeed true). Solving (79) for o gives

k+1 3vk+1 14
Q_N+1_§N+1 ln(k:—l—l)—i—ln?. (80)

Hence, for those k for which o > ﬁj J:Q, we have that g, > «, which also clearly gives the
looser inequality

k+1 \/k:+ \/
N+1 N+1

14
g > ) +In—. (81)

On the other hand, if % is such that o < EL | then, substituting the expression for a given

IN+2
in (80) in relation a < 45\}:}2 yields
3vk+1 14 k+1 k+1 1 k+1
SvET In(k+1)+In— > Lt > = + ,
2 N+1 0 N+1 4N+2° 2 N+1

from which

k+1 \/k+1\/ 14
N+1_3N+1 ln(k+1)+ln?<0,

and, since g;, > 0 by definition, we conclude that (81) remains valid in this case as well.

Go now back to re-consider condition k£ > ln(%) introduced at the beginning of this part
about lower bounding g;,, and consider the opposite case that k£ < ln(%). If so, it also holds
that £ +1 < 3Vk + 1\/1n(k +1) 4+ In L, which in turn implies that the right-hand side of

(81) is no bigger than 0. This, in view of relation g, > 0, proves that (81) is valid in this
case as well. Hence, we conclude that (81) is valid for all kK =0,1,..., N. Since k“ >N
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s < &and (Jin(k+1) + 08 < (k1) + /(1) + (/Ind, from (81) we also

obtain
T VE+1,/Int
e > % —3 kN+ ! (\/In(k T1)+ \/ln(14)) _ 3T5'

The bound in (8) is finally obtained by noticing that y/In(14) < 2.

This concludes the proof. *
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Appendix A. A study of the graph of \TJM
For k =0,1,..., N — 1, the derivative of ¥y s, i.e.,

T (@)= 5y 2 (N = m)(1—ay o Z N)(1 =) N
m=k \k m= N+1

is a strictly increasing function with limit —oo for &« — —oo and limit oo for o — 1.
Hence, over the interval (—oo, 1), \i'k,(; is first decreasing and then increasing, with a unique
minimum. Since @k’g — +oo for both @ — —o0 and o« — 1, to prove that the equation
\Ilk s(a) = 1 has indeed two solutions, it is enough to exhibit an @ € (—o0, 1) for which
T, s(@) < 1. To this aim, consider & = N and notice that

N-1 Nem 4N m _ 1ym—N
Uy 5(k/N) = Z N Nm+3iN > (]’3) (NN,f_)N ] (82)
k m=N+1 (k)

Form=kFk,...,N — 1, we have
N—m—1

()  NN=m _ —H— <N—k—z’. N >§1’

(V) (N —R)N=m = 1L N—i N—k

where the inequality is satisfied since each term Njgk*i L_k in the product is no bigger

—i N
than 1. Similarly, for m = N +1,...,4N we have

()N —k)mN "= N+i N-—k -
M Nmw LA\N-—k+i N )=
N+i  N—k

(again it is straightforward to verify that each term {5 - “F is no bigger than 1).
We therefore see that both sums in the square brackets in the right-hand side of (82) are
arithmetic means of quantities no bigger than 1, and therefore they are no bigger than 1 as

well. This gives ¥y, s(k/N) < § < 1, and it also shows that a;, < £ <ay.

Appendix B. MATLAB code

In this Appendix, we provide efficient bisection algorithms in the MATLAB computing
environment for the evaluation of e, g, and €. The algorithms take advantage of some
reformulations of the equations ¥y s(a) =1 and \ilm(oz) =1 as discussed in the beginning
of the proof of Proposition 8 in Section 5.4. A summary of these reformulations are provided
before the MATLAB codes.

