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Abstract

We reveal the relations between the conditional normalized maximum likelihood (CNML)
distributions and Bayesian predictive densities based on the latent information priors (LIPs).
In particular, CNML3, which is one type of CNML distributions, is investigated. The Bayes
projection of a predictive density, which is an information projection of the predictive den-
sity on a set of Bayesian predictive densities, is considered. We prove that the sum of the
Bayes projection divergence of CNML3 and the conditional mutual information is asymp-
totically constant. This result implies that the Bayes projection of CNML3 (BPCNML3) is
asymptotically identical to the Bayesian predictive density based on LIP. In addition, under
some stronger assumptions, we show that BPCNML3 exactly coincides with the Bayesian
predictive density based on LIP.

Keywords: Bayes projection, conditional mutual information, Kullback—Leibler divergence,
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1 Introduction

We construct predictive densities for future variables based on observed data. Let (X, F) be a
measurable space and let M = {p(z|f)|z € X,0 € © C R?} be a statistical model, where p(z|6)
is the probability density function with respect to a o-finite measure p on (X, F). We assume
that observations zV := (z1,...,zx5)" € XV and future variables y™ := (y1,...,yn)" € XM
are independent and identically distributed random variables with probability distribution M.

Thus, the joint probability density function of % and y™ is

N M TT ot oy TT oo
pa™, y™0) = T [ p(=il0) [ [ p(y;10)-
i=1 j=1

A predictive density q(y*|z") is a conditional probability density, i.e., a function from
XN x XM to Ry satisfying [y a du(y™)q(y™|z™) = 1. The goodness of prediction fit of
q(yM|zN) is evaluated by the average Kullback-Leibler divergence (simply referred to as KL

risk in this paper) :

RN 0.0 = [

XN

p(y™10)

dp(z™)p(zN16) /XM du(y™)p(yM10) log M™Y.’
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In information theory, the Bayes risk
N,M N,M
R ) = [ dm(OR 0.90),

is called conditional mutual information when N > 0 (Cover and Thomas, 2006). Latent in-
formation priors (LIPs) are defined as prior distributions on © that maximize the conditional
mutual information, see Komaki (2011). Bayesian predictive densities based on LIPs are mini-
max predictive densities under KL risk when M is a submodel of the multinomial distribution.
The LIPs are different from Jeffreys priors in general. In addition, when N > 0 and the model
is a joint location and scale model, we note that the minimax predictive densities under KL
risk do not have to match the Bayesian predictive densities based on Jeffreys priors as shown
by [Liang and Barron (2004).

On the other hand, in the context of information-theoretic learning, the normalized maxi-
mum likelihood (NML) distributions, introduced by |Shtarkov (1987), are important predictive
densities with no observation (N = 0). The NML distribution is defined by

My PMO™))
fXM dp(M)p(2M]0(2M)) ’

where 0(zM) := argmax, p(zM|6). [Shtarkov (1987) showed that the NML distribution achieves
the minimax regret:

gNML (y

gwwit, = argmin max{—log ¢(y™) — (—log p(y™0(y™")))}.

q y
However, NML distributions have a serious problem that the normalizing constants diverge
to infinity even if M is a simple statistical model such as the normal, Poisson, or geometric
distribution. To remedy the problem, |Griinwald (2007) proposed three types of generalizations
of NML distributions called conditional normalized maximum likelihood (CNML) distributions:

M| Ny ._ pa".y" ™)
gonmLi(y |z ) = [xnr du(zM)p(aN, 2M (M)’

M Ny . p(=" y™M0@N, )
qenmL2(y ™ a) : Jxear dp(zM)p(aN, ZM|G(xN, ZM))’

M Ny ._ py™a?, (N y"))
gonmes(y™ [z™) = [xnr dp(zM)p(2M |2N (2N, 2M))’

where (2, 2M) := argmax, p(z, 2|6). By conditioning on observations #, the normalizing
constants of CNML distributions do not diverge to infinity, and the distributions are defined as
predictive densities with some observations (N > 0). As with the NML distribution, CNML-i

(1 =1,2,3) achieves the minimax conditional regret-i (i = 1,2,3):
qensia = argmin max{—log g(y™|o”) — (= log p(=™, v 104},
qensiz = argmin max{—log g(y"|") — (= logp(e™, s |0, y™)))},
qoxrs = argminmax{ —log g(y"|e”) — (~log p(y™ |z, 6", y™)))}.

Our results are twofold. First, we show that the sum of the Bayes projection divergence of
CNML3 and the conditional mutual information is asymptotically constant. The Bayes pro-
jection of a predictive density is an information projection, a generalization of the information



projection studied by |Csiszaxn (1975), of the predictive density on a set of Bayesian predictive
densities (see Section 2]). Throughout the paper, “asymptotic” means that the number of obser-
vations, IV, is fixed, and the number of future variables, M, goes to infinity. Roughly speaking,
the first result implies that the Bayes projection of CNML3 (BPCNML3) is asymptotically iden-
tical to the Bayesian predictive density based on LIP. Second, under some stronger assumptions,
we show that the BPCNML3 exactly coincides with the Bayesian predictive density based on
LIP. These results indicate that CNML3 is related to LIPs.

Among CNML distributions, CNML2 has received much attention (Kotlowski and Griinwald,
2011; Hedayati and Bartlett, 2012a/b; Bartlett et al), [2013; [Harremoés, 2013), and it has been
recognized as the only natural generalization of NML distributions (Griinwald, 2012). Griinwald
(2007) showed that CNML1 and CNML2 are asymptotically equal to the Bayesian predic-
tive density based on Jeffreys prior. Under some regularity conditions, [Hedayati and Bartlett
(20124) showed that CNML2 is identical to the Bayesian predictive density based on Jeffreys
prior even when M is finite. Because of the connection with Jeffreys prior, CNML2 is considered
to be the most important predictive density among CNML distributions.

