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Abstract: In this paper, we deal with the classical Statistical Learning Theory’s problem of bounding,
with high probability, the true risk R(h) of a hypothesis h chosen from a set H of m hypotheses.
The Union Bound (UB) allows one to state that P{L(R(h),dq;,) < R(h) <U(R(h),0p,)} > 1-0
where R(I) is the empirical errors, if it is possible to prove that P{R(h)>L(R(h),8)}>1—3 and
P{R(h)<U(R(h),8)}>1-6, when I, q;,, and pj, are chosen before seeing the data such that gy, p;,€[0, 1]
and Y ey (qn+pr)=1. If no a priori information is available g;, and pj, are set to 1/2m, namely equally
distributed. This approach gives poor results since, as a matter of fact, a learning procedure targets
just particular hypotheses, namely hypotheses with small empirical error, disregarding the others.
In this work we set the g5, and pj, in a distribution-dependent way increasing the probability of being
chosen to function with small true risk. We will call this proposal Distribution-Dependent Weighted
UB (DDWUB) and we will retrieve the sufficient conditions on the choice of g; and pj, that state
that DDWUB outperforms oz, in the worst case, degenerates into UB. Furthermore, theoretical and
numerical results will show the applicability, the validity, and the potentiality of DDWUB.

Keywords: union bound; weighted union bound; distribution-dependent weights; statistical learn-
ing theory; finite number of hypothesis

1. Introduction

Statistical learning theory [1-4] deals with the problem of understanding and estimat-
ing the performance of a statistical learning procedure. The goal is to better understand the
factors that influence its behavior and to suggest ways to improve it. Although asymptotic
analysis is a crucial first step in this direction, finite sample error bounds are of more value
as they allow the design of model selection procedures [5-7]. These error bounds typically
have the following form: with high probability, the generalization error of the selected
hypothesis, chosen in a space of possible ones, is bounded by an empirical estimate of the
generalization error plus a penalty term which depends on the size of the hypothesis space
and the number of samples available. The latter term basically considers that the learning
procedure selects a hypothesis in a set of possible ones based on the available data. Every
data-dependent choice implies a risk, and the penalty term is exactly the measure of this
risk. When the hypothesis space is composed of an arbitrary finite number of hypothesis,
and no additional information is provided, the evaluation of the total risk is usually made
with the Union Bound (UB) [2,7,8]. The UB is an ubiquitous building block in statistical
learning theory and is exploited in many context and in many different ways to derive
the final result: in the Vapnik-Chervonenkis theory [2], in the Rademacher Complexity
theory [9,10], in the Algorithmic Stability theory [11], in the Compression Bound [12], in
the PAC-Bayes theory [13], and more recently in the Differential Privacy theory [14].

Let us consider the classical binary classification framework (The extension to the
general supervised learning characterized by bounded loss functions will be discussed
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later during the presentation.). Let X’ be the input space and Y = {—1,+1} be the set
of binary output labels. Let D, = {(X1,Y1),...,(Xu,Yn)}, where X; € X and Y; € Y,
Vie {1,---,n}, be asequence of n € N* samples drawn independently from an unknown
probability distribution y over X x ). Let us consider a hypothesis h : X — ) chosen
from a finite set # of possible hypotheses of cardinality m € N* such that H = {h; : i €
Z} where Z = {1,---,m}. The error of h in approximating P{Y|X} is measured by a
prescribed loss function £ : J x J — R. Since we are dealing with binary classification
problems the most natural choice is the loss function which counts the number of errors
(h(X),Y) =1{Y # h(X)} € {0,1}. The generalization error of  is defined as

R(h) = E{£(h(X),Y)} € [0,1].

Since the probability measure y is usually unknown, the generalization error cannot be
computed; however, we can compute the empirical error

1 n
n

26(11(){,-),1@-) € [0,1].

If the choice of h € H does not depend on D,;, namely if we want to bound the
generalization error of a single hypothesis in the hypothesis space chosen before seeing the
data, it is possible to prove that (Please note that for simplicity, we will refer to R(h) and
R(h) with R and R respectively, when it is clear from the context.)

P{R>L(Ré)} >1-6, P{R<U(R )} >1-5,

where § € (0,1) while L and U are respectively lower and upper bounds of the generaliza-
tion error (see, for example, [15-17]).

Since the generalization error cannot be smaller than zero or larger than one conse-
quently we have that L(7,5) € [0,1) and U(?,d) € (0,1] V# € [0,1] and V6 € (0,1) [15].
When, instead of [15,16], or similar results, are exploited it is necessary to truncate them.

In general, the choice of & € H does depend on D,;: in this case we must estimate the
risk due to this data-dependent choice.

As an example, common practice for choosing i € H based on D, is to choose the
hypothesis with minimum empirical error

arg min R(h),
and this approach is called Empirical Risk Minimization [2,18], but others possibilities exist
such as the Structural Risk Minimization [2,19,20], or the penalized (regularized) Empirical
Risk Minimization [21-23].

To guarantee a prescribed confidence level, or risk, of the chosen hypothesis, the UB
can be applied. The UB can be expressed in two forms (Please note that for simplicity,
we will refer to R(k;) and R(h;) with R; and R; respectively, when it is clear from the
context.) [8]: a simplified version (Theorem 1) and a generalized version (Theorem 2).

Theorem 1 (Simple UB). The following bounds hold

P{L(Ri,z‘;> <R; < U(Rlzfn) Vi ez} >1-—06.

Theorem 2 (Generalized UB). Let gq(h;) € (0,1) and p(h;) € (0,1) be some weight associ-
ated with h; with i € T before seeing the data (Please note that for simplicity, we will refer to
q(h;) and p(h;) with q; and p; respectively, when it is clear from the context.) and such that
Yicz(qi + pi) = 1, then the following bounds hold

P{L(Ri,§qi) <R; < U(Ri,épl‘) Vi € I} >1-6.
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Theorem 1 is a special case of Theorem 2 when g; = p; =1/2m Vi€ {1,--- ,m}.

Theorem 2 introduces a weight for each risk associated with each choice. Weighting
more the risk associated with useful choices leads to tighter bounds on the generalization
error of hypotheses that will be selected by the algorithm (hypotheses characterized by
small empirical error) and looser estimates over the others (hypotheses characterized by
high empirical error). Unfortunately, this approach is mainly theoretical since the weights
must be chosen before seeing the data and consequently we cannot set them without an a
priori knowledge about the problem. Finally, Theorem 2 does not propose any solution for
the choice of these weights.

For this reason, in this work, we propose a Distribution-Dependent Weighted UB
(DDWUB) where the weights depend on some parameters of the distribution which gener-
ated them, extending our preliminary work [24]. In particular, we define a set of functions
fI:R™ - Rand f! : R" — R with i € T such that

g = fI1(R, -, Rm),pi = f/ (Ry,--+ ,Rw) € (0,1), VieT,
Y (F(Ry  Ru) + f (Re, -+ Ri)) = 1.

i€l

Please note that fl.q, fip with i € 7 are quite general and are data independent (Please note
that in the framework of the paper (binary classification with a loss function which counts
the number of misclassified samples), the generalization error is the only parameter of the
distribution which is a Binomial). It is surely possible to consider even more general data
independent functions for defining the weights, but we think that our definition is general
enough to contemplate a wide variety of cases.

At this point the proposed DDWUB for bounding the generalization error of a hypoth-
esis chosen from a finite set of possible ones can be stated.

Theorem 3. IfVry, -+ , 1y € [0,1]

flr, - rm), fE(r, - rm) € (0,1), VieT,
Z(qu(rlr' ) +fip(r1,- x ,rm)> =1,

i€l

then the following bound holds
P{L(Ri,éfﬁ(Rl, . -,Rm)) gRiSU(Ri,inp(Rl, . ,Rm)) Vie 1}21—5.

The proof is a direct consequence of Theorem 2.

DDWUB allow the binding of the generalization error of each hypothesis in the space
of hypotheses but, to prove that the DDWUB outperforms the UB, we will require some
sufficient conditions that L, U, fiq, and fip with i € 7 must satisfy. These sufficient conditions
define a class of functions and an open problem would be to find special and simpler
classes of functions which satisfy them.

