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ABSTRACT

Constructing non-vacuous PAC-Bayes bounds on generalization errors for un-
bounded risk functionals, especially in the non-asymptotic regime, is an active
area of research. However, current state of the art results are applicable only in
some very specialized cases. In this work, we give an integrability condition which
exactly characterizes when any risk functional, for a given data set and model
space, admits such bounds using the Levy-Khintchine theorem. Further, we de-
rive a Bahadur-Rao type exact asymptotic bound, which is much sharper than a
traditional Chernoff type inequality, especially in the under-sampled regime. These
bounds give us the flexibility to construct data or model-dependent consistency
promoting updates to a data-free prior, which provably improves the generalization
performance.

1 INTRODUCTION

In this work we are interested in provable control of generalization error in model estimation,
especially in the non-asymptotic or under-sampled regime. In this scenario, the number of observed
samples are significantly lower than the degrees of freedom in the model, thereby leading to an
ill-posed estimation problem and consequently a large expected generalization error. Such situations
are extremely common in classical high dimensional statistics [Sur and Candes|(2019)], for example
in single cell genomics [McDavid et al.[(2019)] or GWAS [Brzyski et al.[(2017)] studies, the data
is not only extremely high dimensional, labelled data acquisition can be error-prone, expensive and
time consuming. However recently, with the plethora of wide ranging successful applications of over-
parametrized deep neural networks [Zhang et al.|(2016)], the question of constructing generalization
bounds is of great interest in the deep learning community |[Kawaguchi et al.|(2017)].

From the theory of statistical learning [Vapnik|(2000)] an optimal model is defined by the minimizer
of a continuous non-negative risk functional R : (H, P, (Rd)) — R, which is characterized by
being differentiable in the first argument and linear in the second. Here Ps (Rd) is the space of
Borel probability measures on R? with bounded variance and # C L? (Rd) is the space of square
integrable functions, represented by either parametric models like exponential families and their
mixtures [Meila|(2000); Nguyen|(2011); Redner and Walker|(1984)] or non-parametric models like
infinite mixture models [Gershman and Blei|(2011); /Kleijn and Zhao|(2013);|Locatello et al.|(2017);
Nguyen|(2011); |Petrone and Veronese (2002);|Ramaswamy||Wu and Ghosal|(2007)], etc.

However in practice, the true measure say v € Po (Rd), is unknown and one only has access to

.. iid. . . . . .
a set of i.i.d. samples X1, ..., X,, '~ v from it. The core idea then, is to use the empirical risk

functional R em := R (-, v, " := 1 3. 6x,) as a surrogate and minimize it instead |Vapnik (2000)].

Clearly, such a minimizer, say fn € H can be said to approximate the true optimum if and only if its
generalization error i.e.

~ . ~ "
A (£2) =R (42) ~R
Generalization error

can be bounded almost surely, where R* is the theoretically minimal risk, also known as the Bayes
Risk [Vapnik|(2000)]. Note that R* may not be achievable inside . Constructing probabilistic
bounds on the generalization error, is the one of the central aims of statistical learning theory.
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By constructing an appropriate prior on the model space H, one can a priori exclude models which
are not expected to fit the learning problem i.e. reduce capacity. A prior needs to be constructed using
only minimal assumptions |Belkin et al.| (2018);|Neyshabur et al.| (2018);|Mukherjee et al.|(2006);
Kleijn and Zhao|(2013)], so as to ensure that it puts a positive probability in the neighborhood of the
true model , while removing all unsuitable models. For example, in linear regression a Gaussian
prior on the parameter space leads to Ridge regression which gives the optimal least squares solution
[Parikh et al.|(2014)] in the under-sampled regime, while a Laplace prior leads to Lasso regression
which can be interpreted to be a convex relaxation to the best subset regression problem [Parikh et al.
(2014)] and hence leads to relatively sparse coefficient estimates.

A principled approach to constructing priors based on problem dependent assumptions comes from
the theory of Levy processes, where Gaussian process, Compound Poisson process, etc are used to
induce distributions over partitions of the model space, leading to for example the Pitman-Yor process,
etc. For example, a Gaussian process prior over a space of functions, assumes that the marginal
distribution over any finite set of evaluations has Gaussian distribution. Such an assumption leads to
smooth functions whose evaluation in a neighborhood is highly correlated, while almost independent
outside its region of influence. While if we assume complete independence of all partitions of the
sample space, then we end up with completely random measures like Compound Poisson processes.
For more details, see [|Gershman and Blei|(2011)].