However, we argue that LIPs, not Jeffreys priors, are naturally related to minimax predictive
densities under the conditional regret when N > 0. The reason is as follows. The regret and
Kullback—Leibler divergence are widely known to be naturally related in the sense that they are
special versions of the Rényi divergence (Rényi, [1961; van Erven and Harremoés, 2014). No-
tably, when N = 0 and statistical model M is the multinomial distribution, Xie and Barron
(2000) showed that a Bayesian predictive density based on a modification of Jeffreys prior
asymptotically achieves the minimax regret. When N = 0 and the model satisfies some regu-
larity conditions, |Clarke and Barron (1994) showed that Jeffreys prior is asymptotically least
favorable under KL risk. Roughly speaking, when N = 0, Bayesian predictive densities based
on Jeffreys priors are asymptotically minimax under both the regret and KL risk. In addition,
the NML distribution is known to asymptotically coincide with the Bayesian predictive density
based on Jeffreys prior (Griinwald, 2007). These studies imply that least favorable priors under
KL risk are connected with minimax predictive densities under the regret when N = 0. There-
fore, as is the case for N = 0, we insist that LIPs are naturally related to minimax predictive
densities under the conditional regret because LIPs are least favorable priors under KL risk
when N > 0.

Our results shed light on the connection between LIPs and CNML3. Although CNMIL2
has received the most attention among CNML distributions, we consider that CNML3, not
CNML2, is more in line with the minimax KL risk approach and is the most important predictive
density among CNML distributions. Notably, |Griinwald (2007) also vaguely suggested that
CNML3 is more in line with the minimax KL risk approach (called Liang and Barron’s approach
(Liang and Barron, 2004) in his book (Griinwald, 2007)) than CNML1 and CNML2.

The remainder of this paper is organized as follows. In Section [2] we define the Bayes
projection of predictive densities and review the definition and properties of LIPs. In Section [,
we state the main results. In Section 4l we confirm that the main results hold for the binomial
distributions through numerical experiments. In Section [ we conclude our study.

2 Preliminaries

Let K be a compact set of © and Pk be the set of all probability measures on © whose support
sets are contained in K. We assume that Py is endowed with the weak convergence topology
and the corresponding Borel sigma algebra. By the Prokhorov theorem, Py is compact.



2.1 Bayes Projection of Predictive Densities

We define the projection of predictive densities on a set of Bayesian predictive densities. Let
Dg’é‘/l () be a divergence from Bayesian predictive density based on 7 to predictive density g:

N yM)

X
Dy, (7) ::/ (™, 5 (™, 5 ) log — 22! ™€ Pk,
’ XNxxM q

(yM|zN)pr(2V)’
where

ﬂfk = v ,Ik .
pe(a®) /e dr(@)p(z*19)

Divergence Dg’éw is convex with respect to m. Let m; and 7 in Pg and w € (0,1). We define
Ty := wmy + (1 — w)me. By the log sum inequality,

yM) log — P (=, y™)
’ q(yM|2N)py,, (V)

pm(xN’yM) N M pWQ(xN’yM)
+ (1 —w)pr(z,y")log .
G e @) (T P @y o8 N )

p7rw (1’

< wpr, (2N, y™M) log p

Therefore,

Dt (wm + (1 —w)ma) < wDR M (m) + (1 —w) Do (), w € (0,1).

Since Pk is compact, if map Pg > 7 > D%éw(ﬂ) € R is strictly convex and lower semicontin-
uous, then there exists unique minimizer ﬁ%’é\/[ € Pk such that

N,M ; ~N,M . N,M
DK7q (ﬂ-K7q ): ﬂler%ij DK7q (ﬂ—)

We refer to the Bayesian predictive density based on ﬁ[]\(f’é‘/l as Bayes projection of q.
Komaki (2011) showed that KL risk of the Bayes projection of ¢ is not larger than that of
q if the statistical model is a submodel of the multinomial distribution.

2.2 Latent Information Priors

In information theory, the Bayes risk
RN (m,pr) 1= [ dn(O)RY 0.0),
(S

is called mutual information when N = 0 and conditional mutual information when N > 0
(Cover and Thomas, 2006). The conditional mutual information is concave with respect to
m € Pg. LIPs are defined as priors that maximize the conditional mutual information:

~N,M

,_ RN.M
TR Lip ‘= argmax Ry (7, pr).
TEPK

Since Pk is compact, if map Px > 7 — RQLM(W,pﬂ) € R is strictly concave and upper
semicontinuous, then ﬁg’%P is the unique maximizer.

Because LIPs are the least favorable priors (Ferguson, [1967), the Bayesian predictive densi-
ties based on LIPs are naturally related to minimax predictive densities under KL risk. Notably,
Komaki (2011) showed that Bayesian predictive densities based on LIPs are minimax predictive
densities under KL risk when M is a submodel of the multinomial distribution.



3 Main Results

Before showing the main results, we give basic assumptions and notations.

We assume that a maximum likelihood estimator (MLE) 6(zF) € © exists for all k € N and
2% € Xk, We take a compact set K contained in the interior of © such that p(z|0) is strictly
positive for all z € X and § € K and take a positive constant ¢ such that Ks = {§ € ©|30 ¢
K s.t. |0 — 0] < 4} is also contained in the interior of ©. Here, || denotes the Euclidean norm.
We denote probabilities of events and expectations of random variables by Py(-) and Eg(-),
respectively.

We state conditions and lemmas required to prove the main results.

Al. For all z € X, the log-likelihood function logp(z|0) is Lipschitz continuous on Kjy, i.e.,
there exists a measurable map Ly, : X — Ry and 1 < p < oo such that for all 61,60, € K

|log p(2|61) — log p(2]62)| < Lk, (2)|61 — 62,

where L, (-) satisfies

Sup/ dp(2)p(2|0){ LK, (2)}’ < oc.
0eK J X

We define { Ly, }>° := esssup,cxLi;(2).

A2,

lim sup/ du(zk)p(zkw)‘é(zk) - 0|q =0,
k—ocogeK J x*

where ¢ > 1 satisfies 1/p+1/g =1 (¢ = co when p =1 and ¢ = 1 when p = o).