Nevertheless, we will show that it is possible to find simple classes of functions which
satisfy these conditions. For example, if one is interested in having tighter upper bound of
the generalization error of the empirical minimizer DDWUB suggest combining classical L
and U, such as [15] or [16], and set

1 e—rmax[d,R}]

, PR, Rp) = 5 , VielZ,
fz m 2 E]‘GI e—'ymax[Q,Rj]

1

q —
fi (Rl/"'/Rm) = %

with particular values of v € [0,c0) and 0 € [0, 1].
As a last remark we would like to note that all our results easily extend to multiclass
classification problems and regression problems if the loss function is bounded.
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DDWUB is a distribution-dependent form of the UB analogously to the Computable
Shell Decomposition Bounds (CSDB) [20]. The CSDB splits the hypothesis space in shells
based on the generalization error of each hypothesis and, instead of taking into account the
risk of each hypothesis in the space, show that it is possible to just take into account the risk
of choosing one shell and the risk associated with each hypothesis in the shell. This allows,
for example, to not consider hypotheses with high generalization error. The CSDB show
also how to estimate the size of these shells based on the histogram of the empirical errors.

DDWUB takes inspiration from several works in the field. The first idea, which is
also a driver of the CSDB, is that during any learning procedure the hypotheses with high
error will be never taken into account and consequently we should not pay the risk for
those hypotheses [10]. The second idea is that since we do not know the true error of
the hypotheses but just its empirical one, we should discard those hypotheses for which
the estimated confidence intervals do not overlap [25] with the ones of the hypothesis
of minimal training error. The third idea is that since there is no supporting theory for
discarding the hypothesis with non-overlapping confidence intervals, we should weight
differently the risk associated with each hypothesis based on their true error analogously
to what is done in the field of multiple hypotheses testing [26]. The fourth idea is that
other researchers have shown that a distribution-dependent weighting strategy can be
performed without the actual knowledge of the distribution [27]. DDWUB combines all
these ideas and improves both on the UB and the CSDB.

DDWUB applies to finite hypotheses spaces and surely more sophisticated techniques,
such as Local Vapnik-Chervonenkis [28] or the Local Rademacher Complexity [10], can be
employed and can sometimes result in tighter bounds. However, insight into finite classes
remains quite useful [20,29]. Finite class analysis can be exploited for as a pedagogical tool.
Finite class analysis can teach new directions in which to look for the development and
evolution of more sophisticated bounds. Finite class analysis can be useful for model selec-
tion purposes (e.g., selecting the most suitable hypothesis space, or set of hyperparameters,
or algorithm). Finite class analysis can be useful when the models are represented with
limited number of bits because of the constants involved in the bounds.

The rest of the paper is organized as follows. Section 2 presents the DDWUB in a
simplified setting. In Section 3 we present the DDWUB in a generalized setting, we derive the
sufficient conditions which state when DDWUB improves over the UB, we will show that
it is possible to find simple classes of functions which satisfy these conditions, and we will
make the connection between our results and the ones of [25]. Section 4 reports a comparison
between DDWUB and the UB by means of closed form results. Section 5 reports a comparison
between DDWUB and the UB by means of an extensive set of numerical results. Section 6
compares DDWUB with CSDB by means of an extensive set of numerical results. Section 7
shows the applicability and the potentiality of DDWUB. Section 8 concludes the paper.
In the Appendices known results, proof, and technicalities (See in Appendixs A-C) are
reported for completeness.

2. Distribution-Dependent Weighted Union Bound: Simplified Setting

Let us consider Theorem 3 and the bound proposed by [16] recalled by Theorem Al in
Appendix A. Let us also suppose, for simplicity, that we are interested in upper bounding
the generalization error of the empirical risk minimizer (Extensions will be discussed at
the end of this section). In this setting it is possible to state our DDWUB.

Corollary 1. If

e_')/max[erri]
filry, - tm) = —————, Vi€,
ZjeI e max([6,r;]



Entropy 2021, 23, 101 5 of 38
with y € [0,00) and 6 € [0, 1] then the following bound holds
2
. [log(&n .| log s
P{ max |0, R;— °g2(n<5> <R;<min |1, R+ <5fz(§;, ,Rm>> VieT b >1-.

Corollary 1 is a direct consequence of Theorems 3 and Al.

The choice of the weights takes inspiration from the work of [27] which proposed, in
the context of the PAC-Bayes theory, a distribution-dependent method for assigning an
a priori distribution over a set of hypotheses to give a higher probability to the hypoth-
esis with small generalization error. This method has been shown to possess interesting
theoretical properties [30,31] and to be also quite effective in practical applications [32].

Since we are interested in choosing and bounding the generalization error of the
empirical minimizer, let us define

% - B
1" = arg l’lrél%l R;.

This approach is analogous to Page’s criterion [33], which was designed as a process
inspection scheme to detect deviations in average in only one direction (one-sided) in a
stochastic process.

In Corollary 1, y acts as a weighting factor. The larger is 7y the larger are the weights
of the risks associated with hypotheses with small empirical error and the smaller are the
weights of the risks associated with hypotheses with large empirical error. For ¢ — oo
we have that (For simplicity, we assume in this statement that the empirical minimizer is
unique.) p; — land p; — 0Vi € Z \ i*. The smaller is -y the less is the difference between
the weights of the risks. For v — 0 we have that p; = 1/m Vi € 1.

In Corollary 1, 8, instead, acts as a protection against the fact that the empirical error is
measured over a finite number of samples and, if the sample size is small, hypotheses with
a small difference in the empirical error are indistinguishable. In other words, the weights
depend on unknown parameters of the data generating distribution, then we will have to
estimate them and since the number of sample is finite these estimates will not allow us to
distinguish hypotheses which show similar empirical error. For this reasons, ¢ gives the
same the weight to the risks associated with hypotheses with small empirical error.

The values of v and 8 must be set in a particular way to be sure that DDWUB improves
over the UB. In particular

¢ Lemma 1 shows that to upper bound the generalization error of the empirical risk
minimizer based on DDWUB of Corollary 1 we must solve an optimization problem;

e  Lemmas 2 and 3 show that for particular values of v the solution is unique and can be
found by simply search for the fixed point of a simple function;

¢  Theorem 4 and Lemma 4 show that for particular values of 6 it is possible to prove
that DDWUB is tighter than, or in the worst case as tight as, the UB.

Thanks to Corollary 1 we can state the following lemma.

Lemma 1. Under the same conditions of Corollary 1 if

i* = argminR;,
icl
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then we can state that following bound holds

Ri+< max rp
VR

| 5 ZjeI 7 max[&,rj]
A~ log ( 2m ) . 08 Se—rmax(6r]
s.t. max| 0, R;— T‘S <r;<min| 1, R;+ Viel.

2n f

Lemma 1 can be further simplified as follows.

Lemma 2. Under the same conditions of Lemma 1 the following bound holds

R+ <max 7
Yix

—ymax|[6,r;]
2% jeze ! j
log ( Se— 7 max[6,7;x]

st. rpx <min |1, R ,
"= i+ 2n

R pIm
where r; = max [O, R; — % VieT\i*

The proof can be found in Appendix B.
Please note that the optimization problem of Lemma 2 can be further simplified noting
that for particular values of v, the solution of the optimization problem is unique.

Lemma 3. Under the same conditions of Lemma 2 if

v <2v/n,

the solution of the optimization problem of Lemma 2 exists, it is unique, and it is the fixed point r},
of the following function of i

—y max[0,r;]
2% ere "
IOg ( Se—7 max[,r;x]

2n

N

rix = min 1, Ri* —+

where r; = max {0, R; — % VieT\i*

The proof can be found in Appendix B.

Please note that to find the fixed point defined in Lemma 3 a simple bisection method
can be applied.

For particular values of 6, it is possible to state that DDWUB is tighter than, or in the
worst case as tight as, the UB.
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Theorem 4. Under the same conditions of Lemma 3 if

s [log(Z
0 > min |1, Rj+ log(}) ,
2n
. log (22
ri < min 1,Ri*+\/% .

The proof can be found in Appendix B.

The problem of the  defined in Theorem 4 is that it is data-dependent since we do
not know i* before seeing the data. For this reason, the following lemma suggests a data
independent threshold of 8 which satisfies the conditions of Theorem 4.

then

Lemma 4. Under the same conditions of Theorem 4

R 2m log (2

min
2n

< min ll,min[Rl, <o, Ry]+2

The proof can be found in Appendix B.

Lemma 4 provides us a method for finding a 6 > U(f{i*, %) in a data independent
way by setting
1 2m
6 = min [1,min[R1,~ - Rpl+2 ng(rf)] . (1)

By finding the 7} for all possible values of § and then by selecting the largest one which
satisfies Equation (1) we have the results of our DDWUB.