The Bayesian approach can be alternatively formulated from the point of view of the Minimum
Description Length principle [Griinwald and Mehta|(2019);|Dziugaite and Roy|(2017a)]. MDL is a
theory of inductive and statistical inference, where statistical learning is defined as the search for the
best hypothesis among a set of hypotheses, and a model in that hypothesis, that is best able to describe
the regularities in the data, while compressing it the most [Foster et al.|(2019); |Arora et al.|(2018));
Shwartz-Ziv and Tishby|(2017);|Zhou et al.|(2018)]. It can be seen as the principled formalization of
the Occam’s razor principle.

In the PAC-Bayesian literature, data-dependent priors have also been suggested, constructed using
various techniques. One common approach is via training the prior measure on a held out portion
of the data [Ambroladze et al.|(2007);|Parrado-Hernandez et al.|(2012)]. Another, following a non-
parametric approach is to ensure martingale concentration by assuming stability w.r.t. small changes
in the data |[Dziugaite and Roy| (2017b)]. In [Rivasplata et al.|(2020)] approached the problem of
data-dependent priors more generally by deriving PAC-Bayes inequalities for arbitrary convex error
functionals, but still requiring rather strong assumptions on the exponential moments.

Usually in the literature, the risk functional is assumed to be bounded [Catoni|(2007); McAllester
(1999;2013);|Audibert and Bousquet|(2007)], however recently results for unbounded risks have
been derived under assumptions of exponentially decaying tails i.e. sub-Gaussianity of the data
generating process [[Germain et al.[(2016)]. In this work, using Levy-Khintchine theorem [Bertoin
(2006)], we characterize the condition under which the required moment generating function exists for
non-negative risk functionals. Such a characterization allows us to expand the domain of applicability
to general unbounded risk functionals even when the data generating process has polynomially
decreasing tails. In order to that, we need to construct a stochastic process known as a subordinator
using samples from our push-forward empirical measure.

Our Contribution The main focus of this work is on the construction of bounds on the estimation
error. In the discussion above, we showed that such a bound can be used to construct the consistency
pseudo-prior, which is a data dependent update @ to an n-sufficient prior, specific to a given risk
functional R and model space H. These constructions are then sufficient to derive the strong
PAC-Bayes bounds discussed earlier.

We approach the problem of estimation error by first observing that the risk functional pushes forward
the empirical measure to a measure on the non-negative real line. We show that any such push-forward
measure for i.i.d. data is a Levy measure, whose moment generating function exists under very weak
conditions . Importantly, even the boundedness of the risk functional is not necessary. Further,
in this case the Levy-Khintchine representation formula |Bertoin|(2006)] allows us to estimate the
moment generating function by modeling the push-forward measure either by a Gamma subordinator
for exponentially decreasing tail or Stable subordinator for polynomially decreasing tail, and hence
derive data/model dependent PAC-Bayes bounds.
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Secondly, we derive an Bahadur-Rao type exact asymptotic bound, which is much sharper than
a traditional Chernoff-inequality especially in the under-sampled regime. Thereby allowing us to
provide sufficient conditions to ensure ¢,,-strong-consistency (3)) of the empirical Risk functional.
Such a bound is a result of a combination of Donsker-Varadhan duality and Berry-Essen estimates
[Dembo and Zeitouni|(2009)] for the convergence rates in central limit theorem.

2 PAC-BOUNDS ON GENERALIZATION ERROR

To fix notations, let R : (7—[ Po (]Rd)) — R, be a continuous non-negative risk functional, and

X1, .0 Xn 1y e py (R?) be i.i.d. random variables, with v, := 1 L3, 0x, as its empirical
measure with the corresponding empirical risk functional R, emw := R ( vnt = 1% 6x,). The
starting point for bounding the generalization error is the followmg orthogonal decomposmon which
isolates its deterministic and stochastic parts for any f € H

Ay (f) = [Ry (f) =R+ [Ryem (f) — Ry (f)] (1)

Approximation error Estimation error

Here the approximation error [Vapnik|(2000)] is a deterministic functional of the model space H
and the unknown true measure v € Py (]R“), while estimation error [[Vapnik|(2000)] is a stochastic
functional dependent on the sampling process and properties of the risk functional.