A3. There exists a measurable map Tk : X — R and 1 < r < oo such that

sup{log p(z|0(2)) — log p(2(0)} < Tk (2),
PeK

and Ty satisfies

sup/ dp(2)p(z|0){Tk(2)}" < oo.
beK J X

Ad. )
p(z"0(zF) d

li du(2")p(2*10)1 ——
i sup\ [ i o LD 2

=0.
k—o00 gc K

A5. There exist constants CN™ that do not depend on # such that

lim sup ‘ / dp(z™)p(zN16) log (/ du(yM)p(yM|é(xN,yM))> - CN’M‘ =0.
M—oopgeg | JxN XM

Remark 1. The integrand in condition A4 is known as the likelihood ratio statistic. The like-
lihood ratio statistic is widely known to converge in distribution to the chi-squared distribution
with degrees of freedom d/2 under some mild conditions (Wilks, 1938). Because the mean of
the chi-squared distribution is d/2, condition A4 is considered to be satisfied for many regular
statistical models. However, except for |Clarke and Barron (1989), we are not aware of studies
about conditions on the L' convergence of the likelihood ratio statistic.



Lemma 1. Assume that statistical model M satisfies condition A2. Then,

lim supP9<{ (%) ¢K5}> =0.
k—00 gc K

Proof. By the Markov and Hélder inequalities, for all 8 € K,

1

{Eato) - o}

1

(=9

n({ich ¢ x:}) < RoEH 0> 5) <

Since condition A2 is satisfied, the claim is verified. O

Lemma 2. Assume that conditions A1-A4 are satisfied. Then,

ad[)) d
lim su / du(z™, ™) p(2V,yM|0) 1o (A | -|-—‘:0
Mﬁooeefg XN x XM ul v o y=|P)log pyM[O(zN,y M) 2
Proof. See Appendix. O

We state our first result.

Theorem 1. Let K be a compact set that is contained in the interior of © and assume that
p(z]0) is strictly positive for all z € X and 0 € K. Assume also that conditions A1-A5 are
satisfied.

Then,

N,M ANM | _
Mhinoo WSGI}PP |DK QCNMLS( ™) + Ryq, (m,pr) — C ‘ =0, (1)

where CNM = CNM _ q/9 that does not depend on the choice of .

By deforming (), we have

DM (1) = =Ry (m,px) + CNM 4 0(1), (2)

K,qonML3

where term o(1) satisfies limps o0 SUPep, |0(1)] = 0.
Asymptotically, in the right-hand side of (2)), only the first term R%’JM(W,;DW) depends on

the choice of w. Therefore, the LIP that maximizes R%’JM(W, pr) With respect to m € Pg
asymptotically coincides with the minimizer of the left-hand side of (2), i.e., ﬁg %NMLS
other words, roughly speaking, BPCNML3 is asymptotically identical to the Bayesian predictive
density based on the LIP. Notably, BPCNMLS3 is different from CNML3. Later, under some
stronger conditions, we will show that BPCNML3 exactly coincides with the Bayesian predictive

density based on the LIP even when M is finite (see Theorem [2]).

In

Proof of Theorem [1.

D s = [ ar e, et M o - L)
K.qenmLa OxXNx XM ’ gonmrs(yM|aN)
_ dr(@)du(z™, ™M), y™6) log p(y” ]|
/@XXNXXJVI ( ) M( ) ( | ) pw(yM|xN)
Mo)
n dr (@) (e M p(aN g™ 1) log — P :
/e oy B0 o, 0) o — L



The first term is —RQLM (m,pr). The second term is decomposed as

dr(0)d NM xN,Malo p(y™]
/@><XN><XM (O)du(z Py 1) gonmra(yM |2N)
M
p(y™ |0 d
/ { (@™, y p(™,yM0) log M(A JV)M +—}
XN><XM p(y™6 (=™, y™M)) 2
ar @ [ ane®) paVoon ([ aup06" ) - o]
XM
d
NM @
+C 2’
By Lemma [2] and assumption A5, we have
| ar @)™y (N M) og — YO owar 4 o)
OxXNx XM ’ genmrs(yM|z) 2 ,
where term o(1) satisfies limps oo SUPep, |0(1)] = 0. Therefore, the claim is verified. O

We give some examples that satisfy conditions A1-Ab5.

Example 1 (Multinomial Distributions). The first example is the multinomial distribution.
Let X ={0,1,...,d} and © = {(p1,...,pa)|0 < p; <1 (i =1,...,d), Z?lei < 1}. We take
a compact set K that is contained in the interior of ©:

d
C{9=(p1,---7pd)\0<pi<1 (i=1,...,d), Zpi<1}-
=1

Since K is contained in the interior of ©, we can find § > 0 such that compact set Kj is also in
the interior of ©.
The probability function is

d d
p(=l0) =] p", 2= (O, DT e {0,137, py:=1-3 p,

i=0 i=1
where we identify elements in X with z = (2(0,..., 2(d)T € {0,1}9F! satisfying Z‘ijzo 20 =1,

Since there exists a positive constant cx such that infyc g min,—g 1, ap; > cx > 0,

sup{log p(2|0(2)) —logp(2(60)} <log1 — inf logp(2|f) < —log c.
0eK fecK

Similarly, there exists a positive constant cx; > 0 such that infycg, min;—o 1, ap;i > ck;-
By the mean value theorem, for all 61,0, € K5 and z € X,

1
|log p(z|61) — log p(z|62)| < — 101 — Ba].
CK;

Therefore, condition Al and A3 with any p € [1,00] and r = oo are satisfied. The MLE of the
multinomial distribution is

n (1) n (d)
a(zn) — <Zz 1% Zi:l 2 )7 Py GXn,

yeeey

n n



and the variance of the MLE is

1 d
Eq[|6(=" == [pi(1—p))l.
=1

n

Hence, condition A2 with ¢ = 2 is satisfied. Concerning conditions A4 and A5, we show two
lemmas.