Please note that the above-mentioned result easily extends to the whole supervised
learning framework, until a bounded loss function is employed, since the inequality
proposed by [16] cover this case.

Following the same argument described in this section it is possible to derive the
DDWUB for lower bounding the generalization error of the empirical risk minimizer by
simply setting in Theorem 3

1 e~ ymin[f,1-R;]

1
fI(Ry, - ,Ry) = 5—, VieT.

q
fi(Rlz"'/Rm) m

- 2 ZjeI ef'ymin[ﬁ,lfR]-] ’
Finally, it is possible to derive the DDWUB for upper and lower bounding the generalization
error of the empirical risk minimizer by simply setting in Theorem 3

e~ ymin[0,1-R;]
Viel,

1
q _
fi (Rl’. N /Rm) o EZjeI e—’ymin[@,l—R]‘] !

1 e~ ymax[f,R]

fip(le"'/Rm) Viel.

2 Yjer e~ vmax[f,R;]”

Example 1. Before presenting DDWUB in the general setting we would like to show an application
of DDWUB in the simplified setting. Let us consider the case when (More general examples can be
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derived, and we will do it later with both closed form and numerical results, but here we want to
keep the presentation as simple as possible.)

N N N A A 12
Rl:R2:0/R3:R4:"':Rm:V/ Ve{//"’rl}'
nn

Let us set v = 2+/n (see Lemma 3) and note that to upper bound the function with the smallest
empirical error (i.e., the one corresponding to Ry) we have that DDWUB states that

n 22;_71:1 o~ 2vnmax[6,r;]
se—2V/nmax(8,r{]
r =

2n
Ty = 0
2m
rR=rg=-=v— ln(zr;s)
m
6 = min|1,min[ry, - - -, 7] +2 logz(n(s )
Please note that for a finite but large enough value of n

()

min[ry, -+ 1] =0—0=2 .

Thanks to the theory of DDWUB (see Lemma 4) we can state that

rf <6.
Let us note that if
2
§e2n(7)
m < ’
2
then
rg=---=1y>0.

Then we can easily state that

-2 0,r;
lim 2Li e Vmaxlor] = é/
n=oeo  Se—2+/nmaxo,n] )

which means that all the hypothesis in the space with R # 0, if m < se2/2? /2, are not taken into account,
asymptotically, in estimating the upper bound of the hypothesis with the smaller error with DDWUB.

3. Distribution-Dependent Weighted Union Bound: General Setting

In this section, we will derive the sufficient conditions for stating that DDWUB is
tighter than, or in the worst case as tight as, the UB.

In particular, as we have done in Section 2, we will start by supposing that we are
just interested in upper bounding the generalization error of the empirical risk minimizer.
Nevertheless, as pointed out in Section 2, DDWUB can be easily generalized also to the
lower bounds, or to both lower and upper bounds, and to the general supervised setting
with bounded loss functions but, in this work, we did not report all these extensions in
order not to make the notation and the presentation over-complicated.

As noted in the introduction, the weights should not depend on the data, but they can
depend on some parameters of the data generating distribution. For this reason, we define
a set of functions f; : R” — R with i € 7 such that

fi(Ry,--+ ,Rm) €(0,1) VieZ, Y fi(Ry, - ,Ry)=1
i€eZ

In this setting DDWUB can be formulated as follows.
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Corollary 2. IfVry, - ,1rm € [0,1]

fi(rlr"'rrm)e(orl) VlGI, Zfi(rll"'/rm)zlf
i€l

then the following bound holds
P{L(ﬁi,5> <R; < U(R,M> Vie I} >1-—.
2m 2

Corollary 2 is a direct consequence of Theorem 2.

To prove that DDWUB outperforms UB we will require some sufficient conditions
that L, U, and f; with i € Z must satisfy. Please note that from Corollary 2, it is possible
to derive all the lower bounds of the generalization error of the hypotheses in the class

since L (ﬁi, %) depends just on known quantities. For what concerns, instead, the upper

bounds, the answer is not as easy.

In the rest of this section, we will show how to find the upper bound of the generaliza-
tion error of a hypothesis chosen in H based on DDWUB (Corollary 2) and under which
conditions these upper bounds are tighter than the one of UB (Theorem 1). For this purpose

¢ Lemma 5 will show that under certain conditions, the bound of Corollary 2 can be
exploited to compute the upper bound of the generalization error of a hypothesis
chosen in a class of possible ones based on the observation of a set of data, by solving
a complex optimization problem;

*  Lemma 6 will show the conditions under which the optimization problem of Lemma 5
can be simplified;

¢ Lemma 7 will show the conditions under which the solution of the optimization
problem of Lemma 6 is unique;

e  Theorem 5 will show the conditions under which the upper bound of the general-
ization error of Lemma 5 found with Lemma 7 is never looser than the one com-
puted with the UB of Theorem 1. These conditions require the knowledge of a
data-dependent threshold;

¢ Lemma 8 shows that it is possible to estimate this threshold of Theorem 5 in a data
independent fashion.

Thanks to Corollary 2 we can state the following lemma.
Lemma 5. Under the same conditions of Corollary 2, if V¢ € [0,1] and V5 € (0,1)
L(?,6) €[0,1), U(#,6) € (0,1]
then the following bound holds with probability at least (1 — &) and Vi € T

R; < max
1, 'm

A (S A 5]('(7’1/“'/7’111) .
e 2t ) s zo(R o) oy

The solution of the optimization problem of Lemma 5 is not trivial to be found and its
properties are not easy to catch.

The following lemma helps us in simplifying the optimization problem of Lemma
5 under a quite natural condition: the upper bound of the generalization error of a hy-
pothesis should decrease if the generalization error of one of the other hypotheses in the
class increases.
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Lemma 6. Under the same conditions of Lemma 5, if V#; € {0,1/n,--- ,1},¥ry, -+ 1y € [0,1]
and Vj € I\ iand Vr,r} € [0,1] such that r; <r/

U(A 5fl(r1/ Ir]—llr]/r]+1/ /rm)>_U<A 5_fl(rlr /r]—lrr]/r]—l—l/ /rm)>20’

i, 2 i, 2
where i € I, then the optimization problem of Lemma 5 is equivalent to the following one
Ri <max r;
T

st. 1 < U(ﬁi, —5fi(r1’.2. : ,rm)>.

where rj = L(R]-, %), withj € T\ i.

In fact, the hypotheses of the lemma imply that to reach the maximum or ;, one must
reach the lower bounds of 7; with j € 7 \ i.

Even if the optimization problem of Lemma 6 is much simpler than the one of Lemma 5,
the next result further simplifies it under another sufficient condition which ensure the existence
and uniqueness of the solution: the upper bound of the generalization error of a hypothesis
should not increase too fast it its generalization error decreases.

Lemma 7. Under the same conditions of Lemma 6, if V#; € {0,1/n,--- ,1},Vr, -+ ,rm € [0,1],
and Vrl,r!" € [0,1] such that v} < r

5 Ofilr it ris o 5 Ofilr it
U(T’l‘, ft(l i 121 i+1 m)) *U(Ti, fz(l i 121 i+1 m))

/! /
i T

<1,

then the solution r} of the optimization problem of Lemma 6 exists, it is unique, and it is the fixed
point of the following function of r;

= U(Ri, ohirn >)

where rj = L(R]-, %) withj € T \i.

In fact, the hypothesis of the lemma guarantees the uniqueness of the solution.

Algorithm 1 reports a simple pseudo-code for finding the fixed point of Lemma 7
based on the bisection method.

The next result introduces a parameter, more specifically a threshold, § and states the
condition over 6 which states that the DDWUB improves over the UB.

Theorem 5. Under the same conditions of Lemma 7, let us consider 6 € [0, 1] and suppose that
Vri, -+, m € [0,1] and Vr}, r;’ € [0,6]

f}(rlr' v /rjfl/r;'/r]LFl/' o /rm) _,f}(rl/' t /ijlrr;'//rthlr' t /Tm) - 0/

with j € I. Let us also suppose that if r1,- - , 1y € [0,0] then Vj € T

1
=

filrn- ) =
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If
)
> 2
oo(i L),
and ifVry, -+ ,rm € 10,1],Vj € T\ 1, Vr}, r]’-’ € (0,1] such that r} < r]’-’

fi(rll e ,1’]‘7],7’],-,7’]‘4,],‘ o /rm) 7fi(rll et /rjflfr],'//rj+l/ e /rm) <0

)

The proof of Theorem 5 can be found in Appendix B.
Theorem 5 basically states that under particular conditions, the solution of the problem
of Corollary 2 is never looser than the one of Theorem 1.

then the following bound holds

Unfortunately, we cannot set 6 = U (Rl, Zm) since this would be a data-dependent

choice which will result in a data-dependent weighting strategy. The next lemma addresses
this problem.