B.1 Bisection algorithm for the computation of ¢

Equation ¥y 5(a) =1 for k =0,...,N — 1 can be rewritten as

o
=k
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and, using a formula analogous to (72) in Section 5.4, but with N — 1 in place of 4N, this
equation is shown to be equivalent over the interval (0,1) to

) <1 — Z; <JZ>oﬂ'(1 — a)N—") = aN<JZ>ak(l —a)V 7k,

The only solution to this equation in (0,1) is € and it can be computed by bisection
starting from 0 and 1 as initial extremes. Apart from the coefficient J, the left-hand side is
an incomplete Beta function with parameters k 4+ 1 and N — k, which can be efficiently and
accurately evaluated with the betainc function of MATLAB. Similarly, apart from the term
aN, the right-hand side can be computed as the difference of two incomplete beta functions.
The following code provides a ready-to-use implementation of the bisection algorithm in the
MATLAB environment.

function eps = find_eps(k,N,delta)

if k==N

eps = 1;

else

tl = 0;

t2 = 1;

while t2-t1 > 1e-10

t = (t1+t2)/2;

left = deltaxbetainc(t,k+1,N-k);
right = t*N*(betainc(t,k,N-k+1)-betainc(t,k+1,N-k));
if left > right

t2=t;

else

tl=t;

end

end

eps = t2;

end

end

B.2 Bisection algorithm for the computation of ¢, and

Following the same argument given in the proof of Proposition 8 to derive (71) (see Section
5.4), it is easy to see that equation Wy s(a)) =1 can be reformulated as

CS (Macart s LS (M ac gt (10 L) (Naay
3N =\ k 6N <= \ k - 6N ) \ k '
Using again formula (72) for the second term in the left-hand side and its variant with N —1

in place of 4N for the first term, one obtains that \Ilk,(g(a) = 1 is equivalent over the interval
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(0,1) to the equation

(o) e ff B o)

=0 1=0

= (1 - 6(]5\7) ozN<Z]:f)ozk(1 —a)Nk,

where, again, the left- and the right-hand sides can be conveniently computed via the
incomplete Beta function. A bisection algorithm with % and 1 as extremes can be used to
compute ap = & for k=0,..., N —1; instead, for k =0,..., N, using 0 and % as extremes,
the bisection algorithm converges to oy, = €;, when ¢, > 0 and to 0 = ¢;, when ¢, < 0. The
following code provides an implementation in MATLAB.

function [epsL, epsU] = find_epsLU(k,N,delta)

tl = 0;

t2 = k/N;

while t2-t1 > 1le-10

t = (t1+t2)/2;

left = delta/3*betainc(t,k+1,N-k)+delta/6*betainc(t,k+1,4*N+1-k);
right = (1+delta/6/N)*t*Nx(betainc(t,k,N-k+1)-betainc(t,k+1,N-k));
if left > right

tl=t;

else

t2=t;

end

end

epsL = ti;

if k==N

epsU = 1;

else

t1 = k/N;

t2 = 1;

while t2-t1 > 1e-10

t = (t1+t2)/2;

left = (delta/2-delta/6)*betainc(t,k+1,N-k)+delta/6*xbetainc(t,k+1,4*N+1-k);
right = (1+delta/6/N)*t*N*(betainc(t,k,N-k+1)-betainc(t,k+1,N-k));
if left > right

t2=t;

else

tl=t;

end

end

epsU = t2;
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end

end

Appendix C. Proof of (B) in (36)

Let 7 > 0 be a number smaller than 1 — g for all k’s for which ¢, # 1. Matters of
convenience (as shown later) suggest to introduce a modified Lagrangian that corresponds
to a continuous cost function as follows

i:< >/[01(P]” ) e = ZA <Z<k>/[0,1]dm:’m_1)

0 k=0
M-1 m

/[01 w0 )d[m;mﬂ—u_a)m;m},

m=0 k=0

where: for all k for which e}, # 1, ¢, - () is a continuous function equal to 0 for o € [0, e, —7],
equal to 1 for « € [eg, 1], and with a linear slope connecting 0 to 1 in between; while ¢, - ()
is identically zero when g5 = 1. We show below the validity of the following relations:

sup 1nf £ = {i}\nf} sup £,
m +
i) g, ﬁm} ity Momd
dri0 Vi (83)
sup inf £ < inf sup £.
{mf 3 {Am} {Am} {3
Tt iy "

Notice that the above relations imply the sought result that

sup inf £= inf sup £
}{ m} {)\m} mi 3

k 7n} k 'm}
because
inf  sup £
Dmd )
T
is in sandwich between
sup inf £
{m;m} {Am}
k7n}
and
1nf} sup £r,
() {m/

two quantities that converge one onto the other as 7 | 0.