Lemma 3. For the multinomial distributions, condition A4 is satisfied.

Proof. Let G, be the likelihood ratio statistic:

Gn(2";0) :=log eI

Smith et al. (1981)) showed that for 6 in the interior of ©,

Eg(Gn(2";0)) = g + R, (0),

where R,, satisfies

d
1

Thus, limy, e supge | Rn ()] = 0. Consequently, the claim is verified. O

Ly [0 =p)(=2p)]

=0 0p;

Lemma 4. For the multinomial distributions, the normalizing constant of CNML3 is indepen-
dent of zN. Therefore, condition A5 is satisfied.

Proof. See Appendix. O
In conclusion, the multinomial distributions satisfy conditions A1-A5.

Example 2 (Normal Distributions with Restricted Mean). We fix positive numbers a and b
such that a > b > 0. Let © = [—a,a] and K = [—b,b]. Since a is strictly larger than b, we can
take a positive constant ¢ satisfying § < a —b and K5 = [-b—9,b+ 6] C (—a,a).

We consider the normal distribution with mean 6 € © and variance 1. The probability

density function is
—0)?
exp(—(z > ) ), z e X.

p(2l0) = ;27

For 0,605 € Ks, the log-likelihood function satisfies
| log p(2]61) — log p(2]62)| < (|2| + a)|61 — O2|.

Therefore, condition A1 is satisfied with p = 2.
The MLE is

—a, if 2k < —a,
0(zF) =< a, if 2F > a,

2k otherwise,



where zF = Zle zi/k. We denote the probability density function of the one-dimensional

normal distribution with mean p and variance o2 by ¢(z; i, 02). Since 2k is normally distributed
with mean 6 and variance 1/k,

Ep(0(z*) — 0)?
= /adz (—a —0)%¢(2;0,1/k) —i—/oodz 20(2;0,1/k) + /a dz (z — 0)%¢(2;0,1/k)

—00 —a

VEk(—a—0) 0o 0o
§4a2/ dz ¢(z;0,1) +4a2/ dngzOl)—{—/ dz (z — 0)%¢(2;0,1/k)
— 0o Vk(a —o0

0 1
§8a2/ dz#QSz'O,l + -
VE(a—b) \/E(a - b) ( ) k

Consequently, we verify that condition A2 with ¢ = 2 is fulfilled. Next, we verify that condition
A3 holds. We have

=22 + b2

IN

P z —0)? z—b)? z+b)?
sup (log p(=19(2)) — log p(z16)} < sup E—0 < GZD7 24D
9eK gk 2 2 2
Since moments of all orders exist and they are continuous in €, condition A3 is satisfied with
r=2.
Conditions A4 and A5 are also fulfilled, and the proofs are described in Appendix.

Lemma 5. For this model, condition A4 is satisfied.
Proof. See Appendix. O
Lemma 6. For this model, condition A5 is satisfied.

Proof. See Appendix. O

In summary, the one-dimensional normal distributions with restricted mean satisfy condi-
tions A1-Ab5.

Remark 2. As we will see later, numerous statistical models, including normal and Weibull
distributions, satisfy a stronger condition than A5, i.e., the normalizing constant of CNML3
does not depend on the value of observations 2%V (see condition B2 and Theorem [2)). In Example
2 we verify that the one-dimensional normal model with restricted mean satisfies condition A5.
However, this model does not satisfy the stronger condition (condition B2) and the normalizing
constant of CNML3 does depend on z™V

The quantity
log </ du(yM)p(yMlé(:ﬂN,yM))>
XM

is not only the logarithm of the normalizing constant of CNML3 but also the minimax condi-
tional regret-3 when we observe 2V and predict M future variables. Intuitively speaking, if the
statistical model has “uniformity” such as group structure (for example location-scale models),
the conditional regret-3 is equal irrespective of the observations. Even when the uniformity is
not equipped with the model such as Example 2] condition A5 is considered to hold because
the information of future variables y™ increases as M goes to infinity and therefore the effect
of 2 on the conditional regret decreases.



Example 3 (Normal Distributions with Unknown Means). The third example is the normal
distribution with unknown means. Let X = R% and © = R%. We take a compact subset K of
O and fix a positive number § > 0.

We consider a normal distribution with mean 6 = (9(1), . ,H(d)) € O and covariance matrix
o%1,;. Here, 0® > 0 is a known parameter, and I is the d x d identity matrix. The probability
density function is

1 d (@) _ p0)2
p(z]@):idexp<— SIC 5 ) >, 2= (W, @) e R
(2m02)2 20
For any compact set K C R, there exist HI(QH’K = mineekﬂ(i) and Hr(z)ax,f( = max,.z, 0. For

01,05 € Ks, the log-likelihood function satisfies

\ ol

max, K ‘ + ’ mmK ‘
105 p(:161) — log p(=162)| < Z e [
Therefpre, condition Al is satisfied with p = 2. The MLE is the sample mean and its variance
is Eg[|0(2*) — 0|%] = do?/k. Thus, condition A2 is satisfied with ¢ = 2. We have

. — 9(2‘) 2
sup{log p(=16(2)) — log p(216) }—sup§j )
0cK GeK
d { <z<i> - efiin,KP (20— 0 ) }
< + .
- pot 202 202

Because moments of all orders exist and are continuous in 6, condition A3 is satisfied with r» = 2.
Since for any 8 € © and for all j =1,...,d,

1 S Ie= ) 1 &, 1
Ee{ ~ 552 <Zi(J) % ZZI(J)> T 552 Z(Zi(]) - 9)2} =5
=1 =1 i—

condition A4 is satisfied. . _ L
Finally, we show that condition A5 holds. Let x() := Z;VZI xy) /N and y(i) := Zj\/[ 1 yj (@) /M.
By the translation invariance of the Lebesgue measure,

/ Ay (AN, ™))
RdM

d M —= —=\ 2
1 1 n Nz 4 My
o M _ () _ Y
_/Rdey ( ZdMeXp< 20222<y] N+ M >>

2mo?) 2 i=1 j=1
d M M _(i)\ 2
1 1 Iy
= dzMiexp<—— <z(.l)—7k1 k ) ),
Jra " e~z o2 (4 - F55

where z](.i) = y] Zk 1 g) /N. Therefore the normalizing constant of CNML3 does not
depend on z!V, and thus condition A5 is satisfied. In summary, the normal distributions satisfy
conditions A1-Ab5.