Algorithm 1: Algorithm for finding the fixed point of Lemma 7 based on the
bisection method.

Input: m, R; and fi(ry, -+, rm) withi € Z, §, n, and the precision €

Output: r}
1r—L(R],2m) jeI\i;
2 rl- =0,rl=1,

3 while r}’ — rf > edo
r}‘+rl-
4 ri = 5
5 ifr; —U(A (sf’(rl )> < 0 then
6 ‘ rf =r;
7 else
8 | =
9717 =71y

Lemma 8. Under the same conditions of Theorem 5, if V?,#,#"" € {0,1/m,--- ,1} such that
# < #"" we have that

i* = argminR;,
i€Z

L(#,0) —L(?",0) <0,
Lt LR, 0),6) > 7,

> < U(L_1 (min[Rl, -+, Ru], 2(;), 2(;)

then

S0
oo

The proof of Lemma 8 can be found in Appendix B.
Lemma 8 provides us a method for finding a 6 > U(f{i*, %) in a data independent

way by setting
- . 5 o
o=u(s (mintey e Rl ) )
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Thanks to all these results we can provide a method for finding the fixed point of
Lemma 7 but with data independent weighting strategy which satisfies the hypothesis of
Theorem 5 and a data independent 6 defined in Lemma 8.

Lemma 9. Under the same conditions of Lemma 8, Algorithm 2 finds the fixed point of Lemma 7
but with a data independent weighting strategy which satisfies the hypothesis of Theorem 5 and a
data independent 0 defined in Lemma 8.

The proof of Lemma 9 can be found in Appendix B.

Algorithm 2: Algorithm for finding the fixed point of Lemma 7 but with data
independent weighting strategy which satisfies the hypothesis of Theorem 5
and a data independent 6 defined in Lemma 8.

Input: m, R; and fi(r1, -+ ,rm) withi € Z, §, n, and the precision e
Output: r}

1 1* = argmin;er R;

2 =L(Rym o), eI\

forf <~ 0to1byedo

W

4 rf* =0,ri =1;
5 while 7. — rf* > e do
_ T AT
6 Vix = 2 7
7 if rjs —U(I%,n,M) < 0 then
8 ‘ 7’5* = Tj*,
9 else
10 ‘ i =T
11 if ‘9 - U(L’1 (min[rl,- R A %),n, %) ‘ < € then
12 | rh =T

Please note that if we apply this general theory to Corollary 1 we obtain the same
results of Section 2.

In the next section, instead, we apply the general theory to a the more complex case of
when [15] is employed together with the same weights exploited in Corollary 1.

3.1. From Theory to Practice

In this section, we will exploit the same solution of Corollary 1 for the weights needed
in DDWUB and we will show that is satisfies hypothesis of the Theorems, the Corollaries,
and the Lemmas presented in the previous section. In particular we will set

e~ max[0,R;]

fi(Ry, Ry = T e TR Viel,

where ¢ € [0,+0c0) and 6 € [0,1] are finite constants which regulates the shape of the
distribution of the weights.

The following lemma shows that these weighs satisfy the sufficient conditions which
states that DDWUB outperforms, or in the worst case performs as, the UB.

Lemma 10. If y € [0, +00) is a finite constant and

e~ Y max([0,R;] '
fi(er . ,Rm) = Zjez e*’ymaX[Q,Rj] Vi e I,

then the hypotheses of Corollary 2 and Theorem 5 are satisfied.
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The proof of Lemma 10 can be found in Appendix B.

Please note that for what concerns the hypothesis of Lemmas 6 and 7, we cannot prove
that condition holds without knowing the shape of the lower and upper bounds of the
generalization error. For this reason, we exploit the generalization bounds of [15] which are
the tightest ones in the settings of this paper [6]. This will allow us in Section 5 to compare
the UB with the DDWUB with a set of numerical experiments.

To reach our goal let us define the Regularized Incomplete Beta Function p =
F(r;a,b) = I,(a,b) and its inverse r = F~!(p;a, b) with parameters specified by a € N* and
b € N* for the corresponding values of r and probabilities in p

1

F(ria,b) = B(a,b) .

/Or 11—, P (pab) = {r:F(ra,b) = p),

where

B(a,b) = B(b,a) = W

is the Complete Beta Function.

The following lemma states the conditions under which all the hypotheses of Corollary 2,
Lemmas 6 and 7, Theorem 5, and Lemma 8 are satisfied if, in Corollary 2, the lower and upper
generalization bounds proposed by [15], recalled by Theorem A2 in the Appendix A, and the
weights defined in Lemma 10 are exploited.

Lemma 11. Let us exploit the lower and upper generalization bounds proposed by [15] in Corollary 2

“1(5- 0P 1 — 1P R 12 .
L(R,&):{ F1(&;nR,n—nR+1) 1}6{,1,”, ,1} )
0 R=0
U(R,(S)—{ i_l(l—d;nﬁ+1,n—nﬁ) 2610,;,'“,%} )

together with the weights defined in Lemma 10. Then if
i* = argminR;,
Bl

Ry #1,

2
¥ < min - —5
re{0,L,+, =11, pe(0,1) B(n? +1,n—nf)5p(1—p)

the hypotheses of Corollary 2, Lemmas 6 and 7, Theorem 5, and Lemma 8 are satisfied. Moreover, note that

min
pef{0,1,-, 22}, pe(0,1) B(n?+1,

The proof of Lemma 11 can be found in Appendix B.

The case where R;« = 1 is trivial since, in this case, we can safely state that Rj« < 1.

Please note that the limit in the value of 7y is O(y/1) and this result is connected and in
agreement with the consistency results derived in the PAC-Bayes [30] and in Algorithmic
Stability [31] theories where the distribution-dependent prior of [27] is exploited.
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3.2. Observation

Let us consider the case where the empirical errors of the hypotheses in the space
have been sorted as follows

Ri<Ry<--- <Ry,

and let us exploit the results of Section 3.1.
Let us set

n 24/1
e

27Te6

and suppose that
Ry #1.

Then by using the UB (see Theorem 1) we can state that with probability at least

(1-9)
Ry € {O,U<Rl,2‘;>],

while, by using DDWUB (see Lemma 11), we can state that with probability at least (1 — ¢)

0<Ry <r]=max 1
T

i :L(Ri,i), ieT\1

e—ymax[0,r;]

s.t. fi(T],-.-,Tm):W, iel .
"
0= (1" (minlry, - rul, 35 ) 5

By looking at this last problem and by setting r; = ] for simplicity, we can observe some
properties. The first one is that

=10 .
e o Led
filrn, - orm) = { e heng e er\g o JUETn e
T+ nge T
The second one is that Vi € 7\ J
e_')’ri e_'ye

< .
|Tle="® + ¥ inge "~ |Tle "+ Li_p ge "

These properties state that DDWUB, with respect to the UB, can discard, or more properly reduce, the
risk of the hypotheses i;; with i € 7'\ J when estimating the generalization error of the hypothesis
hy. As a first raw approximation, we can state that we must pay a risk only for the hypotheses h;

withi € j obtaining
Ry € [O U(R 7):|
’ 1s 2|j| s

where | 7| < m. A quite important aspect is then to understand some properties of 6. Let us recall that

_ . 1) )
6= U(L 1 (mm[rl,‘ o ,rm}, %)/ ﬂ)/
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but we can easily state that
min[ry, - -+, ] = min |:U(R1/ M)'L(Rzz %)}

Thanks to Theorem 5, we can state that f1(r1, -+ ,7y,) > - and then the case where

1
m

is quite unusual since it means that Ry — Ry is large, or, in other words, it means that our set of
hypotheses contains just one hypothesis with small error and many hypotheses with high error.

