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Abstract: A statistical model is said to be un-normalised when its like-
lihood function involves an intractable normalising constant. Two popular
methods for parameter inference for these models are MC-MLE (Monte
Carlo maximum likelihood estimation), and NCE (noise contrastive esti-
mation); both methods rely on simulating artificial data-points to approx-
imate the normalising constant. While the asymptotics of MC-MLE have
been established under general hypotheses (Geyer, 1994), this is not so for
NCE. We establish consistency and asymptotic normality of NCE estima-
tors under mild assumptions. We compare NCE and MC-MLE under several
asymptotic regimes. In particular, we show that, when m — oo while n is
fixed (m and n being respectively the number of artificial data-points, and
actual data-points), the two estimators are asymptotically equivalent. Con-
versely, we prove that, when the artificial data-points are IID, and when
n — oo while m/n converges to a positive constant, the asymptotic vari-
ance of a NCE estimator is always smaller than the asymptotic variance of
the corresponding MC-MLE estimator. We illustrate the variance reduction
brought by NCE through a numerical study.
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1. Introduction

Consider a set of probability densities { fp : § € ©} with respect to some measure
1, defined on a space X', such that:

where hg is non-negative, and Z(f) is a normalising constant, Z(0) =
S ho(2)p(dz). A model based on such a family of densities is said to be un-
normalised if function hy may be computed point-wise, but Z(0) is not available
(i.e. it may not be computed in a reasonable CPU time).

Un-normalised models arise in several areas of machine learning and Statis-
tics, such as deep learning (Salakhutdinov and Hinton, 2009), computer vision
(Wang et al., 2013), image segmentation (Gu and Zhu, 2001), social network
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modelling (Caimo and Friel, 2011), directional data modelling (Walker, 2011),
among others. In most applications, data-points are assumed to be IID (inde-
pendent and identically distributed); see however e.g. Mnih and Teh (2012) or
Barthelmé and Chopin (2015) for applications of non-IID un-normalised models.

In that spirit, we consider an un-normalised model of IID variables Y7,...,Y,,
with log-likelihood (divided by n):

£a(0) = 3 log o) — log 2(0). (1)

The fact that Z(0) is intractable precludes standard maximum likelihood esti-
mation.

Geyer (1994) wrote a seminal paper on un-normalised models, in which he
proposed to estimate # by maximising function

N R oo loly) )L o~ ho(z)
bom(6) = > log o () log m; o (@) (2)

=1

where the z;’s are m artificial data-points generated from a user-chosen dis-
tribution Py, with density fy(z) = hy(x)/Z(1)). The empirical average inside
the second log is a consistent (as m — oo0) importance sampling estimate of
Z(0)/Z(1). Function (£ is thus an approximation of the log-likelihood ratio
£,(0) — £, (), whose maximiser is the MLE.

In many applications, the easiest way to sample from Py, is to use MCMC
(Markov chain Monte Carlo). Geyer (1994) established the asymptotic proper-
ties of the MC-MLE estimates under general conditions; in particular that the
x;’s are realisations of an ergodic process. This is remarkable, given that most of
the theory on M-estimation (i.e. estimation obtained by maximising functions)
is restricted to IID data.

More recently, Gutmann and Hyvérinen (2012) proposed an alternative ap-
proach to parameter estimation of un-normalised models, called noise con-
trastive estimation (NCE). It also relies on simulating artificial data-points
Z1,..., T, from distribution Py. The method consists in maximising the like-
lihood of a logistic classifier, where actual (resp. artificial) data-points are as-
signed label 1 (resp. 0). With symbols, the log-likelihood divided by n rewrites:

1 ¢ RS m/n
ON(0,v) = - > logqe.(yi) + - > log {(1 — go (@)™ } (3)
=1 i=1

where ¢g . (x), the probability of label 1 for a value z, is defined through odd-
ratio function:

g0, () } { ho () } n
log § ————  =lo, +v+lo (—) .
g{lwwm> *1hu(@) U
The NCE estimator of 6 is obtained by maximising function 61:7%13(9, v) with
respect to both § € © and v € R. In particular, when the considered model
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is exponential, i.e. when hg(z) = exp {67S(z)}, for some statistic S, £SF is
the log-likelihood of a standard logistic regression, with covariate S(z). In that
case, implementing NCE is particularly straightforward.

This paper has two objectives: first, to establish the asymptotic properties
of NCE when the artificial data-points are generated from an ergodic process
(typically a MCMC sampler) in order to show that NCE is as widely applicable
as MC-MLE; second, to compare the statistical efficiency of both methods.

As a preliminary step, we replace the original log-likelihood by a function
defined on the extended space © x R, called Poisson transform:

n

1 ho (y; L, Z(6
U ) S I

This function is so called as it corresponds to the log-likelihood (up to a linear
transformation) of a Poisson process with intensity hg(y) + v, see Barthelmé
and Chopin (2015) for details. The main property of this transformation is that
it produces exactly the same MLE as the original likelihood: (@L, Up,) maximises
(4) if and only if §, maximises (1) and 7, = log {Z(’(/J)/Z(én)}

In the same way, we replace the MC-MLE log-likelihood by function

v m

18 _1¢ oed o) \ ¢ g ho(zy)
om0 =52 1 I () ®)

m hoy (2
which has the same maximiser (with respect to 6) as function (2). We thus
obtain three objective functions defined with respect to the same parameter
space, © x R. This will greatly facilitate our analysis.

The paper is organised as follows. In Section 2, we introduce the set up and
notations. In Section 3, we study the behaviour of the NCE estimator as m — oo
(while n is kept fixed). We prove that the NCE estimator converges to the MLE
at the same m~1/2 rate as the MC-MLE estimator, and the difference between
the two estimators converges faster, at rate m~!. In Section 4, we let both m
and n go to infinity while m/n — 7 > 0. We obtain asymptotic variances for
both estimators, which admit a simple and interpretable decomposition. Using
this decomposition, we are able to establish that when the artificial data-points
are 11D, the asymptotic variance of NCE is always smaller than the asymptotic
variance of MC-MLE (for the same computational budget). Section 5 assesses
this variance reduction in a numerical example. Section 6 discusses the practical
implications of our results. All proofs are delegated to the appendix.

2. Set-up and notations

Unless explicitly stated, we will consider © to be an open subset of R?, with
natural topology associated to the Euclidean norm. We consider a parametric
statistical model {]P’?" : 6 € ©}, corresponding to n IID data-points lying in
space X C RF, associated with the corresponding Borel o-Field. We assume
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that the model is identifiable, and equipped with some dominating measure
1, inducing the log-likelihood (1). From now on, we work directly with the
“extended” version of approximate and exact log-likelihoods, i.e. functions (3),
(4) and (5), which are functions of extended parameter £ = (6,v), with £ € = =
© x R. When convenient, we also write £,,(§) for ¢,,(0,v) and so on. An open
ball in =, centered on £ and of radius ¢, is denoted B(£, €). We may also use this
notation for balls in ©.