The two inequalities in (83) are justified as follows: the < at the bottom of (83) is valid
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because relation “supinf < infsup” is always true, while the VI on the right follows from
the fact that o -(a) in £; is greater than or equal to 1,¢(, 1) in £.

What remains to show is thus the = at the top of (83) and the convergence |,y on the left.

We first show that

su inf £, = inf sup £, 84
R VT T

for which purpose we need to introduce a proper topological vector space, Rudin (1991), as
specified in the following.

Consider the vector space M of finite signed measures m with support on [0, 1]. More-
over, let LF be the vector space of linear functionals on M of the form f[o 1] p(a) dm,

where y is a continuous function (u € C°[0,1]). In M, introduce the weak topology

induced by LF, see Section 3.8 in Rudin (1991). This weak topology makes M into a

locally convex topological vector space whose dual space coincides with LF, see Theo-

rem 3.10 in Rudin (1991).3* By also considering the standard topology of R generated

by open intervals, the ambient Space(]'lél V;/]Eich we are going to work is the topological
+1

vector space given by Rx RM+1 x M2 =: S equipped with the product topology.

The interpretation of S is that it is the codomain of an operator that maps m;m,

m=0,1,...,M, k=,0,...,m into an element of S according to the rule:
N (N
> k=0 (1) f[0,1] Pr.r () dm:,N (e R)
m (m + M+1
{m;m}m:0,17,,,,M — {Zkzo (%) f[o,l] dmg ., 1}m:0,1,.._,M (€ RYT)
=0,...,m (M+1)M
{m;:,m+1 —(1-a) mz—’m}};n:oo,l,..,M—l (e T )
=0,...,m

(note that this operator returns various terms that are found in £;). We next consider

the image of this operator, that is, the range of points in S that are reached as {m;m}
(M+2)(M+1)

varies in its domain (M™) 2 . To this image, we further add an arbitrary

positive measure p:m to each term mzmﬂ -1-a mzm (the reason for this will

become clear shortly). The final set that is obtained as {m; } and {p; 1} vary over

34. For the applicability of Theorem 3.10, one needs that LF “separates” M, a fact that follows from
Footnote 30.
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their domains is denoted by H

(M+1)M
—_—.

H = {( A}y {Qrm ) € R x RMH 5 A

N
z( ) e (@) dmf
[0 1]

k=0
dmf —15%,
,1} ’

{qk,m} = {mk,m—i—l - (1 - a) m;:,m + pz_,m}’
where, for all m and k, mf, € M*,pf, € M"}. (85)

The closure of H in the topology of S is denoted by H.?> The following definitions
refer to the restrictions of H and H to the line where all r,, and gy, are set to 0 (i.e.,
the zero element in R and M, respectively): quantities

V = sup {v : (v, {rm =0}, {qkm = 0}) EH}
V = sup {v : (v, {rm = 0}, {qem = 0}) GFI}
are called value and supervalue, respectively.?® With this notation, we have

sup inf £, =V

i} ()

(this fact easily follows from an argument similar to the proof of equality (A) in (36)
after noting that V' in the present context plays the same role as v;; in left-hand side
0f(36)). On the other hand, we also have

inf sup £, =1V, 86
{dm} {mz_ } ( )
{uf,y o

which requires the proof given below, based on Hahn-Banach theorem. After showing
this, the proof of (84) is concluded by proving that V = V.

To prove (86), note that His convex and closed and, for any £ > 0, point s :=
(V+e,{rm =0},{qxm = 0}) ¢ H. By an application of Hahn-Banach theorem

35.

36.

The closure H is formed by all contact points of H, where a point is of contact if any neighborhood of
the point contains at least one point in H; clearly, any point h € H also belongs to H.