Instead, if
. A (5f1(i‘1,--- ,r,,,) A 1) o A 0
min |:U (er 2 ,L[ Ry, m =L[ Ry, m )

.0
0=1(Ry ),
(f2m)

which means that the threshold 6 is obtained from the upper bound of the second-best hypothesis in the
space, namely the hypothesis with the second smallest empirical error. To the best of our knowledge,
this result is new since in the past many researchers have tried, with similar approaches but with no
supporting theory, in proposing to clean the hypothesis space from the hypotheses with high empirical
error. The basic idea of these methods is that it is reasonable to discard all the hypotheses such that the

then

lower bound of their generalization error is greater than U (ﬁl, %) , hamely the upper bound of the

generalization error of the hypothesis with the smallest empirical error, see for example [25]. Our theory
states, instead, that we can smooth the risk due to the hypotheses such that the lower bound of their

generalization error is greater than U (Rz, n, %) , namely the upper bound of the generalization error of
the hypothesis with the second smallest empirical error.

4. Closed Form Results

In this section, we will report some closed form results regarding the Lemma 11. These examples
are useful for providing an idea of the effect of the DDWUB, an extensive comparison with numerical
results is provided in Section 5.

Let us consider the case where

Ri=Ry;=0, Rg=--=Rpu=1

Let us set

and note that
inR; =1, Ry #1.
argmin k; 1#

If we use the UB (see Theorem 1) with the [15] we obtain that with probability at least (1 — §)

the following bound holds
a0
Rl S 0, 1 - an:| .
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If, instead, we use DDWUB (see Lemma 9 and Algorithm 2) we obtain that with probability at
least (1 — 6) the following bound holds

0<Ry <rf=max r
r

n 5f1 (r/72r"'/7m)
r — ZAANTT 2 m )
Pl max][6,r]

e—rmax|[0,r] +E]V”:2 e

fl(r/rZIH' /rﬂ’l) =

—ymax[6,r;]

j
rp =0

1’3:"':7’;11:1”/%

U<L*1 (min[r, 2,0, Tml, %), ﬁ)
Ji
i

s.t.

0=
¥ =

Since we can surely state that

then
n 5
0=1— 4/ —.
2m

Moreover, thanks to Theorem 5, we can state that

;<0
Asymptotic Case

Please note that
" 1
f1(7’1/7’2/"'/7'm): _ 7
il (172 v ﬁ)

24 (m—2)e

moreover
1 1

lim

n—o00 i 1,2"A> :E'
2+(m—2)e4< \/;

Consequently, at least asymptotically, DDWUB can discard entirely the risk due to the hypotheses
with high empirical error.

Finite Sample Case
DDWUB obviously gives an advantage, with respect to the UB, until

r3:...:rm>9’

This means that we have an advantage in terms of the tightness of the estimated upper bound for

Ry until
n 5 n 5
IR R
2m > 2m’

m < 82" 1,

and consequently until

5. Numerical Results

This section is devoted to the numerical comparison between the UB (see Theorem 1) and the
DDWUB (see Lemma 11).

In particular we will focus on upper bounding the generalization error of the hypothesis, in the
set of possible ones, characterized by the smallest empirical error. The comparison between the
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UB and the DDWUB will be made in different scenarios to better understand the advantages of
the DDWUB.

Scenario A.

Scenario A is an optimistic scenario, the same of Section 4: the set of hypotheses contains
few useful hypotheses (small empirical error) and a lot of useless hypotheses (high empirical error)
such that

Ri=Ry;=0, Rg=--=Rpu=1

We set § = 0.05 and set the numerical precision of the algorithms to € = 0.0001.

Figure 1 reports the estimated generalization error upper bound of the hypothesis with the
smallest empirical error estimated with the UB and the DDWUB, together with the percentage of
improvement in three different sub-scenarios:

. Sub-scenario A.1 (Figure 1a): we set m = 1000 and we vary n € {10, 20, 40, 100, 200, 400, 1000};
. Sub-scenario A.2 (Figure 1b): we vary m € {10,100, 1000, 10000, 100000} and we set n = 40;
. Sub-scenario A.3 (Figure 1c): we vary m € {10,100, 1000, 10000, 100000} and we set n = 100.

Based on the results reported in Figure 1 we can observe that

o DDWUB is always tighter, or equivalent in the worst case, with respect to the UB;

*  increasing the number of samples always increases the advantage of the DDWUB over the UB
until all the risk of the hypothesis with largest empirical error is disregarded;

*  increasing m increases the advantage of the DDWUB over the UB until a limit value for m: if too
many useless hypotheses are present it is not able anymore to disregard their risk. Nevertheless,
the larger is n the far is this value for m.

In a slightly less optimistic scenario when

A A A N 1
Ri =R, =0, R3:"':Rm:§/
which is the case of lot of charlatans and just a few good candidates in a hiring process [34], the
results are reported in Figure 2a—c and do not change too much, apart from the limit of 7 when the

DDWUB stops to improve over the UB which is obviously smaller.

Scenario B.

The second scenario is a more classical one when

Ry =0, RZ:%, o, Ry =1
This case is exploited in many applications (e.g., the CSDB of [20], or the Structural Risk Minimization
of [2], or the Structural Risk Minimization over data-dependent hierarchies of [19]).

Also, in this scenario we set § = 0.05 and we set the numerical precision to € = 0.0001. Then we
vary n € {10, 20, 40,100, 200, 400, 1000}.

Figure 3 reports the estimated generalization error upper bound of the hypothesis with the
smallest empirical error estimated with the UB and the DDWUB, together with the percentage of
improvement.

Figure 3 clearly shows the advantage of the DDWUB over the UB and the improvement in the
advantage as soon as 1 increases.
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(a) Sub-scenario A.1 (m = 1000).
0.35 70
0.3 S 60+
=
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(b) Sub-scenario A.2 (n = 30).
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©
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log, ,(m) log, ,(m)
(c) Sub-scenario A.3 (1 = 100).
Figure 1. Scenario A (Ri=Ry=0andR3=--- =R, =1): upper bound of the generalization error

of the hypothesis with the smallest empirical error computed with the UB and the DDWUB together

with the percentage of improvement.
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0.35 : 30
eUB )
+«+DDWUBP  _
1 [
£
o 20
>
o
Q.
£
= 10r
o
B
} : : : 0 : & ® )
1 2 3 4 5 1 2 3 4 5
log,5(m) log,,(m)

(b) Sub-scenario A.2 (n = 30)
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(c) Sub-scenario A.3 (n = 100)

Figure 2. Scenario A (ﬁl =Ry, = 0and ﬁ3 =...=R, = %): upper bound of the generalization
error of the hypothesis with the smallest empirical error computed with the UB and the DDWUB

together with the percentage of improvement.
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Figure 3. Scenario B: upper bound of the generalization error of the hypothesis with the smallest
empirical error computed with the UB and the DDWUB together with the percentage of improvement.

Scenario C.

The last scenario involves the unlucky case in which our set of m hypotheses is taken from all
2" possible binary hypotheses over n data. Please note that the number of hypotheses with i errors
in the 2" possible binary hypotheses over 1 data are (7). Then we force our m hypotheses to have
at least one hypothesis for each possible value of the empirical error and consequently m > n + 1.
The remaining m — n — 1 are taken from the 2" possible binary hypotheses over 1 to approximate
the distribution of the 2" possible binary hypotheses. The result of this approach is that our set of

hypotheses will be composed by m = 7:0 [(2]—,,)21 hypotheses, with z € N*, as follows

Rl == R n = 0/
|4
R —...=R ——
’V@z—‘ +1 ’V(Z@Z-‘Jr’wz@z-‘ n’
n—1 (7) = =K n (]) =1
j—o | 22|+l Yo | a7z

Please note that for example, when z = 1 we obtain the Scenario B.

Also, in this scenario we set § = 0.05 and we set the numerical precision to € = 0.0001.

Figure 4a—c reports the estimated generalization error upper bound of the hypothesis with the
smallest empirical error estimated with the UB and the DDWUB, together with the percentage of
improvement in the same sub-scenarios of Scenario A.

Figure 4 shows that even in this unlucky case, the DDWUB can remarkably outperform the UB.
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Figure 4. Scenario C: upper bound of the generalization error of the hypothesis with the smallest
empirical error computed with the UB and the DDWUB together with the percentage of improvement.

5.1. The Importance of -y and 6

In this section, we would like to discuss the importance of v and 6 also by means of some
numerical experiments supporting our claims.