The point of this paper is to study and compare point estimates
‘NCE

n,m

A;Em and
which maximise functions (5) and (3). For the sake of generality, we allow
these estimators to be approximate maximisers; i.e. we will refer to éIS as an

approximate MC-MLE if ’

05 (65,) > sup S (&) —o(1) as. (6)
fe=

and with a similar definition for {YGF. The meaning of symbol o(1) in (6) de-

pends on the asymptotic regime: in Section 3, n is kept fixed, while m — oo,
hence o(1) means “converges to zero as m — oo”. In Section 4, both m and n
go to infinity, and the meaning of o(1) must be adapted accordingly.

In both asymptotic regimes, the main assumption regarding the sampling
process is as follows.

(X1) The artificial data-points are realisations of a Py-ergodic process (X;);>1.
By Py-ergodicity, we mean that the following law of large number holds:

m

> el), 2 B leX)] = [ el ful@n(do) s
for any measurable, real-valued function ¢ such that Ey [[¢(X)|] < +oc.

Assumption (X1) is mild. For instance, if the X;’s are generated by a MCMC
algorithm, this is equivalent to assuming that the simulated chain is aperi-
odic and ¢-irreducible, which is true for all practical MCMC samplers; see e.g.
Roberts and Rosenthal (2004).

Finally, note that, although notation P, suggests that the distribution of the
artificial data-points belongs to the considered parametric model, this is not
compulsory. All our results hold provided that the model is dominated by P
(i.e. Py < Py, for every 0 € ©).

3. Asymptotics of the Monte Carlo error

In this section, the analysis is conditional on the observed data: n and yi, ..., yn
are fixed. The only source of randomness is the Monte Carlo error, and the
quantity we seek to estimate is the (intractable) MLE. This regime was first
studied for MC-MLE by Geyer (1994). For convenience, we suppose that the
MLE exists and is unique; or equivalently that & = (én,ﬁn) is the unique
maximiser of £,,.
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3.1. Consistency

We are able to prove NCE consistency (towards the MLE) using the same ap-
proach as Geyer (1994) for MC-MLE. Our consistency result relies on the fol-
lowing assumptions:

,Iffan)le is an approximate NCE estimator,

which belongs to a compact set almost surely.
(H1) The maps 0 — hy(x) are:

1. lower semi-continuous at each 6§ € O, except for z in a Py-null set
that may depend on 6;

(C1) The random sequence (

2. upper semi-continuous, for any x not in a Py-null set (that does not
depend on ), and for all x = y;, i = 1,...,n.

Theorem 1. Under assumptions (X1), (C1) and (H1), almost surely:
INCE_, £
M 00 n

This result is strongly linked to Theorems 1 and 4 of Geyer (1994), which
state that %Sm — 0, as m — oo under essentially the same assumptions.
These assumptions are very mild: they basically require continuity of the maps
0 — hg(x), without any integrability condition.

Remark 1. As noticed by Geyer (1994), the proof does not require © to be a
subset of R%, consistency of MC-MLE as well as Theorem 1 hold more generally
as soon as © is a separable metric space.

3.2. Asymptotic normality, comparison with MC-MLE

In order to compare the Monte Carlo error of MC-MLE and NCE estimators,
we make the following extra assumptions:

(H2) The maps 6 — hgy(x) are twice continuously differentiable in a neighbor-
hood of 0,, for Py-almost every x, and for x = y;, ¢ = 1,...,n. The Hessian
matrix H = V2/,,(6,,) is invertible. Moreover, for some & > 0

/ag(x) sup  hg(z)p(dr) < 400
X

0€B (0 ,€)
where ac(z) =1+ sup |[Vgloghg(z)||?+ sup |[[Vzloghe()].
0€B(0r ) 0€B(0,,¢)

(G1) Estimators A}LS)m and AE%E converge to &, almost surely, and are such that

VS @ ) =o(mY),  VAEEE) = o(m ).
(I1) For some & > 0 the following integrability condition holds:

. ho(X)
blX) 2 <h¢<X>)

E¢ < +00
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where b.(z) =14+ sup | Vgloghg(z)].
0€B(0y,¢)

Measurability of the suprema in (H2) and (I1) is ensured by the lower semi-
continuity of the two first differentials in a neighbourhood of 6,,. Assumption
(H2) is a regularity condition that ensures in particular that the partition func-
tion § +— Z(0) = [, ho(x)pu(dz) is twice differentiable under the integral sign, in
a neighbourhood of O, Following Theorem 1, Assumption (G1) is trivial as soon
as Assumptions (C1) and (H1) hold and £, and £YCP are exact maximisers;
in that case the gradients are zero. Integrablhty Assumptlon (I1) is the critical
assumption. It is essentially a (locally uniform) second moment condition on the
importance weights, with P; as the target distribution.

Theorem 2. Under assumptions (X1), (H2), (G1) and (11):
o ~ ~ -1
m (8 -85,) o n(-HE)) vé) as (7)
where H(E) = Vgén(ﬁ), and v(€) is defined as follows: let ge(x) = log hg(x) +v

then
ZVgg Yi) <exiigf(%)}> —Ey |Vege(X) (‘W) ]

Before discussing the implications of Theorem 2, it is important to consider
Geyer (1994)’s result about asymptotic normality of MC-MLE, which relies on
the following assumption:

(IN) For some covariance matrix A we have:
VmVO6n) B Na(04,A)

As noticed by Geyer (1994), asymptotics of MC-MLE are quite similar to the
asymptotics of maximum likelihood, and it can be shown that under assumptions
(X1), (H2), (G1) and (N),

Vi (05, = 0.) B Ni(04HTAH).

Theorem 2 shows that the difference between the two point estimates is
O(m™'), which is negligible relative to the Op(m~'/?) rate of convergence to
0,,. This proves that, when n is fixed, both approaches are asymptotically equiv-
alent when it comes to approximate the MLE. In particular, Slutsky’s lemma
implies asymptotic normality of the NCE estimator with the same asymptotic
variance as for MC-MLE.

Assumptions (H2) and (I1) admit a much simpler formulation when the model
belongs to an exponential family. This is the point of the following Proposition.