Example 4 (Exponential Distributions). The fourth example is the exponential distribution.
Let X = (0,00) and © = (0,00). We take a compact set K that is contained in ©. We fix

10



a positive constant ¢ such that infgcg, 6 > 0. We define O,in g := mingegt > 0, Opax x =
maxeeKH < oo and amim[{é = mingeK(SH > 0.
The probability density function is

p(z]0) = Oexp(—0z), ze€X, 0€O,

and by the mean value theorem, for all 01,60, € Ky,

108 (:161) ~ g p(:18)] < (5 -+ )2~ B

min, K

Therefore, condition Al with p = 2 is satisfied. Condition A3 with r» = 2 is also satisfied because

Su}g{logp(dé(z)) —logp(2]0)} < —log z + |10g Omin k| + 108 Omax, k| + |Omax, k|2,
€

and

sup Bg[2%] < 0o, sup Eg[(log 2)?] < oc.
0eK 0eK

The MLE is 0(z%) = k/ Zle z; and Zle z; follows the gamma distribution with mean k/6 and
variance k/02. Therefore,

~ o k 2yk—le—tu 2(k+1)
Eg||0 k—02:ak/ du( = —6 = 62
oll6 (") — 6] o "\ T (k) (k—1)(k—2) °
and condition A2 is satisfied with ¢ = 2 because 0 < Opin,x < 0 < Omax,x < 00 for all 0 € K.
Next, we verify that condition A4 holds.

p(M16(z")) : S
/ dp(2F)p(2¥10) log == 22 = klogk — k — klog 6 — kEq [logz zl} + 0Eg [Z z,]
Xk

p(="10) i=1 i=1
Hkuk_l
I'(k)

679u

= k:logk:—klog@—k/ dulogu
0

= klogk — klog 0 — k(¢(k) —log0)

where 9 is the digamma function (Gradshteyn and Ryzhik, 2007). The digamma function is

represented as
U

1 9]
Yik) = 10gk—ﬂ_2/0 R exp(zn) — 1)

Since k% < u? + k2,

0< / Td - <1 / d - !
u — u = :
~—Jo (u? + k?)(exp(2mu) — 1) — k2 ) exp(2mu) — 1  24k2

Therefore,
1
lim k(logk —¢(k)) = =,
k—o0 2
and thus, condition A4 is satisfied. Finally, we show that condition A5 holds. Let z =
Zfil x;/N and § = Zi‘il y;/M. The normalizing constant of CNML3 is

N+ M \M M
d M Mé N M :/ d M ;
/XM w(ypyM0N, yM)) Y REn) oo N%LM ;y

11



Let z; = My;/(N%) and z = S 2;/M. Then,
N+M\M N+M &
du(e™M Mig(eN M :/ dM - il
/XM ly P10, ) o\ My mz) P M—i—MzZi:lZ

This is independent of V. In conclusion, the exponential distributions satisfy conditions Al-
A5,

Thus far, we have considered asymptotic situations, but next, we provide a non-asymptotic
result. We state conditions for the result.

B1. For all 8 € K, and for all N and M,

p(y™16)
(yM]0 (N, yM))

/ dp(z™, y"p(a™,yM|0) log
XNx XM P

does not depend on 6.

B2. For all 8 € K, and for all N and M,

log (/XM d#(yM)p(yMlé(wN,yM))>

does not depend on z¥.
Theorem 2. Let K be a compact set that is contained in the interior of © and assume that
p(2]0) is strictly positive for all z € X and 6 € K. Assume also that conditions B1 and B2 are
satisfied.
Then, for any ™ € Px and for all N and M,
N,M N,M N,M
DKv(ICNMLS (m) + Rgj, (mpr) = CL, (3)

where CNM is a constant that is independent of w. Therefore, BPCNMLS3 exactly coincides
with the Bayesian predictive density based on the LIP.

Proof. The left-hand side of (3] is

N,M N,M
DK,QCNML?, (ﬂ—) + RKL (7T7p7r)

e NN Mgy 1o PO 1)
_/@ (da){/XNXXMd“( yIpETy |9)1gp(yM!é(wN,yM))}

+ [ w(do) dp(z™)p(z"'|6) log dp(y™p™ 0", yM)) ) ¢-
foran{ [, () )}

By assumptions B1 and B2, the claim is verified. O

Example 5 (One-Dimensional Normal Distribution with Unknown Mean). In Example [ we
show that the normal distribution satisfies condition B2. Here, we verify that condition Bl
holds. Assume that ¥ and y™ are independent and identically normally distributed with

12



unknown mean # and variance 1. Let z := Zfil x;/N and let g := Zf\il y;/M. Then,
p(y™10)
(yM0(z", y™))

M _ N\ 2
1 Nz +M
=E9§ 5{_(yi_0)2+<yi_7N+My>}
=1

/ dp(z™, y"p(a™, yM|0) log
XNy XM D

_ %+M(1+92) NM6* + M(1+ M6?) M92+ M
2 2 N+ M 2 2(N+M)

B M

T 2N+ M)

Condition B1 is satisfied, and thus, Theorem [2] holds.

Example 6 (Weibull Distribution with Unknown Scale Parameter). Let X = (0,00) and © =
(0,00). We consider the Weibull distribution with unknown scale parameter § € © and known
shape parameter k£ € (0,00). The Weibull distributions are widely known to include numerous
other probability distributions, such as the exponential distributions (k = 1) and the Rayleigh
distributions (k = 2).