2.1 PAC-BOUND APPROACH

Then we can define the model space H to be n-sufficient for the learning problem, if n > 0 is the
smallest non-negative finite real number for which there exists some prior measure 7y € P (H),
such that

mo({f € H: IRy (f) —R" [<n}) >0 )
If a my exists for = 0, then the model space is called well-specified. Clearly if a finite dimensional
model space (e.g. Linear models, etc) is well-specified, then the Lebesgue measure would always
satisfy such a condition. However, since for an infinite dimensional model space (e.g. RKHS, Fourier,
Wavelet, etc) no Lebesgue measure exists [Kleijn and Zhao|(2013)], even in the ideal case the priors
need to be represented via completely random measures [Kingman|(1967)] and related Levy processes
like Gaussian process [Seeger| (2002);/ Donnet et al.|(2014)], Compound Poisson process |Gugushvili
et al. (2019)], Pitman- Yor process |Gershman and Blei|(2011)], etc.

Similarly, we can define the empirical risk to be d,,-strongly consistent if for any € > 0 and some

f € H, there exists a monotonically decreasing sequence §,, = ¢ ( £, e) — 0T asn — oo,
such that the tail probability of the estimation error satisfies
PI‘(‘ Ruf{"P (f) -R, (f) ‘> 6) < (Sn7 on € [0: 1] 3)

This means that if for some function f € H, such a §,, exists, then the estimation error vanishes with
increasing sample size. In the literature [Fu|(1982);|Kleijn and Zhao|(2013); |Mukherjee et al.|(2006);
Shwartz-Ziv and Tishby|(2017);Wu and Ghosal|(2007)], one usually considers weak consistency
for the model space 7, by insisting on convergence II only in the worst case i.e. if sup rcq, 0y, is
monotonically decreasing with sample size. However, in that case we loose the ability to distinguish
the rates of convergence for each model, which in this work is exploited as a measure of model
complexity. Clearly a model can be said to have lower complexity if its estimation error vanishes
faster i.e. the corresponding J,, is smaller for the same sample size.

Therefore we can say that a model estimation problem is well posed if and only if the model space H
is n-sufficient, the empirical risk estimator is J,,-strongly consistent and an unique solution exists to
the empirical risk minimization problem (4) i.e. the conditions under which an unique solution exists
to

inf R em 4
fesupp(mo) " ') @
such that log d,, (f,€) < 0and my € Pa (H) is n-sufficient ®)

Note that here we define the optimization problem in terms of estimating §,, instead of the estimation
error €, which is usual in the literature |Catoni|(2007)].
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Now the necessary conditions for a solution to the constrained optimization problem (4) is provided
by the Karush-Kuhn-Tucker theorem [Parikh et al.|(2014)], which states that if (f*, A*) is a saddle
point for the associated Lagrangian function

L(f;v™, A) = Ryem (f) + Alog b, (f, €) (6)

where f € supp (7o) and A > 0, then f* is an optimal solution. Note that here we use log d,,, here
which not only allows us to formulate the Lagrangian in a standard regularization framework, but
also explicitly delineates the data-free prior 7, from a data-dependent update to it, which we derive

below (9).

Given the constraints and , it is easy to see that, then the generalization error for f* is bounded
above by n + € with probability at least 1 — J,, i.e.

Pr(| Ay (f)|[<n+e)>1—10, 7

Such a bound on generalization error is known as a PAC-Bound i.e. a Probably-Approximately-
Correct Bound [Catoni|(2007)] signifying its probabilistic nature.

2.2 PAC-BAYES APPROACH

Now if the risk functional were assumed to be convex, the necessary conditions defined by the Karush-
Kuhn-Tucker theorem are known to be sufficient and hence the solution is unique e.g. ordinary
least squares regression [[Parikh et al.|(2014)]. Unfortunately, in many modern applications such
an assumption cannot be made. However, if we can assume that the derivative of the Lagrangian
functional @ is Lipschitz continuous, then its Donsker-Varadhan dual [Donsker and Varadhan|(1975)]
is known to be strongly convex [Zhou|(2018)] in the space of probability measures with finite second
moments.