Note that, in the definition of V', sup is taken over a nonempty set. As a matter of fact, owing to (24)
and (25), any compression scheme satisfying the preference property gives rise to measures mz such
that 7, = 0 for all m and gy, = 0 for all m and k by choosing p; = —(m{, ., — (1 —a)mf ). It

is also worth noticing that V' (and hence V' too) is finite and no bigger than 1. In fact, by the definition
of H, every point in H satisfies v < ry 4+ 1. On the other hand, if it were that V > 1, then there would
exist a contact point of H such that v > 1 and ry = 0, which is in contradiction with the fact that
v <rn + 1 for all points in H.
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(see Theorem 3.4 in Rudin, 1991), one can therefore find a linear continuous
functional defined over S that “separates” H from s° in such a way that the
functional computed at any point of H is strictly smaller than the functional
computed at s°.

A generic linear continuous functional defined over § is written as

M-1 m

a-v— Z AmTm — Z Z/ Preym (@) Qg m, (87)

m=0 k=0

where a, A\, € R and pp , € CO[O, 1], and hence the separation condition yields

aE'v_ZTAr/L[ OAfn _Z Zk 0.[[01 Mkm qum<a (V+€_)7 (88)
V(v, {rm} {akm}) € H,

where a®, )\fn,,ui’m(oz) are specific choices of a, A, pig,m () in (87). Specializing
(88) to a point in H with {r,, = 0} and {q,,» = 0} yields a®-v < a®-(V +¢), which
implies a® > 0. Moreover, noting that qj,, contains p;:’m, which is positive and
arbitrarily large, one concludes that ui,m must be non-negative for the inequality
to hold over the whole H. To take notice of this fact, in subsequent derivations
we write ,uijn in place of ,ui}m. Dividing by af, inequality (88) now gives

M A5 N= Nk; ( ) —
— Z a—’grm — Z Z/ ’ o dggm <V +e, Y(u,{rm}, {qrm}) € H
0 k=

m=0 m=

Given the arbitrariness of € and restricting attention to H C H, one concludes
that

M M—-1 m
inf sup v — AmTm — / u,jm(a) qu,m} <V.
O} (. frm} {arm ) €H { mz::() mZ::OkZO o1

“k m
(89)
On the other hand, recalling the expression of v, 7, qx, in the definition of H
given in (85), the left-hand side of (89) can be rewritten as

M—-1 m
inf  sup {S—ZZ/ e pkm}v

{mf b Api ) m=0 k=0
{uf - o

which further becomes

M—-1 m
inf sup £+ sup < — / m m = inf sup £,
{un) { 2 Jo (@) P Dm

i) {my) ) . m=0 k=0 o }{mkm}

(90)
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where in the last equality the second term has been suppressed because sup I

is taken over non-positive quantities and p,‘: ., = 01is admissible. Altogether, (89)
and (90) give the relation

inf sup £, <V. (91)
Dymd it}

+ k,m

/—qum}

To prove (86), we show that strict inequality in (91) cannot hold. Indeed, in the
opposite, there would exist a linear continuous functional of the form (87) that
separates H from P := (V,{rm = 0}, {qxm = 0}). If we now consider the open
set A obtained as counter-image of the reals greater than the value taken by this
functional at P minus a small enough margin, then A contains P, while A leaves
out all H, contradicting the fact that P is a contact point of H.3"

We now show that V = V, so closing the proof of (84). We start by constructing a
sequence of neighborhoods of P = (V, {r,, = 0}, {qrm = 0}) that exhibit asymptotic
properties of interest. Consider a countable set of continuous functions g1, go, . . . dense
in C°[0, 1] with respect to the sup norm (e.g., polynomials with rational coefficients,
see Theorem 7.26 in Rudin, 1976). Fori = 1,2, ..., the neighborhoods of P are defined
as follows:

0; = {(v, (b (@) With [0 — V| < 1/4; || < 1/i,m =0,1,..., M; and

/ g;(a) dagm
[0,1]
+i

Further, for any m = 0,1,...,M and k = 0,1,...,m consider sequences m,’ and

max

1 <1/i,m:0,1,...,M—1andk:O,...,m}.
j=1,...4

p,‘::n indexed in ¢ such that, for each i = 1,2, ..., the pair ({m;fn}, {p;;n}) maps into
a point of H that is also in O; (such sequences certainly exist since P is a contact
point of H, see Footnote 37). For these sequences we have

lim / (@) dm 7t = V; 92
Hwkzzo(k) [ urto) ni (92)