Let us start with 6. From one side setting 6 = 1 would make the DDWUB degenerate in the UB
eliminating all the benefits of using the DDWUB. From the other side setting § = 0, namely removing
6, is not possible because of the constraint on 6 of Theorem 5 which does not allow us, in this case,
to guarantee that the solution of the DDWUB always outperform, or in the worst case degenerates
in, the UB. Hence, 6 € (0, 1) deals with the fact that we do not know the generalization error of our
hypotheses, then we must estimate it, and consequently hypotheses with a small but close empirical
error cannot be distinguished. Unfortunately, the constraint of Theorem 5 on 0 is data-dependent
and consequently we must resort to a suboptimal, but data independent, limitation on 6 as reported
in Lemma 8. The question which raises here is the practical difference of all these choices. For this
reason, we consider the Scenario A previously defined with Rl =01, ﬁz =vand R3 =...=R,=1,



Entropy 2021, 23, 101

22 of 38

where we set § = 0.05, n = 100, and m = 1000. Then we vary v € {0.1,0.2,- - - ,1}, and we reported
in Figure 5 the comparison between the UB and the DDWUB with 6 = 0,0 = Oie., equal to the lower

limit of the constraint of Theorem 5, 8 = 0 i.e., equal to the lower limit of the constraint of Lemma 8,
and 6 = 1.

0.5 — 40 ‘ —
0.45} +«DDWUB 6 = 0] o0t
DDWUB 0 = § <
5 o
0.4¢ DDWUB 6 =6 E€ 0
035! *DDWUB 6 = 1 %
o™ E-zo
0.3; Z-40¢ >DDWUB 0 = 0}
5 5
025! 9 DDWUB 6 = g
°*-60 ¢ DDWUB 6 = 6|
0.2r +*DDWUB 0 =1
L =X X wm—m—k -80 ' ' ' i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
v v
0.19 l
h 35 [ £ £
c ﬁ
034/
0.185¢ o
0337}
- 2
0.18] =32
o
SN a1
0.4751— ‘ ‘ ‘ - " ‘ ‘
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
v v
Figure 5. Scenario A (R; = 0.1, R, =vand Rz = --- = R, = 1): upper bound of the generalization

error of the hypothesis with the smallest empirical error computed with the UB and the DDWUB
with 6 € {0, 0, é, 1} together with the percentage of improvement when we set § = 0.05, n = 100,
and m = 1000 and we vary v € {0.1,0.2,- - - ,1}. The two figures above depict the whole range while
the two figures below report a zoom on the most interesting parts.

From Figure 5 it is possible to derive some observations. Setting 6 = 0 in the DDWUB can result
in worse estimates with respect to the ones of the UB since when Ry is close to Ry (small v) we cannot
distinguish between the first two hypotheses which are the ones with the lowest generalization error.
As soon as v grows the difference between Ry and Ry becomes statistical relevant and so setting 6 = 0
in the DDWUB results in better estimates with respect to the UB or even better that the ones of the
DDWUB since 6 in this particular scenario for large v is useless. Setting 6 = 0 gives the best results

and always outperform the UB while setting 6 = § results in worse estimates but still better than the
ones of the UB. Please note that for small and large v, § and 8 are equivalent while there is a middle

range of v for which @ performs better 0. The explanation of this phenomena can be derived using the
observations of Section 3.2. The hypothesis that regulates 0 is the one corresponding to Ry (the one

with the smallest empirical error). The hypothesis that regulates 9, instead, is the one corresponding
to Ry (the second-best hypothesis) if the distance between Ry and R, is small, i.e., for small v, while
is the one corresponding to Ry if the distance between R; and R is large. Consequently, when Ry
and R, are close it is indifferent to choose one or the other and the estimates of the DDWUB are
almost equivalent. When, instead, the difference between Ry and R, increases, R, instead of Ry,
regulates # and the DDWUB with 6 performs better than the DDWUB with . Finally, when the

distance between R; and R, is large, 6 is regulated by R; both for § and b and consequently the
corresponding estimates of the DDWUB are equivalent. Finally, setting 6 = 1 results in the UB.

Let us now consider y. From one side setting v = 0 would make the DDWUB degenerate in
the UB eliminating all the benefits of using the DDWUB. From the other side setting v = co would
result in splitting equally the confidence just over the hypotheses with estimated error less than 6,
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not considering all the other hypotheses, which is our scope but unfortunately this is not possible
because of the constraints of Lemma 7, which then result in the limitation over v in Lemma 11. This
is the reason we set, in the experiments, <y to the limits of what Lemma 11 allows. After that limit we
do not know how the solution of the DDWUB behaves since we do not even know how to retrieve it.
Setting a 7y smaller than the maximum value allowed by Lemma 11 would diminish the performance
of the DDWUB until the DDWUB degenerates in the UB. To support this statement we consider
Scenario Awith R; = Ry =0and R3 = --- = R, = 1, then set § = 0.05, n = 100 and m = 1000, and
we vary y € {107%\/n,10~%/n,--- ,1071y/n, 4}, where 4 is the limit defined in Lemma 11, and we
reported the comparison between the DDWUB and the UB in Figure 6.

= = o ® o 60
0.1 oUB
0.09} +DDWUB| = 50+
)
0.08] | §a4o;
3
@ 0.07| | 580r
E
0.06 1 Z207
o
0.05} 1 20t
0.04 : : Oe © © :
-4 -2 0 2 -4 -2 0 2
log,,() log,,()
Figure 6. Scenario A (R; = Ry = 0and R3 = --- = R, = 1): upper bound of the generalization

error of the hypothesis with the smallest empirical error computed with the UB and the DDWUB
together with the percentage of improvement when we set # = 100 and m = 1000 and we vary
v e {1075/n,107*/n, - - - ,10~1\/n, 4}, where 4 is the limit defined in Lemma 11.

From Figure 6 it is possible to clearly observe that the maximum improvement is achieved
when v is maximum and consequently when v = 4. The same result can be observed in all the
other scenarios.

6. What About the Computable Shell Decomposition Bounds?

In this section, we will show that the DDWUB also improves over the CSDB. Before starting the
comparison, we must recall this milestone result.

Theorem 6 ([20]). The following bounds hold

A (i
P{Ri gmax{r:re [0,1], K1(R;||r) < SUllrtlm o)+ <5)}\ﬁez}215,

n

where [[r]] = max(L,[mll/u € {1/n,--- ,n/n} and if [[r]] = k/n then v € [k=1/n,k/m], X1(q||p) =
gIn(a/p) + (1 — q) In(1 —9/1 - p) is the Kullback-Leibler divergence, and
(%)

2n —1

g(s,n,(s) =In| max|1,2|< h;:i €L, Ri_%

<3+
n

Let us consider the same scenario of Section 4.

The DDWUB is able, at least asymptotically, to discard all risk associated with the hypotheses
with high empirical error obtaining that for n large enough, the rate of convergence of the bound on
R1 is O (1 / n) .

Instead, if we use the CSDB of Theorem 6 we get that for n large enough, the rate of convergence
of the bound on Rj is O(In(n)/x). Moreover, note that O(In()/x) is also the fastest possible rate of
convergence for Theorem 6.
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If instead of checking the asymptotic behavior of the DDWUB and the CSDB we check their
finite sample behavior by means of numerical experiments as in Section 5, we can derive other
interesting observations. Figures 7-10 (and the associated sub-figures) report the same comparison
of Figures 1-4 in Section 5 but, instead of comparing the UB with the DDWUB, here we compare the

CSDB with the DDWUB.
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0.4
0.21
o L L L L 1
1 1.5 2 25 3 1 1.5 2 25 3
log,,(n) log,,(n)
(a) Sub-scenario A.1 (m = 1000).
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Figure 7. Scenario A (R; = R, = 0and R3 = --- = R,; = 1): upper bound of the generalization

error of the hypothesis with the smallest empirical error computed with the CSDB and the DDWUB

together with the percentage of improvement.
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Figure 8. Scenario A (Ri=Ry=0andR3 =--- =R, = %): upper bound of the generalization

error of the hypothesis with the smallest empirical error computed with the CSDB and the DDWUB

together with the percentage of improvement.
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Figure 9. Scenario B: upper bound of the generalization error of the hypothesis with the smallest em-
pirical error computed with the CSDB and the DDWUB together with the percentage of improvement.
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Figure 10. Scenario C: upper bound of the generalization error of the hypothesis with the smallest em-
pirical error computed with the CSDB and the DDWUB together with the percentage of improvement.

As it can be clearly seen from the results the DDWUB performs consistently better than
the CSDB.