PAC-Bayesian analysis [McAllester| (1999); |Ambroladze et al.| (2007); |Audibert and Bousquet
(2007);/Bégin et al.|(2014);/Catoni|(2007); Freund|(1998);|Germain et al.|(2016);|Guedj|(2019)] 1s a
framework which exploits such a duality, by defining the pseudo-posterior measure as the unique
measure which minimizes the expected Lagrangian in the support of the prior i.e. for v > 0

o marg inf dE. [L] - Eay [L] + SKL (| 7o) ®)
T €EP2(H) vy

which admits an unique analytic solution, given by the associated Gibbs measure
dir, o< exp (—yL (f,v2™, X)) dmo

o exp (—WR,,g;np (f)) dfré‘
where w.l.o.g. with A > 0,

7 (f) oc exp (—Alog 6, (f,€)) dmo (f) 9)

We call ) the consistency pseudo-prior, and interpret it to be a data-dependent (or model-dependent)
consistency promoting update to the data-free n-sufficient prior 7.

Ignoring the consistency criterion i.e. for A = 0, we end up with the standard data-independent
PAC-Bayesian approach, which has had great success especially in the case of classification and
regression problems with bounded risk functionals [Catoni|(2007);|Germain et al.| (2009} [2015));
Gued)|(2019)]. However in the under-sampled regime, when the number of samples are smaller than
the number of parameters, such optimality results do not hold. In this case, the data-free prior, which
in the end is just a guess, unreasonably dominates the posterior. A data/model-dependent pseudo-
prior like (9) on the other hand, provides a consistent approach to modifying data-free priors by
promoting functions of lower “complexity” in the support of the prior which admit faster convergence
based on the available data. This allows us to construct accurate bounds on the generalization error
corresponding to both the prior as well as the posterior.

Following the same logic as above, if for any n-sufficient prior my € P2 (#H), we can estimate the con-
sistency pseudo-prior (9) and its associated pseudo-posterior measure 7, (8), then the corresponding
PAC-Bayes confidence interval on generalization error is given by

Pr <| Eﬁ,a [Ayfznp] |< n+ E) >1-— Eﬁa [(Sn (f7 6)]

4
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and
Pr (l Eﬁn [Aui,‘“"] |< n—+ 6) >1- ]Efrn [5n (f7 E)} (10)

Note that since 7, < 7 (absolutely continuous), clearly E; [5, (f,¢€)] < Ezx [0n (f,6)] <
0n (f, €) and therefore the expected performance of sample functions under the posterior is necessarily
better than under the consistency pseudo-prior, which on the other hand performs better than a fixed
point-wise estimate in probability.

Therefore given a risk functional with Lipschitz continuous derivatives, if we can construct the
function &, (f,€) which satisfies , then the optima of the Lagrangian functional (@) can be
represented by an unique pseudo-posterior measure , whose samples satisfy the PAC-Bayes bound
on generalization error {I0). In the next section we provide such a construiction.

3 EXACT ASYMPTOTIC BOUND ON ESTIMATION ERROR

3.1 BOUNDING THE ESTIMATION ERROR

In order to calculate the data/model dependent prior update @]}, we need to calculate the probability

Pr (R, (f) > Ry (f) +¢)

Let {ri (f) =R(f )ﬁ o Xi} R Ap be i.i.d. random variables, then most bounds on Estimation
i=1

error in the literature are l;a:sed on the Cramer-Chernoff method [Boucheron et al.| (2013)]. A

Chernoff-type inequality, is defined for Ag (7) = log E [eVR] we have

Pr(R >t) < exp (— sup {7t - Ar (M})
= exp (—Ag (1)) 1n

where A% (t) is the Legendre-Fenchel transform of Ag and ¢t > E [R]. Since Ag (0) = 0, Afisa
non-negative function. Further if E [R] exists, then the convexity of the exponential function and
Jensen’s inequality imply Ag (v) > vE [R] and hence for all negative values of -y, vt — Ag (7) <0
whenever ¢t > E [R].