The probability density function is

p(2]0) = g(%)klexp{ - (g)k} zeX.

i=1
First we show that condition B1 is satisfied. We have
p(y™10)

du(@™, " p(™,yM(6) log )
e Ty

M k k
_ (N M Yi Yi
= Ey El { — klogf + klogf(x™,y™") — ok + —(é(xN,y ))k}

N ok Mk Mk M y;
_ EG{Mlog (Zx—}; +Zy—2> Syt SR

il prid YL, 5+ M %
If a random variable Z follows the Weibull distribution with scale parameter 8 and shape
parameter k, then (Z/0)* follows the exponential distribution with mean 1. In addition, if two
random variables Z; and Zs follow the gamma distributions with common scale parameter £
and shape parameters a and 3, respectively, then Z/(Z; + Z3) follows the beta distribution
with shape parameters o and 8. From these facts and the reproductive property of the gamma
distribution,

The MLE is

}—Mlog(N—i—M).

p(y™16)
(yM]0 (2N, yM))

/ du(z™N, y™)p(a™,yM|0) log
XNxxM D

= My(N + M) — M+ (N + M) x — Mlog(N + M)

M
N+ M
= M(¢(N + M) —log(N + M)),
where 1) is the digamma function. Hence, condition B1 is fulfilled. Because we can verify that
condition B2 holds in the same manner as Example [, we omit the proof.

13



4 Numerical Experiments

In Example [l we verify that the multinomial distribution satisfies condition A1-A5 and thus,
Theorem [ holds. In this section, we confirm the validity of Theorem [ for the binomial
distribution through numerical experiments.

We explain the settings of the numerical experiments. Let © = [0,1] and K = [0.1,0.9].
Since Pk is infinite-dimensional space, we approximate Px by the set of discrete distributions
P,

100 100
PlOO : { Zﬂi50_1+0.08i(d9)‘0 <m < 1 for all i, ZT{'Z’ = 1.},
i=0 i=0
where d,(df) denotes the Dirac measure with support a € ©. By numerical optimization, we
calculate the approximation of the LIP

ﬁgﬁp = argn}aXR%JM(w,pw)
T€PK
; ; Gk 1—60,)M~Fkp (5
_ argmaxzm ( > ( >Hg+k(1 _ ei)N—i-M—j—klO ( i) Dr (J)’
T€PK 1,7,k p7r(j7k)
and BPCNML3
~N,M __ . N,M
Kgonurs - argioin DK,QCNML?, (ﬂ.)
TEPK
_ itk ANN+M—j—k pﬂ'(j7 k)
= argmin 7TZ< ) < >9? (1—0,) log —,
remin ) Z O3 (1~ 0,0 s ()

where 6; := 0.1 4 0.083, éj,k =G +k)/(N+M), pr(j) = leo% 7TZ(9](1 —0,)N"7 and p,(j, k) :=
leo% Z9]—%( — 0;)N*TM=i=F We used the free software R (R_Development. Core Team, 2009)
and constrOptim function for the optimization.

Figure IH3] show the result of comparison of KL risk among CNML3, BPCNML3, and
Bayesian predictive densities based on LIP (simply abbreviated to BPDLIP) when N = 1 and
M = 10,100,500. When N = 1 and M = 100,500 (Figure [2 and B]), KL risk of BPCNML3
is almost the same as that of BPDLIP. Therefore, we plot the absolute difference of KL risk
between BPCNML3 and BPDLIP.

Implications from the figures are twofold. First, KL risk of BPCNML3 is much lower than
that of CNML3. Notably, for submodels of the multinomial distributions, Komaki (2011) showed
that KL risk of the Bayes projection of predictive density ¢ is not larger than that of ¢. In
addition, the amount of reduction increases as M increases. Second, we find that the difference
of KL risk between BPCNML3 and BPDLIP goes to zero as M increases. This finding implies
that BPCNML3 is asymptotically identical to BPDLIP.

5 Conclusion

In this study, we discussed the relations between the Bayes projection of CNML3 (BPCNMLS3)
and the Bayesian predictive density based on the LIP (BPDLIP). In Theorem [II we proved
that the sum of the Bayes projection divergence of CNML3 and the conditional mutual infor-
mation is asymptotically constant. Roughly speaking, this result implies that the BPCNMLS3 is
asymptotically identical to the BPDLIP. The numerical results in Section [ confirmed that the
BPCNML3 is asymptotically identical to the BPDLIP for the binomial model. Under stronger

14
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Figure 1: Comparison of KL risk when N = 1, M = 10. The right panel shows the absolute
difference of KL risk between BPCNML3 and BPDLIP.

N=1,M=100 Difference of Risk (N=1, M =100)
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Figure 2: Comparison of KL risk when N = 1, M = 100. Since the KL risk of BPCNML3
is almost the same as that of BPDLIP, we plot the absolute difference of KL risk between
BPCNML3 and BPDLIP in the right panel.

N=1,M=500 Difference of Risk (N=1, M =500)
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Figure 3: Comparison of KL risk when N = 1, M = 500. Since the KL risk of BPCNML3
is almost the same as that of BPDLIP, we plot the absolute difference of KL risk between
BPCNML3 and BPDLIP in the right panel.
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conditions B1 and B2, we showed that the BPCNML3 exactly coincides with the BPDLIP in
Theorem

Our results shed light on the connection between CNML3 and LIPs. Although CNML2 has
received the most attention among CNML distributions, we argue that CNML3, not CNML2,
is more in line with the minimax KL risk approach and is the most important predictive density
among CNML distributions.

Finally, we provide our future plans for this study. The plans are threefold. First, we will
study the sufficient conditions for A5 and B2. These conditions are concerned with the condi-
tional minimax regret-3. As reported in Remark 2l we believe that numerous regular statistical
models satisfy these conditions. Second, we will address the boundary of the parameter space.
In the same manner as (Clarke and Barron (1994), we restricted the support set of the prior
distributions that should be contained in the fixed compact set. Using the methods such as in
Xie and Barron (2000) or Komaki (2012), we may treat the boundary of the parameter space.
Finally, we plan to study the predictive performance of the BPDLIP under the conditional
regret-3. It is an interesting study because it parallels to the study of Xie and Barron (2000).