Proposition 1. If the parametric model is exponential, i.e. if hg(x) =
exp {67 S(z)} for some statistic S, then assumptions (H2) and (11) are equiva-
lent to the following assumptions (H2-exp) and (I1-exp):
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(H2-exp) The Hessian matriz of the log-likelihood H = V2¢,(0,,) is invertible.

(I1-exp) The MLE 0, lies in the interior of Oy = {9 €0:Ey [(ZZ(();()))Q} <

—l—oo}.

The set ©, is convex whenever © is. In particular, this is true when ©
coincides with the natural space of parameters, defined as © = {# € R? :
Sy exp{675(x) }u(dz) < +oo}. If Py € {Pg: 0 € O}, then (Il-exp) holds as
soon as 26, — 1) lies in the interior of o.

Remark 2. Condition (N) requires a /m-CLT (central limit theorem) for the
function ¢ : x — (Vgloghg)(he/hy)(z) at § = 0,,. There has been an extensive
literature on CLT’s for Markov Chains, see e.g. Roberts and Rosenthal (2004)
for a review. In particular, if (X;);>1 is a geometrically ergodic Markov Chain
with stationary distribution Py, then assumption (N) holds if for some ¢ > 0,
¢ € Loys(Py). This assumption is very similar to assumption (I11), especially
when the model is exponential.

In practice, implications of Theorem 2 must be considered cautiously, as
the Euclidean norm of the limit in (7) will typically increase with n. For sev-
eral well-known un-normalised models (e.g. Ising models, Exponential Random
Graph Models), n is equal to one, in which case NCE and MC-MLE will always
produce very close estimates. For other models however, it is known that the
two estimators may behave differently, especially when the number of actual
data-points is big and when simulations have a high computational cost (see
Gutmann and Hyvérinen (2012)).

To investigate to which extent both approaches provide a good approximation
of the true parameter value in these models, we will require both m and n to go
to infinity. As it turns out, this will also make it possible to do finer comparison
between &, and YCF (and thus between 6)SF and 6%, ). This is the point of
the next section.

4. Asymptotics of the overall error

We now assume that observations y; are realisations of IID random variables
Y;, with probability density fy«, for some true parameter * € ©, while the
artificial data-points (X;);>1 remain generated from a Py-ergodic process. We
also assume that (Y;);>1 and (X;);>1 are independent sequences; this regime
was first studied for NCE by Gutmann and Hyvérinen (2012), although the X;’s
were assumed IID in that paper.

This asymptotic regime has some drawbacks: it assumes that the model is
well specified, and that P, is chosen independently from the data. This is rarely
true in practice, as the user will generally try to choose Py, as close as possible
to the data distribution to reduce the mean square error (see Section 5). Nev-
ertheless, allowing both m and n to go to infinity turns out to provide a better
understanding of the asymptotic behaviours of NCE and MC-MLE, at least for
situations where the number of actual data-points may be large.
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We assume implicitly that m = m,, is a non-decreasing sequence of positive
integers going to infinity when n does, while m,,/n — 7 € (0, +00). Every limit
when n goes to infinity should be understood accordingly. Finally, £&* = (6*,v*)
stands for the true extended parameter, where v* = log {Z(v)/Z(6*)}.

4.1. Consistency

Our results concerning the overall consistency (to £*, as both m and n — o)
of MC-MLE and NCE rely on the following assumptions:

Agzs,m)nzl and ( ATIj,?ﬂE)nzl

MLE and NCE estimators, and belong to a compact set almost surely.
(H3) The maps 6 — hg(x) are continuous for Py-almost every z, and for any
0 € O there is some € > 0 such that

/X sup | (log h‘zi(x) )+ ho+ (x)p(dx) < +oo.

(C2) The random sequences ( are approximate MC-

$€B(0,c ho+ (x)
Theorem 3. Under assumptions (X1), (C2) and (H3), both estimators é}LSm
and ;1:1(73,1}3 converge almost surely to € as n,m — oo, while m/n — 7.

Our proofs of NCE and MC-MLE consistency are mainly inspired from Wald
(1949)’s famous proof of MLE consistency, for which the same integrability con-
dition (H3) is required. It is noteworthy that, under this regime, MC-MLE and
NCE consistency essentially rely on the same assumptions as MLE consistency.

Remark 3. As noticed by Wald (1949), the proof does not require © to be a
subset of R%. Theorem 3 holds as soon as © is a metric space.

Proposition 2. If the parametric model is exponential, i.e. if ho(x) =
exp{GTS(m)} for some measurable statistic S, then assumption (H3) always
holds.

4.2. Asymptotic normality

To ensure the asymptotic normality of both NCE and MC-MLE estimates, we
make the following assumption.

(X2) The sequence (X;),>1 is a Harris ergodic Markov chain (that is, aperiodic,
¢-irreducible and positive Harris recurrent; for definitions see Meyn and
Tweedie (2012)), with stationary distribution Py,.

The Markov kernel associated with the chain (X;);>1, noted P(z,dy), is
reversible (satisfies detailed balance) with respect to Py, that is

Py (dz)P(z,dy) = Py(dy) P(y, dz). (8)

Moreover, the chain (X;);>1 is geometrically ergodic, i.e. there is some
p € [0,1) and a positive measurable function M such that for Py-almost
every

[P (2,.) =Py ()]rv < M(x)p" 9)
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where P"(x; dy) denote the n-step Markov transition kernel corresponding
to P, and ||.||rv stands for the total variation norm.

Under (X2), for any measurable, real-valued function ¢ such that Ey[p?] < oo,
then a 4/m-CLT holds, i.e.

Vi | 237 () ~ By [p(X)] | BN (0,02) (10)

Jj=1
where

02 = Vy(p(X)) + ) Covlip(Xo). (X)),

In the equation above, Cov(o(Xy), p(X;)) stands for the i-th lag autocovariance
of the chain at stationarity; that is with respect to the distribution defined
by Xo ~ Py and X;41]|X; ~ P(X;,.). The sequence of artificial data-points
(X;)j>1 is not assumed stationary. Since the chain is Harris recurrent, (10)
holds whenever X; = z for any x € X (see e.g. Roberts and Rosenthal (2004),
especially Theorem 4 and Proposition 29).

For convenience, we choose to assume that the kernel is reversible (which is
true for any Metropolis-Hastings algorithm), but the reversibility assumption
(8) is not compulsory, and may be replaced by slightly stronger integrability as-
sumptions (see e.g. Roberts and Rosenthal (2004)); in particular, if reversibility
is not assumed then (10) holds whenever ¢ € Lo, 5(Py). The critical assumption
is geometric ergodicity.