Now bounding the estimation error, requires constructing bounds on sums of real valued random
variables. The main idea here is to setR,, = > | (R; — E[R;]), we have

A, (7) = logE [e” Z?zl(R,;—IE[R,;])] _ ZlogE {ev(Rf,—E[Rz])}
=1

and hence the Cramer-Chernoff method can be applied. For example, if R; is assumed to be bounded in
a compact interval on the real line, then we end up with the well-known Hoeffding’s inequality which
has been extensively applied in [Audibert and Bousquet|(2007);|Ké&éridinen and Langford|(2005);
McAllester|(1999);Boucheron et al.|(2013)] to derive PAC-Bayes bounds. Under sub-Gaussian (i.e.
AR (N) < % for all A € R with variance factor v) or sub-Gamma tail (i.e. Ar (\) < % for
all 0 < A < 1/c with variance factor v and scale factor ¢) assumptions over R;, using the fact that
logu < u — 1 for u > 0, we can derive Bennet and Bernstein’s inequalities [Boucheron et al.|(2013)]
respectively, which have been used extensively to derive bounds on the estimation error in various
applications [Mhammedi et al.|(2019);|Tolstikhin and Seldin|(2013);| Alquier and Gued;|(2018);
Ambroladze et al.|(2007); |Arora et al.|(2018); Audibert and Bousquet|(2007);/Holland|(2019)].

In the following theorem, we show that such a method can be made much sharper than the one
produced by the Cramer-Chernoff method.

Theorem 1. Given a set of random variables X, ..., X, ey, € Po (Rd), consider the real

valued push-forward measure Rs, ( f)u v. If the cumulant generating function of its centered
empirical measure, A, () = logE,ov [expy (Rsy, (f) — Ryew (f))] is such that DY, ==
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{¥>0:A,m (v) < oo} D{0}, then for any € € {A;m,; (v) :v€D] .., » we have

A*ay (€)
Pr (Rl/ﬂ"l’ (f) Z Rl/ (f) + 6) = exp (—TLA;ZW (6)) \/%ﬁ + O (n*3/2) (12)
1
= §6n (f7 6)
where
1 if Rsy, (f) is continuous
* o — A*:emp €
Ajaw (€) = b {re=Apw (M} &€=q  Aar© if Rs (f) is discrete
TEDPR, 1fexp<7Aiémp (e)) !

Further the corresponding asymptotic convergence rate satisfies the Chernoff’s theorem i.e. this
estimate cannot be dominated by another estimator.

Proof. LetY; R A =R(f )ﬁ 7" for which the logarithmic moment generating function A, (1) =
logE,, [e"1] exists and set A (¢) = [e,00), where € = A, (n) for some positive 7 € DR, =

{¢eRy : A, (¢) < o0} Note that lim,, o A, (0) = Er(pyin [¥] = R(f,) via weak law of
large numbers [Dembo and Zeitouni| (2009)]. From Donsker-Varadhan duality, we know that the
exponentially tilted probability measure i.e. dS\;(a:) = e~ Mg\, (z) represents the distribution
of random variables Y; normalized and centered around € = A;, (n) ie.

Zi = (Y,fg)/\/m 1}\51 5\‘;
Further, let U,, := n—Y2 Z?:l Z; and denote its cumulative distribution function by
H, (u) =Pr(U, < u), (—00 < u < 0)

Then by construction we have RS™ (f,) = € + Uy, ¢/ A (m/n, which means that

PRI (1) 2 ) = B, [Lsgogr )| = B [Hvzo]

= e*”AZ(é)Eﬁv [e’" nAi{(n)Unl{U >0}}

:e—"AZ(e)/ e MVRUGEL (u)
0

using the integration by parts formula and a change of variables with ¢ = «(\)/nu , where

a(N) = /A, (A\) and

A5 (€) = sup {ne—An (n)}
neDY
Here « (A\) can be re-written as a function of € using the equalities

A=A () and A, (\) = Y/az" (o)

Finally, we need to estimate the integral

o [ [ ts) ]

To this end, consider the Berry-Esséen expansion of the cumulative distribution functions H,, which
is given by [Dembo and Zeitouni| (2009)]

nlggo{\/ﬁsgpm (u)—@(u)—%(l—ﬁ)mw l}—O
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where m3 == Ewﬁu\/mp (23] < o0, (u) = 1/vzme=""/2 is the standard Normal density and ®(u) =
ffoo ¢(t)dt. Now since the Taylor expansion of ® is given by

¢<W> :¢(0)+¢127r{a(;)ﬁ+0("3/2)}

therefore asymptotically we have

I, ~ /OO et [@ (W) —3(0)+0 (n—3/2)] dt

[
= (a N \/%)71 +0 (n_%)