7. Improving the Computable Shell Decomposition Bounds
The purpose of this section is to demonstrate that the DDWUB can be exploited to improve
known results in Statistical Learning Theory. In particular, this section we will show that DDWUB

can be exploited to improve the CSDB.
The proof of the CSDB of Theorem 6 relies on two main results, reported in the next theorem,

combined with the UB.
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Theorem 7 ([20]). The following bounds hold

1n(\7-[|)+1n(%>

n

]P’{S(E,n) < é(k,n,ZmS)} >1-6,

n n

S(E,n) = ln<max{1,2 {hi :i€Z,R; € [k;l,k} }H)
n n'n

and § (%, n, (5) is defined as in Theorem 6.

P{kl(ﬁi|Ri) < VieZ} >1-4,

where

By splitting the hypotheses in shells based on their generalization error, namely H, =
{hj:i €I R; € [k-1/uk/u]} withr € {1/n,2/n,--- ,1}, by combining the two probabilistic bounds
of Theorem 7, by using the UB, and by considering the worst case scenario, the result of Theorem
6 is derived. Consequently, [20] consider 2n probabilistic bounds, two for each of one the shells,
and spread the confidence (risk) equally over them.

We propose, instead, to use the same approach of the DDWUB in the CSDB. Instead of spreading
the confidence equally over the 2n probabilistic bounds, we spread the confidence over them based
on the maximum generalization error of the function in each of the # shells to which the bounds refer.
The results is reported in the following lemma.

Lemma 12. The following bound holds
8T8+ (st )
P{ R;<max{r:r€[0,1],k1(R;||r)< P Vie Iy>1-6,

where

_
n _ i
21:1 e In(n)

The proof is the simple application of the concepts behind the DDWUB. 6 is not needed since
for each one of the shells we exactly know by definition the maximum generalization error of the
functions inside it. 7y is set to #/In(n) and the reason is the following one. The rate of convergence of
CSDB is O(y/In(n)/x) in the general case and O(In(#)/n) when R; = 0. Let us study instead the rate of
convergence of the bound of Lemma 12. Thanks to the Geometric Series we can state that

__nr 1
e In(m) nr_ ] — eln(n)

pir)=———— = M —y
Y& e mm 1 —ehi
1=

For n large enough we can state that

h(ﬁ) ~ ln"(;) +In(In(n))

Consequently, the rate of convergence of the bound of Lemma 12 is O(+/In(In(n)) /x) in the general
case and O(In(in(n)) /») when R; = 0. This means that for ¢y = #/In(n) the rate of convergence of the
bound of Lemma 12 of better than the one of CSDB.

It could be possible to improve the bound with a different values of v and 6 or to prove that
for particular values of v and 6, Lemma 12 is always better than the CSDB but this is beyond of the
scope in this paper.
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If, instead, we compare the finite sample behavior of the CSDB and the Lemma 12 (that we will
call CSDB+DDWUB) by means of numerical experiments as in Section 5, we can observe the possible
benefit of using DDWUB in CSDB, a well-known result of Statistical Learning Theory. Figures 11-14
(and the associated sub-figures) report the same comparison of Figures 1-4 in Section 5 but, instead
of comparing the UB with the DDWUB, here we compare the CSDB with the CSDB+DDWUB.
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(c) Sub-scenario A.3 (n = 100).
Figure 11. Scenario A (R{ = Ry = 0and R3 = --- = R, = 1): upper bound of the generaliza-

tion error of the hypothesis with the smallest empirical error computed with the CSDB and the
CSDB+DDWUB together with the percentage of improvement.
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Figure 12. Scenario A (R; = Ry =0and R3 = --- = R, = %): upper bound of the generaliza-

tion error of the hypothesis with the smallest empirical error computed with the CSDB and the
CSDB+DDWUB together with the percentage of improvement.
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Figure 13. Scenario B: upper bound of the generalization error of the hypothesis with the smallest
empirical error computed with the CSDB and the CSDB+DDWUB together with the percentage

of improvement.
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Figure 14. Scenario C: upper bound of the generalization error of the hypothesis with the smallest
empirical error computed with the CSDB and the CSDB+DDWUB together with the percentage
of improvement.

As it can be clearly seen from the results the CSDB+DDWUB performs consistently better than
the CSDB.

8. Conclusions and Discussion

In this work we derived, for an arbitrary finite hypothesis space, a fully empirical new upper
bound on the generalization error of the hypothesis of minimal training error. As noted in the paper,
although we presented just the upper bound, our result can be easily generalized also to lower or
both upper and lower bounds.

In particular we depicted a quite general framework under which it is possible to improve the
Union Bound with a distribution depended weighting strategy associated with the risk of each choice.
Then we stated the conditions under which the proposed Distribution-Dependent Weighed Union
Bound is always tighter than the one based on the Union Bound. We showed that these conditions
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are quite easy to satisfy. By means of both closed form and numerical results we demonstrated
that Distribution-Dependent Weighed Union Bound is consistently tighter than the Union Bound
in different scenarios. Finally, we showed that the Distribution-Dependent Weighed Union Bound
is also able to improve over the Computable Shell Decomposition Bound, another quite powerful
distribution-dependent Union Bound.

The results of this work are quite promising and pave the way toward many different future
improvements. One is surely to derive a class of weighting strategies which satisfies behind the
Distribution-Dependent Weighed Union Bound. Another one is to understand how to exploit the
results of this work for improving all the results in Statistical Learning Theory where the Union Bound
is employed. A final one, and probably the most important one, is how to extend and apply our
results to the infinite-dimensional hypothesis spaces. This extension, which is obviously not trivial,
has multiple alternatives which can be speculated. The first, and naive, approach would be to plug
our approach into the compression bound which already deals with the infinite-dimensional case,
exploiting the concept of compression, and exploits naively the union bound. The second approach,
less intuitive, would be to split the hypothesis spaces in a finite number of shells, estimate the size
of each shell with classical bounds based on the Vapnik-Chervonenkis or Rademacher Complexity
theories and then exploit our Distribution-Dependent Weighed Union Bound to pay the price of the
choice of one of the shells. The last, and more challenging, approach would be to plug our weighting
strategy directly in the derivation of the Vapnik-Chervonenkis or Rademacher Complexity bases
bounds shrinking then the measures of complexity as alternative to the localization approaches.
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Appendix A. Known Results

Known bounds and results exploited in the paper are included in this section.
Theorem A1 ([16]). The following bounds hold

P{R>R- ln2<}> >1-6, P{R<R+ @ >1-46.
n 2n

Theorem A2 ([15]). The following bounds hold

(5P P
P{RZ{Z (6;nR,n—nR+1)

IP{R<{ F1(1-6nR+1,n—nR) 1:26{0,%,~~,”%} }>1_5.
1 R=1

Theorem A3 ([35]). If n € N*, the following bounds hold
V2mnn"e ™" < nl < \/Znnn”f”e%n.
Theorem A4 ([6]). Ifn € N*, p € [0,1], 9 € {0,1/n,2/n,- - ,1}, and R< p, the following bound holds

F(p;ng,n —ng+1) < e "™ 10llp)
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where

is the Kullback—Leibler divergence.

Appendix B. Proofs
Proofs of our results are included in this section.
Proof. (Lemma 2) Please note that under the assumptions of the lemma, Vry, - -, 7y € [0,1], and

Vie I\ i*and Vr,r/ € [0,1] such thatr; < r/

2y e—wmax[e,rj]+e—wmax[9/r£,] 3y E—'ymax[@,rj]+e—7max[6,r,’(’]
log ( Z/el\k log ):/el\k
>0

56—'ymax[9,ri] 56—7max[9,ri]

2n B 2n =
then the statement of the lemma is proved. O

Proof. (Lemma 3) Please note that under the assumptions of the lemma

—y max(6,r;]
2 jege T
log < S~y max[0r;x]
<1

0 < min 1,ﬁi+

2n

Note also that if

then

then the statement of the lemma is proved. O

Proof. (Theorem 4) Let us define

¢ =min |1, R+ %

Let us suppose that
<9, VieI\i"

If we set
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we have, thanks to the hypothesis of the theorem that
—ymax[0,r;] 1

L —, Viel,

ZjeI ef'ymax[e,rj] m
then r7. is a fixed point and since it is unique by Lemma 3 we have that r}, < 0.

Let us suppose now that
<9, VieI\{i"k}, rn>9 keI\i.