Geometric ergodicity is obviously stronger than assumption (X1) which only
requires a law of large numbers to hold. Nevertheless, geometric ergodicity re-
mains a state of the art condition to ensure CLT’s for Markov chains (see e.g.
Roberts and Rosenthal (2004) and Bradley et al. (2005)), while it can often be
checked for practical MCMC samplers. We present assumption (X2) as a prac-
tical condition for ensuring CLT’s when the artificial data-points are generated
from a MCMC sampler, while it also covers the IID case without loss of gen-
erality. Note though that CLT’s can hold under more general conditions, e.g.
when the Markov chain satisfies polynomial ergodicity (Jones, 2004).

Our asymptotic normality results rely on the following assumptions:

(H4) The maps 6 — hg(x) are twice continuously differentiable in a neigh-
borhood of 6* for Py-almost every z; the Fisher Information I(f) =
Vo (Vg log hg(Y)) is invertible at # = #*; and for some € > 0

/ c.(x) sup  ho(@)u(de) < oo
X 0EB(0* ¢)

where c.(x) =1+ sup ||[Vgloghe(z)|*>+ sup | V2loghe(z)|.

0eB(0* ) 0cB(0* ¢)
(G2) Estimators &, and £YGF converge in probability to £*, and are such

that
Vds,m(qs ) = o (n71/2) ’ vgg’(an(ANCE) — op (n71/2) .

n,m n,m
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(I3) At 6 = 6*, the following integrability condition holds:

o) (j2) | <=

where dg(z) = 1+ || Vg log hg(z)]|.

Eqy

Theorem 4. Under assumptions (X2), (H/) and (G2), we have

Vi (55 — ) B Nga (0, VIR ()
where
VEICE(é) = JT(&)il {27—(5) + 7—71]-‘7(5)} JT(E)ilv

3.6 = 5| (VevEao) (- ) 00,

2(©) = Vo (Veao) (7227 ) ).

+oo
T-(§) = Vi (¢F9P(X0) +2 ) Cov (9P (Xo), of B (X)) ),
i=1

NCE _ ﬁ Tfy
e (0= (Vggg)fw <wa + fe> (@)

Moreover, under assumptions (X2), (H4), (G2) and (18), we have
Vi (85, =€) B Naw (0,VE("))

where

VB =3 {BE+7'TE)} IO,
Eq [VeVige(Y)]
Vi (Vee()).

+oo
L(E) = Vi (B(X) + 23 Cov (ol (Xo), o (X)),

M o
— —
72" 728
—  —
(I

IS Jo
ee (2) = (Vege)
¢ T
Remark 4. Second moment condition (13) is critical. It basically forbids Py
to be chosen as a too thin tail distribution compared to Pg~. Assumption (13)
is needed for establishing MC-MLE asymptotic normality, but not for NCE (in-

equality 21 shows that condition (H4) is enough). This already shows that, under
the considered regime, NCE is more robust (to Py) than MC-MLE.

().
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Assumptions (H4) and (I3) admit a simpler formulation when the model is
exponential, as shown by the following proposition.

Proposition 3. If the parametric model is exponential, i.e. if ho(x) =
exp {9T5<.’17)} for some statistic S, then assumptions (H4) and (13) are equiva-
lent to the following assumptions (Hj-exp) and (I3-exp):

(H4-exp) Fisher Information 1(0) = Vo (Vgloghg(Y)) is invertible at 0 = 6*.
- . ho(X) |2
(I3-exp) Parameter 0* belongs to the interior of ©, = {0 cEy [(hZ(X)) ] <
)
In particular, if Py, € {Po}ycq, then (13-exp) holds as soon as 20* —1) belongs
to the interior of © = {6 eR?: [, exp{075(z)}u(dr) < oo}.

4.3. Comparison of asymptotic variances

Theorem 5. If the artificial data-points (X;);>1 are IID, then under assump-
tions (H4) and (13), VIS(£*) = VNCE(¢%) ie. VIS(¢%) — VNCE(¢%) s a positive
semi-definite matriz.

Theorem 5 shows that, asymptotically, when m/n — 7 > 0, and when the
artificial data-points are IID, the variance of a NCE estimator is always lower
than the variance of the corresponding MC-MLE estimator. This inequality
is with respect to the Loewner partial order on symmetric matrices. To our
knowledge, this is the first theoretical result proving that NCE dominates MC-
MLE in terms of mean square error. We failed however to extend this result to
correlated Markov chains.

This inequality holds for any fixed ratio 7 € (0, +00), and any given sampling
distribution Py, but the sharpness of the bound remains unknown. Typically,
the bigger is 7, the closer the two variances will be, as the ratio 7 fy /7 fy + for
gets closer to one. It is also the case when the sampling distribution Py, is close
to the true data distribution Py«. Geyer (1994) noticed that MC-MLE performs
better when Py is close to Pg~. Next proposition shows that when Py, = Pex,
both variances can be related to the variance of the MLE.

Proposition 4. If the artificial data-points are IID sampled from Py = Pgx,
then under assumptions (H4) and (I3) we have

VICE(E) = VIE(E") = 1+ ) VMR
where VMIE() = J(6)7'3(6)I(¢) "

It is straightforward to check that, under the usual conditions ensuring asymp-
totic normality of the MLE, the extended maximiser of the Poisson Transform /,,
is also asymptotically normal with variance VMEE(£%) This proposition shows
what we can expect from NCE and MC-MLE in a ideal scenario where the
sampling distribution is the same as the true data distribution.
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5. Numerical example

This section presents a numerical example that illustrates how the variance
reduction brought by NCE may vary according to the sampling distribution Py
and the ratio 7.

We consider observations IID distributed from the multivariate Gaussian dis-
tribution N, (p, X) truncated to (0,+oc0)?; that is Y3,...,Y,, are IID with the
following probability density with respect to Lebesgue’s measure:

Fslo) = sy o0 { =50 = WTE @ = ) Lo 0

where
Z(u, ) = 2m)P2SVPP (W € (0,400)7), W~ Np(p, ).

The probability P (W € (0,400)?) is intractable for almost every (u,¥). Nu-
merical approximations of such probabilities quickly become inefficient when p
increases.

Tt is well known that (truncated) Gaussian densities form an exponential fam-
ily under the following parametrisation: for a given y € R? and X € S} (the set
of positive definite matrices of size p), define § = (X =1y, triu(—(1/2)X71)), and
S(z) = (x, triu(zzT)), where triu(.) is the upper triangular part. This parametri-
sation is minimal and the natural parameter space is a convex open subset of R?
where ¢ = p + p(p + 1)/2. Indeed, under the exponential formulation, we have
© = 0, x O, where ©; = R? and O, is on open cone of RP®+1)/2 in bijection
with S} through the function triu(.).