Plugging in all the terms we get the final result

Pr(RO™ (f,) =€) =

exp (—nA;, (€))

1
V2mn A3 (€)

VAT o (ns/z)]
O

In the literature, usually one fixes the probability say at « € [0,1] and then estimates the
corresponding error € = &, (f, «) via inversion and is necessary for further analysis. For bounds
under sub-Gaussian and sub-Gamma tails derived using Cramer-Chernoff method, such an inverse
can be analytically calculated. However, in our formulation we only need to estimate or bound
A;;mp (€) accurately, in order to calculate the required Lagrangian functional @ the prior @) and the

associated bounds on generalization error (10).

Note that even if Al*/;rnp (€) =~ 0, we still see d,, converging to 0 at the rate O (n_l/Q), i.e. we get
the weak law of large numbers, which is not possible to show in a Chernoff-Inequality. Therefore,
by optimizing the Lagrangian functional @ we can ensure models which admits the least amount
of estimation error. However, unfortunately in the case of an interpolating model like Deep neural
networks, around the optima the empirical risk usually becomes zero and then our data/model
dependent correction becomes vacuous. Since when optimized using a stochastic gradient descent
algorithm, the generalization error is observed (via out of sample risk) [Zhang et al.|(2016)] to
decrease, the optimization algorithm has an effect [London|(2017)] on the approximation error and
hence the n-sufficiency (2) of the prior on the model space.

3.2 ESTIMATING THE MOMENT GENERATING FUNCTION A ewr

In order to estimate A (¢), we need to estimate the moment generating function of the push-forward
measure A, := R(f )ﬁuf,mp . Here we want to show that push-forward measures from i.i.d. observations
are necessarily Levy measures on R, which allows us to use Levy-Khintchine theorem to estimate
the bound. The push forward measure for each function f € H i.e. R(f)" : P, (R?) - R(Ry)
is a Radon measure on the non-negative real line such that Vv € Py (Rd) and for all Borel subsets

AeB(Ry)
dR () v = d
RO = [
emp

If the risk functional is unbounded, the push-forward empirical measure \,, :== R(f )uyn need not
be a probability measure and can be unbounded on the non-negative real line i.e. A, (]0, co[) = oo. It
is easy to see this if the map R (f) is not a one to one function. For example, let v be the probability
measure on R? and consider the continuous square projection map onto the first dimension P; : R? —
R. Set ' := Pfu, then for every z € R, we have / (z) = v (P () =v({z}u{-2} xR) =
0. But for any small open set U C R we get v/ (U) = v {UU{-U} xR) > v ({U} x R).
Integrating over all such open subsets, we can see that v’ need not be finite.



Under review as a conference paper at ICLR 2021

Now it is not necessary for this push forward measure \,, to even have a finite first moment, let alone
a moment generating function. In order to ensure its existence, we need to put certain assumptions

e
on A,. Let {ri (f) =R(f )ti 0 Xl} A, bea sequence of i.i.d. samples from the push-forward
i=1
empirical measure. Let \,, be a general measure on |0, oo such that even if
Aa(J0, 00]) = o0
assume for some § > 0 that
min(7, 1)\, (dr) < co

10,00[

Observe that the integrability condition implies that for every 0 > 0 the tail-intensity A, (]d, oo[)
is finite i.e. there are only finitely many atoms in ]d, co[, even when there are infinitely many atoms
in ]0, oo[ since A, (]0, 0o[) = oco. Further, the conditionimplies that the series .~ 711, <s)
converges almost surely since

o

Zﬁﬂ{riga}] 2/ rd,(l) < co
10,9(

i=1

Ex

n

and as there are only finitely many atoms in ]d, co[, we have

00
E r; < 00
=1

almost surely. Conversely, the series Y| r; diverges almost surely whenever the integral condition
fails. This means that the above integral conditionprovides the necessary and sufficient condition
for the infinite sum to be finite for any push-forward measure A,,.