. = m +,i .
ilir&[Z(k)/’}dmk?mq]:o, m=0,1,..., M:; (93)

I . +,i _(1— +,i +i1
S 0.1) gj(c) d[mk,m—i-l (1-a) My T pk,m] 0,
Vgi(a), 57=1,2,..., m=0,1,.... M -1, k=0,...,m. (94)

In view of (93), for a given m and k, measures m;& are uniformly bounded in i (i.e.,

mz;fl([(), 1]) < C, Vi, for some positive constant C' < 4+00). Since measures mk}fl are

37. P is a contact point of H because V is defined via a sup operation over contact points and, therefore,
any neighborhood of P is also a neighborhood of a contact point (v, {r» = 0}, {qkm = 0}) with v close
enough to V, so that the neighborhood must contain a point of H.
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supported in [0, 1], by Prokhorov’s theorem (see Shiryaev, 1996, Theorem 1, Section
2, Chapter III) 38 we then conclude that there exists a sub-sequence of indexes ij
such that m; ~ £ has weak limit mk € M™. By repeating the same reasoning in a
nested manner, we can further find a sub-sequence of the indexes ij such that weak
convergence holds for a new choice of m and k. Proceeding the same way for all
choices of m and k, we conclude that there exists a sub-sequence of indexes (which,
with a little abuse of notation, we still indicate as i) for which

fla)dmf = lim f(a)d ;Q, vV om, k, (95)
[0,1] T o0 Jio,)

Fo

holds for any continuous function f € C°[0,1].

Since ¢y, 7, as well as the constant function equal to 1, are continuous, (95) together
with (92) and (93) yield

N
k=0

N B _
(k:) / Ok () dm;;N =V (96)
(0,1]
and

<m / dmf —1=0, m=0,1,..., M. (97)
k [0,1] k,m

Turn now to consider (94), from which we have

I (@) dmS™  — (1 —a)mi ™ =~ 1 (a) dpiin 98
ihgnoo 0.1 gj () dmy; m-1 —( o) my; m] ihgnoo 0.1] gj() Prm (98)
where the limit in (94) restricted to the sub-sequence ij, can be broken up in the two
limits in (98) because the left-hand side of (98) exists due to the weak convergence of
measures m:m}‘ (note that gj(c) and g;(a)(1 — «) are continuous functions). For the
functions g; that are non-negative (i.e., g;(a) > 0, Vo), which we henceforth write as

gj to help interpretation, (98) gives

li + +in 1 +in) < .
inmsoo Jioy % (@) dimg gy = (1= a)my] <0 (99)

Taking now any non-negative function f* in C°[0,1] and noting that f¥ can be
arbitrarily approximated in the sup norm by a function g+ 39 weak convergence of

m; Zh to mk used in (99) yields

f+(04) d[ﬁl:m—l—l - (]' - a) ﬁ‘t—i_ ] S 07
[0,1] ’

38. In fact, a straightforward extended version of Prokhorov’s theorem for positive and uniformly bounded
measures.

39. Note that function f*(a) can be zero for some «, so that an approximant, however close, might as well
take negative values, against the requirement that the approximant is a non-negative gj*. Nonetheless,
any e-close approximant of fT (a) + € is non-negative and it is also a 2e-close approximant of fr ().
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from which m;7, , — (1 — ) m  is a negative measure (recall Footnote 30).

If we now choose ﬁ;m = —[ﬁlZmH —(1-a) mk ] (which is in M™), then in the
light of (96) and (97) one sees that ({ﬁlzm}, {pzm}) maps into the point (V, {r,, =
0}, {qk,m = 0}), which proves that this point is in H. Hence, it holds that V = V
and equation (84) remains proven.

We next show that

lim sup inf £, = sup inf £, (100)
7—0 + {Am}
{m my mt + {mk m}
ot {uf }

which is the only relation in (83) that is still unproven, so concluding the proof.