The observations are generated 11D from Py (using rejection) for some true
parameter 6§ = 6*, corresponding to

1 1 05 1
p=(-1], ==[05 15 03],
0.5 1 03 2

in the usual Gaussian parametrisation. The artificial data-points are sampled
IID from the distribution P, associated with density f, s with u = 0, and
Y = M, for some A > 0. (Since ¥ is diagonal, we may sample the components
independently; and since ;1 = 0,, we may sample each component by taking
the absolute value of a Gaussian variate.) The sample size is fixed to n = 1000,
while m is chosen such that the ratio m/n is equal to 7 € {1,5,20,100}. The
distribution Py, is chosen as stated above for A € [1.5,20].

Figure 1 plots estimates and confidence intervals of the mean square error
ratio (mean Euclidean norm square error of the estimator divided by the asymp-
totic variance of the MLE) of both estimators (NCE and MC-MLE), based on
1000 independent replications. (Regarding the denominator of this ratio, note
that the variance of the MLE may be estimated by performing noise contrastive
estimation with Py, = Py, see Proposition 4.)
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Fi1G 1. Estimates and confidence intervals of the Mean Square Error ratios of MC-MLE (left)
and NCE (right), compared to the MLE. The MSE ratio depends both on the variance of the
proposal distribution X\ and the number of artificial data-points m = 7 x n (n = 1000). A
log-scale is used for both azes.

32 — 1=1

MSE ratio (IS / NCE)

scale parameter A

Fi1c 2. Estimates and confidence intervals of the Mean Square Error ratios of MC-MLE,
compared to the NCE. The MSE ratio depends both on the variance of the proposal distribution
A and the number of artificial data-points m =7 xn (n =1000). A log-scale is used for both
azxes.

To facilitate the direct comparison between NCE and MC-MLE, we also plot
in Figure 2 estimates and confidence intervals of the MSE ratio of MC-MCLE
over NCE. As expected from Theorem 5, this ratio is always higher than one; it
becomes larger and larger as 7 decreases, or as A moves away from its optimal
value (around 4). This suggests that NCE is more robust than MC-MLE to a
poor choice for the reference distribution (especially thin tails distributions, i.e.
when A goes to zero).

Finally, we discuss a technical difficulty related to the constrained nature of
the parameter space ©. In principle, both the NCE and the MC-MLE estimators
should be obtained through constrained optimisation (i.e. as maximisers of their
respective objective functions over ©). However, it is much easier (here, and in
many cases) to perform an unconstrained optimisation (over R?). We must check
then that the so obtained solution fulfils the constraint that defines © (here, that
the solution corresponds to a matrix ¥ which is definite positive). Figure 3 plots
estimates and confidence intervals of the probability that both estimators belong
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F1Gc 3. Estimates and confidence intervals of the probability of existence of MC-MLE (left)
and NCE (right) estimators. For a fized n = 1000, the probability of belonging to © is lower
for MC-MLE, especially for small values of the variance of the proposal distribution A and
the number of artificial data-points m = 7 X n. A log-scale is used for both axes.

to ©. We see that NCE (when implemented without constraints) is much more
likely to produce estimates that belong to ©.

Note also that when the considered model is an exponential family (as in
this case), both functions ELS’m and ES%E are convex. This implies that, when
the unconstrained maximiser of these functions do not fulfil the constraint that
defines ©, then the constrained maximiser does not exist. (Any solution of the

constrained optimisation program lies on the boundary of the constrained set.)

6. Conclusion

The three practical conclusions we draw from our results are that: (a) NCE is
as widely applicable as MC-MLE (including when the X ]’.s are generated using
MCMC); (b) NCE and MC-MLE are asymptotically equivalent (as m — oo)
when n is fixed; (¢) NCE may provide lower-variance estimates than MC-MLE
when n is large (provided that m = O(n)). The variance reduction seems to
be more important when the ratio 7 = m/n is small, or when the reference
distribution (for generating the X;’s) is poorly chosen. Note that we proved (c)
under the assumption that the X;’s are IID, but we conjecture it also holds when
they are generated using MCMC. Proving this conjecture may be an interesting
avenue for future research.

As mentioned in the introduction, another advantage of NCE is its ease of
implementation. In particular, when the considered model is exponential, NCE
boils down to performing a standard logistic regression. For all these reasons,
it seems reasonable to recommend NCE over MC-MLE to perform inference for
un-normalised models.
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Appendix A: Main Proofs
A.1. Technical lemmas

The following lemmas are prerequisites for the proofs of our main theorems.
Most of them are ‘classical’ results, but for the sake of completeness, we provide
the proofs of these lemmas in the supplement (Appendix B).
All these lemma apply to a Py-ergodic sequence of random variables, (X;);>1.
First lemma is a slightly disguised version of the law of large numbers, com-
bined with the monotone convergence of a sequence of test functions.

Lemma 1. Let (fin)m>1 be a non-decreasing sequence of measurable, non neg-
ative real-valued functions converging pointwise towards f. Then we have:

= (X)) 55 ElX))

This result holds whether the expectation is finite or infinite.

Second lemma is a natural generalisation of Lemma 1 to dominated conver-
gence.

Lemma 2. Let (fn)m>1, f and g be measurable, real-valued functions, such
that (fm)m>1 converges pointwise towards f; for any m > 1, |fm| < g; and
Eylg9(X)] < +00. Then we have:

= (X)) 55 B[]

Third lemma is a generalisation of Lemma 1 to the degenerate case where
the expectation is infinite. In that case, Lemma 3 shows that the monotonicity
assumption is unnecessary.

Lemma 3. Let (fm)m>1, [ and g be measurable, real-valued functions, such that
(fm)m>1 converges pointwise towards f; g is non negative, Ey[g(X)] < 4o00; for
any m > 1, fn, < g; and Ey[f(X)_] = +oo where f_ stands for the negative
part of f. Then we have:

1 & as,
m Z; fm(Xj) mjoo —00.
J:

Fourth lemma is a uniform law of large numbers. It is well known in the
IID case. This result does not actually require the independence assumption.
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We present a generalisation of this result to ergodic processes. The proof is
due to Bernard Delyon, who made it available in an unpublished course in
French (Delyon (2018)). We present an English translation of the proof in the
supplement (Appendix B).

Lemma 4. Let K a compact subset of RY; (0, z) — (6, 1) a measurable func-
tion defined on K x X whose values lie on RP; and suppose that the maps
0 — @(8,x) are continuous for Py-almost every x. Moreover, suppose that

E, [sup ||go<0,x>||] < 4oo.
9eK

Then the function 6 — E, [<p(9, X)] defined on K is continuous, and we have

m

1 a.s,
2 | PO B . 25 o

Consequently, if there is a random sequence (8,,)m>1 converging almost surely
to some parameter § € ©. Then we have

m

1 -~ -
—~ 2 (O, X;) — Ey [<p(9, X)} 50 as,
J:
Fifth lemma is also a well known result. It is often used to prove the weak
convergence (usually asymptotic normality) of Z-estimators.