A  Proofs of Lemmas

A.1 Proof of Lemma 2

Proof. We define several notations as follows:

p(y™10) L d
pyM|B(zN yM)) 2]
p(zF16)  d
p(Fo(zR) 2

Inm(0) = /XN . du(a™, y™) p(=", y™|0) log
Ru(0) = [ | du(") p(:H10)1o

Note that since p(z™,yM[A(zN,y™)) = p(@™ 0N, y™ )p(y™|0(zN,y™)) > 0 for all zV and
M
Yy,

pN 10N, yM) >0, puMo@EN,yM)) > 0.
Since p(y™[0(y™)) > p(y™ |0z, y™M))
Rar(8) < Inai(8), V8 € K. ()

For 6§ € K, the integrand in the claim of Lemma [2]is decomposed as

p™e) N yMe)  pENiEN, M) (5)
pyMON, y M) p(aN, yM BN,y M) pe]e)

By condition A1, for (zV,yM) € {8(zN,yM) € K5}

P(xN’é(xNayM)) A N M
1 < E L
T e S O bl
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In addition, by condition A3, for (z™V,y™) € {é(mN, yM) & Ks}

p(Nf(™

(xN\H Z{logp x,]@ y™M)) — log p(x4]0)}

log
< Z{logp($i|é($i)) — log p(z;]0)}

i=1
N
<3 Tite
i=1
By the Holder inequality, for all 0 € K

No(N,y™M))
d xN, M xN, Moy 10 p(z7] !
/XN><XM pw(x™, y™ )p(a™, y™|6) log pETY

< sup / A (™, y M p(a™, y™|0)0 N erZLm )
0K J{0(zN yM)eKs}

+ sup / A du(z M pa, y™10) ZTK@m
0eK J{0(zN yM)gKs} i=1

s [ du(wN>p<xN|e>(Zf;LKé(xi))p}”

q
X sup { / due, y Yp(a M 19, ) — ew}
e K XNxXxM

IN

+sup {2 (6,0 ¢ 1 ) }i apf [ dM(CUN)p(xN|9)<iﬂ((:ﬂi))r}r,

where s satisfies 1/r + 1/s = 1. We denote the upper bound by Uy n. Note that Uy n is
nonnegative and does not depend on 6. By conditions A1-A3 and Lemma [II, we have

lim Up,ny = 0. (6)

M—o0
From (@) and ({),
Ry (0) < Tun(0) < Ryen(0) + Unon-
Therefore, since |Ips n(0)] < max{|Rp ()], |Rap+n ()| + Unr,n}
sup [ In,n(0)| <max { sup |[Ras(0)], sup |[Rarn(0)] + Uniw )
heK feK

0eK

<sup |Rar(0)] + sup [Rar4 v (0)] + Unt,v-
e K 0eK

By condition A4 and ({]), we have

lim sup Iy ()] =0.
M—o0gc i
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A.2 Proof of Lemma 4

Proof. We define a family of polynomials with one variable ¢ as follows:

fﬁ,)a(t) = Z <Af> (t—|—i)i(M ta-—t _Z-)Mﬂ',

=0

where M is a positive integer and a is a real number. We also define féQG) (t) = 1. If we set
a=N and z € {0,1,..., N}, then fyy n(z)/(M + N)M is the normalizing constant of CNML3
for the binomial distributions with observations 2% satisfying Ziil x; = x. For any nonnegative
integer M and any real number a, we first prove that f ﬁ?@ does not depend on the value of ¢,
ie., fﬁ?@ is a constant function.

It suffices to show that for any real number a,

d (2

& M,a(t) == O, Vt G R, (7)

since f ](\;)a is a polynomial in £. We prove this by mathematical induction with respect to M.
For M =0, () is evident by the definition of fé%l) Assume that (7)) holds for M = m and any

a € R. From this assumption, fﬁ)a is a constant function. Then,

d d
Tfmia(t) = dt{(m+ Lba— )™ (4 m+ 1)”“}

+
NE

<m+1> (t+3)' (m+1+a—t—q)mt
1

S0
S0

1

-.
Il

Dm+1+a—t)"+m+1)Et+m+1)"

3

+
Mss

> t_|_,L)l 1(m—{—1—|—a—t )erll

7

m +

Ms

> (m+1—0)t+i) (m+1+a—t—i)™ "

7

Since (mj1> (m +1) < m > (m:-1> (m+1—1i)=(m+1) (T)
hold,
% 7(712J)rl,a(t): —(m+1)(m+14+a—-t)"+(m+1)(t+m+1)"

+(m+1)i</_”1> t+i)Hm+1l4+a—t—q)mt
=1

—(m+1)z<l>(t+z)(m+1+a—t—z) -
1=1
=(m+1)Et+m+1)"

m—1

+(m+1) ) (’?) (t+i+1)im+a—t—i)m™"

1=0
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m
—(m+1) Z( )t—{—z (m+14+a—t—i)™"
1=0

m
= (m+1) Z(”;) (t+i+1)(m+a—t—i)™"
=0

m—l—l < >t+z (m+14+a—t—i)™"

1=

(m+1){fma+1 t+1) fmaJrl(t)}

By the assumption of the induction, fp, q4+1(t + 1) — fim,a+1(t) = 0. Therefore,

f +1a()_07

and (7)) is verified for any M and a. In addition, from this result, the claim of Lemma @ is
verified for the binomial distributions.

Next, we show that the claim holds for (d + 1)-nomial distributions (d > 2). We define a
family of polynomials with d variables (¢1,...,t4) as follows:

dt1 M! Hd (t+0)" & M=
Tt =Y =1 <M+a—2(tl+z’l)> ,
7 0<it, . zd<M il (M — Zl 1 i1)! =1
21_1 1=

where M is a positive integer and a is a real number. For the same reason discussed in the case
of the binomial distributions, it suffices to show that f ](chl?;l) is a constant function to verify that
the normalizing constant of CNML3 for (d + 1)-nomial distribution is independent of zV

Note that f](\jzl) is symmetric with respect to any permutation of variables, i.e., for any

permutation o,
d+1 d+1
](V[’a )(tg(1), . ,to(d)) = 1(\/I7a )(tl,...,td).