Thanks to the hypothesis of the theorem, we can state that

ey max[0,r;] ey max|(0,r;]

> 7
ZjEI\{i* 0 e max][6,7;] P max[6,7+ ] e max|0, 7] Zjel\i* e 19 + e~y max[0,r;]

and, consequently, we can also state that

Se—rmax(f,rpx]

2y, - e*'YmaX[sr']‘]+€77max[9,ri*]+e—7max[ﬁ,rk]
1Og( Lier\{ik)

i =min |1, Rj+ o

2Yiep i g*W+g’7ma"[9"i*]
10g( Z]EI\

56—7max[9,7‘*]

< min |1, R;+

2n

Consequently, by exploiting the same reasoning exploited before, r;. < ¢.
By induction, the statement of the theorem is proved. O

Proof. (Lemma 4) Please note that

. log (%)
min[Ry, - -+, Rpy] > max |0,min[Ry, -, Rp] — >

Then we can state that

. log (%)

Ry <min[Rq, -+ ,Ru] + o
and consequently, the statement of the theorem is proved. [
Proof. (Theorem 5) Let us define

s 0
s=o(t L)
Let us suppose that
1 <9 VjeT\i.
If we set
ri =19,
we have, thanks to the hypothesis of the theorem that
Fulrn, e i, v it ) = = fu(rL - T T i ) = %

then r is a fixed point and since it is unique by Lemma 7 we have that 7} < ¢.
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Let us suppose now that
rp <9, VieI\{ik}, n >0 keI\i
Thanks to the hypothesis of the theorem, we can state that
(0, 0,1,8,- - 0,1, 9,-,8) > fi(®,---,0,1,8,--,8),
and, consequently, we can also state that

i :U(ﬁi, (5f1(l9/ ,19,7’1',19,'2-- O, 1,0, /19))
SF(0, -, 0,7, ’19))
5 .

<U (Ri/
Consequently, by exploiting the same reasoning exploited before, rj < .

By induction, the statement of the theorem is proved. O

Proof. (Lemma 8) Please note that
. . T . o
min[Ry, -+, Ry] > L{min[Ry, -+, Rp], 5= ).
Then we can state that

. (. J
R+ <L 1 (mm[R], s /Rm}r %)/

and consequently, the statement of the theorem is proved. O

Proof. (Lemma 9) To prove the theorem we first just have to note that for a fixed 0, the problem can
be solved with Algorithm 1 and that its solution is 7. (6) and 7;(0) = L (R]-, %) with j € T\ i*. Then,
searching for the largest fixed point, varying 6, such that

0= (L7 (i (@), 1O 011 (0) a0, )

gives the proposed algorithm. O

Proof. (Lemma 10) For what concerns Corollary 2, we must prove that Vry,- -+, 7y € [0,1]

firi, - ,rm) €(0,1) VieT, Zfi(rlz"'/rm):L
i€l

These two properties are trivially provable by definition.
For what concerns Theorem 5, instead, we must prove that for 6 € [0,1], Vry,--- 7y € [0,1],
and Vr},r}’ €[0,6)
,fj(rll Tt /rj—llr;’/ 7’j+1, Tt /7;n) - ,fj(rll te /rj—llr;’// 1’]'+1, Tt /rm) = O/
with j € Z. Moreover, we must prove that Vry,--- 7, € [0,6] and Vj € T

1
fj(rlr' .. Irm) = E

These properties are trivially provable by definition. Then we must prove that Vrq, - - -,y € [0,1],
VieT\i, Vr;,r;-’ € (6,1] such that r; < r;’

filri, -+ ,7,‘—117},7]41/' o) = filr, - ,Tj—lfr}/,’jﬂ,"' m) < 0.
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Then, let us note that

o~y max[f,r] e~ max(0,ri]

- 0,7 _ - o, _
e 7 max|(f,r{] +Zkel\je ymax[6r] ymax|0,r] JFZkeI\je 7 max[6,r¢]

e~ max|[f,ri] o~y max|[f,r]

_ =0
- 0,r _ - 0,r _ 4
o~y max(o,r]] + Tker\je ymax(6,r] o~ vmax(0r] + Theryje 4 max|[6,r]

consequently, the property is proven. [

Proof. (Lemma 11) For what concerns Corollary 2 and Theorem 5, the proof is a trivial consequence
of Lemma 10.

For what concerns Lemma 6, we have to prove that V?; € {0,1/m,--- ,1},Vry,--- 1 € [0,1],
andVj € Z\iand Vr},r}’ € [0,1] such that r} < r}’

Sfi(ry, - i1, T rist,  tm) Sfilry, i, v vt tm)
U(?i, l e —u( 7, — g >0

— Y,

2 ir 2

where i € Z. Let us define
ef')’ri

=c— =7, €1,
Yijeze 1

gi(rlr' T /rm)

and note that

agi(ﬁ/' e /rm)

5 =9gi(r, -, rm)gj(ri, -+ ,tm), P€Z, jeET\i
]

Combining this property with Proposition A1 we obtain the result.
For what concerns Lemma 7, we must prove that Vr/,r! € [0,1] such that ] < r//

A A el A . eyl
U(Rl, (sz(rl/ /Zr,r /rm)>_U(Ri, 5](1(7’1/ ér,/ /rm))

<1,
il —rl
U(Ri, 5fi(rll’ o /rifléolrﬁkll' o /Tm)) > 0,
U(Ri, Sfi(ry, -~ rri—lélrri-&-l/"' ,Vm)) <1

The second and the third properties are trivially true if R; # 1. For the first, instead, note that

Ag:(ry, -+ ,r ’
W =—8i(ry,- -+, rm) (1 = gi(r, -+ ,rm)), i€Z.
1

Then we can state, thanks also to Proposition Al that

R (F1 e P O e
U(R,-, Sfi(r, ,2r1, ,rm))_U(Ri’Af,(h, ér,, ,rm)>

< max B(nAff +1,n — nf)
Crelone st hreon (u(5, 4)) " (1-0(7 %))

Since this quantity must be strictly smaller than one we have that

< . (U<;?’57p>)"?(17U<f’,57p>)n—ni'—1
,)/ min

2
ref{0,1,-, =11}, pe(0,1) B(n? +1,n—n?)Sp(1—p)

s

)
i1 5 7P(L—P)

Note also that by denoting
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then, thanks to Theorems A3 and A4 we can state that

1 Sin—g—1)1 1
B(s+1,n—§)— —p= . -
( )Us(l —U)”*sflp n! U1 —u)" ! P
V2 e et /(=8 — 1)(n— § - 1)1 le=(n=5-1) g 1
s /727'”’171"67” U§(1 7U)n_§_lp
_ ot e YV D(n 6 - 1) LN
V" (1 —u)" !

< Vanek Ve (n=3)8(n—5)"* 1 1-vU
B Vnn' U§(1—U)"*§n—§p

7 V8 (n—8)8°(n—8)"—* 1 1-U
= V2res 1%

Vi G- n(1- 1)

Y e VA C i ) L SR
B V! wa—ufn’

— 7+/8(n—39) 1 1
= 2 —
e \/ﬁ ﬂp

: s e 1-8
7”{%ln(%>+”ﬂs ln( T >}
e

BV G N W W
\F 21:0 (i)Ul(l _ U)nfl n
(1.8
5 z ”(1 ”)2
= te =
vn 5
<\/27~[3%L1’
no

and, consequently

G2 0000 2

min > .
#e{0,L,, =1} pe(0,1) B(n?+1,n— nf’)%p(l -p) oy

’n

Finally, for what concerns Lemma 8, we must prove that V#,#,#" € {0,1/m,--- ,1} such that
# < #', we have that

L(7,0) —L(?",5) <0,
L LY, R, 6),6) > 7.

Exploiting Proposition A1 the first property can be easily derived. The second property is true by
definition of L1 (r,8). O

Appendix C. Technicalities
Technicalities of the paper are included in this section.

Proposition A1 (for Theorem A2). Let us define

. 2 12 .
Ljng) = [ FI@mRn iR e RE L)

0 R=0

“1(1 — 5:nR _aR) R 1 a1
U(ﬁ,n,é)_{ *1’ (1-6;nR+1,n—nR) g%ow " } ,

then
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and
B(nR,n—nR+1) A 12,
aL(R/ 5) _ (L(R,é))n[{—l(1,]_‘(1?,5))»1—711:{ 1} € {E' n’ ’ 1} c [0’ oo),
06 0 R=0
A —B(nR+1,n—nR) 5 1 . n—1
(R, 9) ={ (U(R3))"R(1-U(Rs))"R-1 R € {0’ nootonm } € (—o0,0]
00 0 R=1

The derivation of Proposition Al is trivial.

Appendix D. Code

All Matlab codes used in this paper are available by request to the corresponding author.
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