Further as we shall see now, it also characterizes the condition under which the moment generating
function exists. Consider an independent sequence Uy, Us... of i.i.d. uniform variables on [0, 1], and
define the purely discontinuous increasing process

C(t) = Zﬁ' (N v,<ey = Z ri (f), te[0,1] (13)
im1 U<t

Clearly the increasing process ({(¢),0 < t < 1) has independent and stationary increments. This
means that for every 0 = to < t1 < -+ < t,, < tp41 = 1, the variables ((t1) — ((to), ..., C(tnt1) —
¢(ty,) are independent, and ((¢;41) — ((t;) has the same law as {(¢;+1 —t;). Such a stochastic process
¢(t) is known as a subordinator on the time interval [0, 1], and is an almost surely non-decreasing
Levy process due to the following characterization given by the Levy-Khintchine formula.

Theorem 2. Levy—Khintchine Formula [Bertoin| (2006)]: The Laplace-Stieltjes transform of a
subordinator on R has a unique representation of the form

Ax, (7) = log E [exp (—((1))] = —t / [1— e Ay (dr) (14)

R

if and only if the push-forward measure \,, on R satisfies, for some 7 > 0
/ min(T, 1)\, (dr) < oo (15)
10,00[

Then \,, is known as a Levy measure.

Therefore Levy-Khintchine theorem implies that {(t) is a subordinator if and only if A,,, the
push-forward measure defined on R is a Levy measure. Many of the well studied measures belong
to the family of Levy measures, including Compound Poisson Processes, Gaussian Processes, Gamma
Processes, Stable Processes, etc. Hence even if the cumulant generating function of the original
measure does not exist, if the push-forward measure satisfies (13), then it’s corresponding cumulant
generating function exists.
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3.3 APPLICATIONS

Now we show two examples with square error loss but different noise characteristics, where our
method leads to consistent estimators even though the risk functional may not be bounded.

Gamma subordinators The Gamma subordinator is suitable when the tail of the push-forward loss
measure decreases exponentially fast. This is the case for square error loss, with normally distributed
noise. Since sum of square normal variables leads to chi-squared variates, the resulting push-forward
loss can be modeled via a Gamma subordinator. Let there exist two fixed real numbers 6, ¢ > 0,
such that the Levy measure given by d\, () = 6z~ 'e~“dx fits the push-forward measure well.
Then its moment generating function is given by A em () = —601log(1 + /c), v > 0 and hence the
corresponding bound on estimation error is given by

e—nO(log ‘5’—1) \/a
2 (ce — 0)

Pr(| Ry (/) — Ry (f) 12 €) < exp (—n (cc — Olog (c))) fore >

Stable Subordinators The Stable subordinator is suitable when the tail of the push-forward loss
measure decreases polynomially fast. This is the case for square error loss, with heavy tailed noise.
Let o €]0,1[ and ¢ > 0 be fixed parameters, such that the Levy measure given by d\,, (z) =

F(ffa) x~17dxz fits the push-forward measure well. Then its moment generating function is given

by A, em () = —cy®, v > 0 and hence the corresponding bound on estimation error is given by

1 1
V2man /A;emp (¢)

@ _1 = .
where A (€) = € T2 {(ac) —o —¢(ac) == } . Therefore, even in the case of unbounded losses

Pr (| Ryem (f) =R, (f) [>€) <

exp (_nAiznp (6))

and small samples, we can estimate a bound on the estimation error for push-forward measures with
both exponentially and polynomially decreasing tails.

4 CONCLUSIONS

In this work, we designed a step by step framework to construct well posed model estimation
algorithms by ensuring sufficiency, consistency and uniqueness of the optimization problem. We
showed that the PAC-Bayes approach admits a unique Gibbs measure, if the risk functional can be
assumed to have Lipschitz continuous derivatives. We approached the problem of their unboundedness
by first observing that a risk functional pushes forward the empirical measure to a Radon measure
on the non-negative real line which is necessarily a Levy measure. Hence, the only necessary and
sufficient condition for a resulting PAC-Bayes bound to exist was shown to be an integrability
condition derived from the Levy-Khintchine theorem. Further, we derived a Bahadur-Rao type
exact asymptotic bound, which is much sharper than a traditional Chernoff type inequality, especially
in the under-sampled regime. Such a construction allowed us to derive data or model-dependent
consistency promoting updates to a data-free prior, which provably improve the generalization
performance. As examples we showed that if the push-forward measure can be modeled either by
a Gamma subordinator for exponentially decreasing tail or Stable subordinator for polynomially
decreasing tail we can derive the corresponding PAC-Bayes bounds.
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