Therefore, it is sufficient to show that

0 (d+1
3_t1 ](\/Ia )(tl,...,td) =0,
since ](\/C[l;l) is a symmetric polynomial in (¢1,...,tg).
9 (d+1)
— t1,...,1
oty M (B ta)
MﬁZf:Q i d N d M_Zd i
9 M, (G + )" ) =14
T L et (e Sn)
Uocinmg<M, o il i (M =3 11 4)! =
Yo <M
_ 9 M'Hld o (b + )"
oty 0<ZQ, Lia<M, iol. . igl(M — Zz 211)
21_2 <M
Mﬁz;izg i

> M_Z?:Q i —i1

y Z (M — S i)ty + ip)n ( th-l-a—zll—tl—h

i1=0 i1 /(M — Zl o i1 — i1)!
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MUt i)" 0 ) )
ocin v, 21+ 1l (M — Sy i)t 00T (M-Tha i oy w
02,5 tgd VL, -
YLy <M

=0,

since (7)) holds. O

A.3 Proof of Lemma 5

Proof. Note that it is easy to verify that

e
[ dutmHoog B — 2 0

and thus, we omit the calculation. Let Ay, := {0(z*) € (—a,a)}. Since [®) holds and A(zF) = 2
for zF € Ay,

ZkAZk
3 [ aneHo o PE LD

Xk p(2*0)
p(zF|2F) p(z*10(z4))
=/Xk du()p("10) log s —/Xk dpu()p("10) log = s
:/ du(2FVp(2* M
_du(z")p(27|0) log () (9)
Since p(z¥|zF) > p(2*F|0(z%)), @) is positive. Hence,
o ko PETOED) L[ )
\ [ antH o105 "E 2' -/ AuHpt e O (0

The integrand in the right-hand side of (I0) is

PN gy B
MR

Since the sample mean 2 is normally distributed with mean 6 and variance 1/k,

du(zF)p(2*16) 1o M
/Az p(z7)p(2"10) B IR
o0 u—a)? - u+a)?
- /a du ¢(u;9,1/k)¥ +/_OO du ¢(U;9,1/k)w
o TR LIy AR
VE(a—0) 2 o0 2
< o= VEO+a)? VR .1y (= VE@O — )’
< /\/Eédu é(u;0,1) 5 +/OO du ¢(u;0,1) 5
Y . (u — VEO — Vka)? o0 o bl (u+ VEO — Vka)?
< [ du oo + ke + 62)).
vk
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By the Lebesgue convergence theorem

lim du é(u;0,1)u* = 0.
k—oo J\/ks
In addition, since u/(vVEk§) > 1 for u > Vkd,

Quka? B 2Vka?

/OO du é(u;0,1)k(a* + 6?%) < /OO du ¢(u;0,1) exp(—kd?/2).

vk VES N )
Therefore,
lim sup /OO du ¢(u;0,1)k(a® + 6%) = 0.
k—=ocpek Jv/ks
By ([d0Q), the claim is verified. O

A.4 Proof of Lemma 6

Proof. First, we derive

alN 1 N
. M [Vl Vi 2i=1 %
/ dyMpMfE™ M) =1+ = [ dv ¢(v;0,1).
RM N J_an _ 1 SN oz
VM /M ~~i=1""

From this equation, we find that the normalizing constant of CNML3 does depend on the value
Zfil x; (see Remark [2]).
Let u := ZZ]L z; and let vM := (v1,...,vp) " satisfying

oM = HyM,
where H is the M x M orthogonal matrix of the Helmert transformation. From the definition

of H, we have
M

1 M M
[— y-:’U’ y2: Uz‘

MLE (zN,y™) is represented in terms of u and v:

e ut+vV Mo _
—a, if ~ir < —a,
) — ¢ u+vV Mo
a(u,’l)l) — a, lf W > a,
“iji :LM]V;” , otherwise.
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Because H is orthogonal
/ dy™p(y™|0(", y™
RM

)
:/RMdv !

(o ¥
= [ an e (= 2 Vi m))

i eXp(‘ ‘Z” — 5 (v = VM0(u, vl))2>

_ a(N+M)

i _\/% eXp ( o (v1+\é_a) ) oo eXp ( _ (Ulf\gMQ)Q)
= U1 2 + a(NAM) Y d’Ul 2
o V2 MM V2
L~ ] ( (Nuj — mu)2>
. v——exp | — 5
_%_W V2 2(N + M)
alN u
M [va~ v
=1+ N v dvltb(vh 0, 1).
VM VM
Next, we verify that condition A5 is satisfied
M (i M v U u?
M
— dvy ¢(v1;0,1) / dvi ¢(v1;0,1) exp ( v — —>
N _a_]]t;_ﬁ v/ M 2M
aN_
N
< exp (%)N \Zkz dvy ¢(v1;0,1).
VM
Since exp(aN|u|/M)
M Nlul M [
1+W dv1 #(v1;0,1) < exp <aMu><1—|—N o " do gb(vl;(),l))
\/_ \/_ VM
Similarly, we find the lower bound as follows
M A v aNlu| — u? Ar
1+— dvr ¢(v1;0,1) ZexP(‘
N J_aN _ u
vM VM
Therefore,

u 1+%/
M 2M N
M Mp(,.N , My %
log | dy"p(y™|0(z",y™)) —log {1+
RM _

d’[)1 Qb(’l)l, 0 1)>

aN
VM aNu|  u?
d :0,1) | € —— + —.
oN U1 (b(vlﬂ ) ))‘ — M + 2M
M
From this inequality, if we set

M

CNM — og (1 + —= dv1 ¢(v1;0, 1)>
_W

then the claim is verified because Ep[|u|] and Eg[

depend on M.

| is uniformly bounded in # € K and do not

O
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