Lemma 5. Define any probability space (2, F,P), and let (¢,(6,w))n>1 be mea-
surable real-valued functions defined on R? x Q. Let 0* € R and € > 0 such
that for any n > 1 and for P-almost every w € Q the map 6 + £,(0,w) is C?

on B(0*,¢). Let (8,)n>1 be a random sequence converging in probability to 6*.
Suppose also that:

() {Veln(0)}),_, =or(n™'/?),

(b)  sup [|[V3L,(0) —H(O)| 50, for some R4 yalued function H contin-
9€B(6* <)

wous at 0%, such that H(0*) is full rank,
(c) Vn{Vaoln(9)},_,- 2z, for some random vector Z.

Then
VO, — 0%) + H(O") " Vr{Veln(0)},_,. — Oga,
and, consequently
Vb, —0°) B —1(6") ' Z.

Sixth lemma is a technical tool required for proving asymptotic normality of
NCE. It is particularly straightforward to prove in the IID case. We present a
generalisation of this result to reversible, geometrically ergodic Markov chains.
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Lemma 6. Assume that (X2) holds. Let (fn)n>1, f and g be measurable, real-
valued functions, such that (f,)n>1 converges pointwise towards f; for any n >
L, |ful < g; and Ey[g(X)?] < co. Then we have

i (53 (- 500} - Bl - ] ) S

i=1

and, consequently

Vo (% S fulXi) - E[fn(Xn) BN(0,09),

=1

where 03 = Vy(f(X)) + 231 Cov(f(Xo), f(Xi)) < +oo.

A.2. Proof of Theorem 1

A standard approach to establish consistency of M-estimators is to prove some
Glivenko-Cantelli result (uniform convergence), but, to the best of our knowl-
edge, no such result exists under the general assumption that the underlying
random variables (the X;’s in our case) are generated from an ergodic process.
Instead, we follow Geyer (1994)’s approach, which relies on establishing that
function —ES’%E epiconverges to —¢,,. Epiconvergence is essentially a one sided
locally uniform convergence, that ensures the convergence of minimisers; for a
succint introduction to epiconvergence, see Appendix A of Geyer (1994) and
Chapter 7 of Rockafellar and Wets (2009).

We follow closely Geyer (1994). In particular, Theorem 4 of Geyer (1994)
shows that: if a sequence of functions ¢, ,,, hypoconverges to some function ¢,
which has a unique maximiser én and if a random sequence (é\n,m)mZI is an
approximate maximiser of /,, ,, which belongs to a compact set almost surely,
then @\mm converges to 0,, almost surely. Consequently, to prove Theorem 1, we
only have to prove that EE%E hypoconverges to ¢, (i.e. that —ES%E epiconverges
to —£,); that is

£,(0,v) < inf liminf su (NCE (g, 11
(6,v) < BeN(ew)m%mww@B{ (&)} (11)
£,(0,v) > inf limsup sup {Kﬁ%?(qb, )} (12)

T BeN(0,v) m——+oo (¢,n)EB

where N(0,v) denotes the set of neighborhoods of the point (6, v).

Since = = © xR is a separable metric space, there exists a countable base B =
{B4i, Ba, ...} for the considered topology. For any point (4, v) define the countable
base of neighborhoods N.(6,v) = BNN(6,v) which can replace N (6, v) in the
infima of the preceding inequalities. Choose a countable dense subset I'. =
{(01,11), (62,12), ...} as follows. For each k let (0k,v) be a point of By such
that:

1
én(ekv Vk:) Z sup {gn((é?/’[’)} - E
(¢,1)E€B,
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The proof is very similar to Theorem 1 of Geyer (1994). However, in this
slightly different proof, we will need

. i m o o nhe(Xj) w _ eyhO(X) — eV 2(9)
i m;I g{<1+ mhw(Xj)) } Ew[ hi/;(X)} Z(¥)

(13)
and
. 1 & n . he(X;) = . ho(X)
lim — log| 1+ — inf [6”74) J]) =F { inf {eu_
m%wm; g< msmeB | hy(X;) Y lomer |7 hy(X)
(14)

to hold simultaneously with probability one for any (0,v) € I'. and any B € B.

For any fixed (0, v), Lemma 1 applies to the maps = +— (14 =)™, and since any

countable union of null sets is still a null set, convergence holds simultaneously

for every element of I'. and B with probability one. One may note that infima

in the last equation are measurable under (H1) (in that case, an infima over any

set B € B can be replaced by an infima over the countable dense subset BNT'.).
Proving inequality (11) is straightforward:

VB e B, V(0,v)e BNT,,
,(0,v) = hm ENCE(Q v) < lim inf bup {éNCE (¢, 1)}

n,m n,m

and thus
inf sup o, inf  lim inf sup ENCE ®, .
BeN.(0,v) (¢,u)EBNT . { ( )} BeN,(0,v) m—+o0 (,n)EB { ( )}

(Geyer, 1994) proved that 6 — Z(6) is lower semi-continuous (cf Theorem 1).
This result directly implies that (0,v) — £,(0,v) is upper semi-continuous as
a sum of upper semi-continuous functions. Thus the left hand side is equal to
1(0,v) by construction of T,.

The proof of the second inequality also follows closely Geyer (1994):

inf  lim sup su KNCE S
BeN (0,v) 7n—>+0£) (d)”u,)z { (¢ )}

: RS he (y:)
< inf sup — log { +
BEN(0.v) {(qﬁ,u)eB [ﬂ ; oy )

1

e 1 o n o, he(y:)
—1 f f — I 1+ —et
nligigo <¢,LI§EB [n Z og{ + me hoy (s
Lo (X)) ™
—1i f—) 1 1+ — inf R
%Igigo m Z og( + ¢1;geB [ hy (X5)

= Z {h9 Yi }-ﬂ,-y- sup E'Ll) |: inf {e“htﬁ(X) }:|
=1 BeN(0,v) (¢u)EB hy (X)

~—
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The inequality follows directly from superadditivity of the supremum (and sub-
additivity of the infimum) and the continuity and monotonicity of the maps
z +— log(1 + Zz)% . The last equality holds because the infimum over N (6,v)
can be replaced by the infimum over the countable set A.(6,v): the set of open
balls centered on (6,v) of radius k=%, k > 1, which means the infimum is also
the limit of a decreasing sequence, which can be splitted into three terms. The
second term converges deterministically to zero, while convergences (13) and
(14) apply for the first and third terms.