Notice that, in both sides of (100), the inf operator sends the value to —oo whenever
the constraints in (33b) or (33c) are not satisfied by {m;" 1}: hence, (33b) and (33c)
must be satisfied and are always assumed from now on. Under (33b) and (33c), inf is
attained for A\, = 0 and M;m = 0 for all m and k, and (100) is therefore rewritten as

N N N N
5 P < >/ Prr(@) dmly = sup ( )/ Loe(er,1) dm; .
e {mim}g kJ Joa RN (mt }kZO k) Joa k kN

(101)
To show the Validity of (101), we discretize 7 into Tz, =1,2,..., 5 — 0, and consider
a sequence {m b i =1,2,... (where measures mk satisfy (33b) and (33c) for any

i), such that
N i
lim E ( )/ Orr, (@) di
i—>ook: k [0,1] k,N

equals the left-hand side of (101) (for this to hold, m + : ., must achieve a progressively
closer and closer approximation of sup (mt 3 in the 1eft hand side of (101) as ¢ in-

creases); then, we construct from {m, ’m} a new sequence {mk m}, i=1,2,... (still
satisfying (33b) and (33c)), such that

ZE{&Z( >/ Pk, () Ay Zlggoz< )/ Loe(e,q) Ay, (102)

which shows that the left-hand side of (101) is upper-bounded by a value that is no
bigger than the right-hand side of (101). Since, on the other hand, the left-hand side of
(101) cannot be smaller than the right-hand side of (101) because @y, () > Lae(ey,1)5
(101) remains proven.

The construction of {tﬁ;;n} is in three steps:

Step 1. [construction of {t’hJ“i }] For all £ < N for which e # 1 and for all m, move the
probabilistic mass of i m/,c ' contained in the interval (e —7;, €] into a concentrated

mass in point & + 7;; let it ', be the corresponding measures.
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Step 2. [construction of {ﬁ1+’i }] The mass shift in Step 1 can lead to measures ' » that

violate condition (33c) in € + 7;; the new measures mk’ restore the Vahdlty of
this condition. For all £k > N and all £ < N for Wthh er = 1 (so that no mass
shift has been performed in Step 1), let m = mk ,forallm=k,..., M. For

all other k’s, let mk k = mk k, then, verlfy sequentially for m = k,..., M — 1
whether the condition

W (er+ 7)) = (1= (e + 7)) d, ({er + 7)) <

is satisfied; if yes, let ﬁlzl = tﬁ;’;H, otherwise trim ﬁl;_;;+1({8k +7}) to the

value (1 — (ex + 1)) my, m({Ek + 7;}) and define mk Tni1 as the trimmed version

Step 3. [construction of {tﬁz;n}] The trimming operation in Step 2 may have unbalanced
some equalities in (33b), i.e., it may be that

Z <ZL> / drﬁ;;;fl <1
k=0

for some m. If so, re-gain balance by adding to measure nﬁj{fm a suitable prob-

abilistic mass (e.g., concentrated in o = 1), while leavmg other measures mZ’m,
k # m, unaltered. The so-obtained measures are mk’ Note that this operation
preserves the validity of condition m:; me1—(1—a) M, € M, so that {mk’m
satisfies (33c) besides (33b).

Since ¢y, -, () is non- decreasing in «, the mass shift in Step 1 can only increase
Ei\;o (]IZ) f[o 1 Ok (@) dmk _vi moreover, any trimming and re-balancing in Steps 2
and 3 involve vanishing masses as 7, — 0. Therefore,

NN A NN |
i ) / rr (@) diny < lim < >/ orr(a) dm (103
i—00 P <k> [0,1] ( ) kN i_)()okzo k 0.1] ( ) kN ( )

On the other hand, by construction, ¢y -, () = Lag(e,,1) if €x = 1, while, for g # 1,

Pkyri (@) # Lag(e,,1) only occurs on the interval (ex — 7, €x] where m:]i, is null. Hence,

N N
N / i (N)/ .
E (o) dm o = E 1, dm y,

k=0
which, substituted in (103), gives (102).

This concludes the proof. *
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