To conclude, apply the monotone convergence theorem to the remaining term:

: he(X) } [ , he(X)
sup E inf et =E sup inf et ——=
BeA(0w) [(W)GB { hw(X)} | Bendow) Gmen { hw(X)}

Jhe(X)T L, Z(6)
::E¢[e hZ@X>}“€ Z(W)

A.3. Proof of Theorem 2

Define g¢(z) = log hg(x) + v, and the following gradients (dropping n and m in
the notation for convenience):

\I/NCE(g) _ Vﬁgfff(f) = %Z Vege(vi) (mhw(xjylfi(g;i){gg(yi)}>

1y | m exp{ge(X,)}
m;mﬂ%mWM&HmmM@m)

1 n 1 n ex X]'
U (E) = VI, (6) = - ; Vege(yi) — — ; Vege(X;) (%)-

By Taylor-Lagrange, for any component k, 1 < k < d + 1, there exists (a
random variable) ® e (€18, ENCE such that

WP (E,) = WBEE) + {VUBE)} (83, - &)

where WIS(¢) denotes the k-th component of W15(¢), and [A}fm;éNCE] denotes

n,m
the line segment in R4+ which joins ¢!5 and ¢YCF.

By assumption (G1), the left hand side is op(m™!). The matrix form yields:

n,m n,m

[vereE)

op(m~1) = \Ills(égan) L HS (AIS _ ANCE) 7

HIS —

m

v @)



Noise contrastive estimation 3493

Let us prove first the convergence of the Hessian matrix. Lemma 4 can be
applied to each row component of the following matrix-valued function, the
uniform norm of which is Py-integrable under (H2):

on: (&,x) (% iﬁ%(w))

_ (vggg(x) + Vege() {Vggg(ﬂf)}T) (%)

Convergences of the d + 1 rows of H can be combined to get the following
result:

— 0 a.s.
m—00

S - ()

where
H(E) =By [pn(& X)] = VEla(6).

It turns out that (&, ) is invertible as soon as (H2) holds. This is the point of
the following lemma. This implies in particular that H is eventually invertible
with probability one.

Lemma 7. Assume (H2) holds. At the point & = &,, the Hessian matriz of the
Poisson Transform Vgln(f) is negative definite if and only if the Hessian of the
log-likelihood V321,,(0) is definite negative.

The proof of Lemma 7 follows from a direct block matrix computation (using
Schur’s complement). For the sake of completeness, we present a proof in the
supplement (Appendix B).

Now, let us prove the convergence of the gradient. By assumption (G1), we
can write WS( AS%E) = A, +o(m™), where:

A, = \I,IS@NCE) _ \I]NCE(éNCE)

n,m n,m

VRS _ nexp{ge(y:)}
- {" ;vggg(%) <mhw(yz') + ncxp{gf(yi)}>

- ﬂllivfgf(xj)<exp{gs()fj)})(mhw(nexp{gs(Xj)} )

hy(X5) X;)+nexp{ge(X;)} -
hence
m._J1g N ALY nexp{ge (1)}
A = {n ; Vege (vi) (7}%(%) ) (1 i nexp{gg(yi)})

- % > Vfgs(Xj)(%)Q

B nexp{gg(Xj)}
% (1 mhy (X;) +”CXp{95(Xj)})}|

¢=¢NCE

n,m



3494 Lionel Riou-Durand and Nicolas Chopin

m

~ {33 et () LS e (S

- % ; Vege (yi) (exp{gs(yz-)}) (mhw(n exp{ge(y:)} )

hoy (yi) yi) + nexp{ge(vi)}
+ % Z Vege (X;) (%)2

nexplge(X;)}
() + mesplac (X >})}|

The two last terms of the right hand side are residuals for which we want
to bound the uniform norm over the ball B(6,,,¢). The sup norm of the second
term is eventually bounded by:

=ENGP

— 0.

m—r oo

1
—  sup levggg yi)ll
MeeBEne) =1

(™)

The sup norm of the third term is eventually bounded by -1 Z;”:l fm(X5)
where

o) = s [V (SBUL) (L neplan) )

€EB(€nse) hy () (z) + nexp{ge(x)}

and Lemma 2 applies under (I1) to the sequence (fy,)m>1 converging pointwise
towards 0, and dominated by the integrable function g(z) = sup  [|[Vege(x)||x
£€B(n.e)

(cxp{gg(r)} )2
by () :

The limit of (m/n)A,, is thus dictated by the behaviour of the first term. We
apply Lemma 4 to the following vector-valued function, whose uniform norm is
integrable under (I1) and under the continuity of the deterministic part assumed
n (H2):

2
exp{ge (i)} (exp{gf(ﬂf)}>
4 Veg — Vege(x
’ ( Z 9 ) 9O\ 7, @)
Lemma 4 yields (m/n)A,, — v(£,) a.s. where
m——+0oo
1 ¢ exp{ge(yi)} exp{ge(X)})
=- Vg(yi)( =By |Vege(X) | ——F7 ) |-
nE 5 s (31) v h (X)
Combination of these facts ensure that on a set of probability one, we have
eventually:

(&5, - aP) = o)+ (-HE) " (Zant o) o (~HED) o)

m—r oo
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A.4. Proof of Theorem 3

The proof of MC-MLE consistency under the considered regime is a very straight-
forward adaptation of Wald’s proof of consistency for the MLE. We thus choose
to present in appendix only the proof of NCE consistency, which is slightly more
technical, although the sketch is similar. For the sake of completeness, a proof
of MC-MLE counsistency is presented in the supplement (Appendix B).

A.4.1. NCE consistency

For convenience, we choose to analyse a slightly different objective function

(sharing the same maximiser with £)¥), defined as:

MYCE (9, v) %ZH:{@(Q 0 (Y C{;L)(}Q)}—< ) ZC(G (X 15)

e"ho(x (n) o 0 by (z)+e” hg (x)
e g (0) 1o £ ) s ), ) - o { Bt}
We begin our proof w1th the following lemma.

Lemma 8. For any fized (0,v), almost surely, MN“E(0,v) — MNCE(9, v),

n—oo
Yh Thy + €Y hg

NCE(9, ) = Ege | log § ——0— & —log § ——41 10
M‘r (07 V) 0 0og v he* 0og Thw T v h&*

{ Thy + €”hg }
log  ThetCho
Thw + ev hg*

Moreover, (0*,v*) is the unique maximiser of MNE(0,v).

where:

—T]Ew

Proof. For any fixed (0, v), the sequence C((;l )V) is eventually dominated (by a
Py-integrable function), since for any ¢ > 0 (in particular for ¢ = 7 +¢) we have

by Jensen’s inequality:
chy +e”hg fu 1
E log{i*} >E log{ > —log(1+ — 16
v l ] "/’ fw 1 fg* ( C) ( )

chy + e?" hgx

e’ Z(0)
Chw + eV hy } {flb + CZ() f9} 6”2(9)
Ey |1 ———— | <Ey |l —= 3 < (1 + )
¥ Og{clw + eV hg« =B |08 fu =108 cZ(1)
(17)
Thy (x)+e” ho(x)
Moreover, C (9,0) converges pointwise to C(e (@ log{rhw(m)+e” he*(z)}

thus Lemma 2 applies: the second empirical average in (15) converges almost
surely to Ey, [C(e,u (X)].

Now, the sequence {QD(GW) — C(((;)U)} is upper bounded by the positive part of
©(0,) Which is Py«-integrable. In particular, if Eg- [( PO, — C(9 ») ) ] = 400,



3496 Lionel Riou-Durand and Nicolas Chopin

then Lemma 3 applies and the first empirical average in (15) converges towards
—00.
Conversely, suppose that Egy« [(SD(GW) — C(Og’ V)) _] < 00. The law of large num-

bers would apply directly if the sequence m,,/n was exactly equal to 7. To
handle this technical issue, we can consider the two following inequalities. Note
that for any a > b > 0:

o { ) £l | () el )
ahy(x) + ¥ ho« (x) bhy () + e ho« ()
log{ bhy () + e*hg(a:) } < log{ i ahy () +be ff@(x) }
bhy (x) + e*" hos () Zahy(z) 4 2’ hg«(x)
This yields a useful uniform bound for any a,b > 0:
{ ahy(z) + e’ hg(z) } { bhy (z) + e’ hg(x)
lo < —lo -

ahy(z) + e*" hg« () bhy () + e¥" hox (x)

H < ( log a—log b‘ (18)

Thus, if Eg« [(go(gm) — C(Cﬁl,))_] < 400, then the uniform bound (18) also

ensures that:
o chy +e”hg
Po.) & chy + € hg« B

for any positive ¢ > 0. The sequence can now be easily dominated and Lemma 2
applies; the first empirical average in (15) converges to Eg« [¢ (9., (Y)—CE’@O ) (Y)].

Eg+ < +00

Finally, let us prove that (§*,v*) is the unique maximiser of MNE. We have:
1

2t | o oe{ ey o

Thy(x) + e hg« (x) -
+ log { Thu (@) e ha () }(7h¢ () +e” hg- (x)))\(dx)]
1

+log { :ZZ Ei; }T@(m) + log {% }eV* ho- (x))\(dz)]

MECP(9,1) =

=0

by the log-sum inequality, which applies with equality if and only if e”hg(z) =
e”" hg-(x) for Py« almost every x. This occurs if and only if v and 6 are chosen
such that fg«(z) = %he(l‘). The model being identifiable, there is only one
choice for both the unnormalized density and the normalizing constant; 6 = 6*
and v = v*. O

We now prove that the NCE estimator converges almost surely to this unique
maximiser. Let 7 > 0, and define K,, = {{ € K : d(§,£*) > n} where K is the
compact set defined in (C2).
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Under (H3), monotone convergence ensures that for any £ € K,

i B[ s (0() = (7)) | = B[V - 00

and

lim E,| inf ¢(X(X)|=E [OOX]
a0 Y [BGB({,E)C’B ( )} v |67 (X)
Indeed, since maps 6 — hg(x) are continuous, the two previous expectations
(on the left hand side) are respectively bounded from above for ¢ small enough,
and bounded from below for any .

Thus, for any £ € K, and any v > 0 we can find ¢ > 0 such that simultane-
ously:

o LEZ%EEE) (ws) =5 <Y))] < B [pe(Y) - (V)] + 3
B Leé?éss)éﬁ‘%)f )} > E, (X)) - -

The compactness assumption ensures that there is a finite set {&1,...,&} C K,
such that K, C [Ji_; B(&k, €, ). This yields the following inequality:

1 n
sup MYP(€) < max $=Ssup  sup(a(¥i) — ¢ ()
¢eK, k=l,..p | M “—{ ¢>n BeB(r,ec,)

) LSS e
—(— ) x — inf X,
( n Moy, ;5€B(§k,sgk) Cﬁ ( ])
Choose any z for which the map 6 — hy(z) is continuous, and any ¢ € K.
From the definition of ¢ én), the following convergence is trivial:

inf )(Cén)(:c)) —s  inf (4;50(3;)).

BEDB(§,e¢ n—+00 BeB(£,e¢)

Moreover, using inequalities (16) et (17), one can easily show that the sequence

{ﬁ g(lgf : Cé")} is dominated (by a P,-integrable function). Lemma 2 applies:
€ E¢

1 My,
—_— inf E inf (X a.s.
s ;BEB(@m v |: Cﬁ ( ):|

)45 (X5) BEB(E,e¢)

€ey, n——+00

Now, subadditivity of the supremum and inequality (18) yield

(o0l = (@) = s (asle) =7 )|

BEB(&,&g ﬁGB(E,Eg)
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— 0
n—-+00

< sw |¢0(@) - ¢F@)] < [log T ~1og T
BEB(£.e¢) n

while monotonicity ensures that

sup ((pg —(:50) <sup sup ((pﬁ _ Cgl)) < sup (cpg) .
BEB(&:e¢) q2n BEB(§e¢) BEB(&e¢) +

In the last inequality, the right hand side is Py«-integrable under (H3), and the
sequence (in the middle) converges pointwise towards its lower bound whose neg-
ative part has either finite or infinite expectation. In both cases, either Lemma
2 or Lemma 3 can be applied and ensures that, almost surely:

1 ¢ (@) oo
—» sup sup (pp(Yi)—=(5(Yi)) — ]Ee*{ sup  (pp(Y)—(C (Y)}
n ;qzn BEB(ﬁk’Esk)( B ) n—-+o00 ﬂGB(§,55)< p )

Combining these convergences simultaneously on a finite set, we get almost
surely:

n—+oo £€K, k=1,..p BEB(&k.cey)

—7E inf (X
¢[BGB(5k,5gk)Cﬂ( )]}

< sup MYF(¢) + v
¢ek,

lim sup sup MNCE(¢) < max {Eo*[ sup (W(Y)—CEO(Y))}

This leads to the following inequality since « is arbitrary small:

limsup sup MYCF(€) < sup MNE(¢) a.s. (19)
n—+o00 €Ky, {eK,

This last inequality is the heart of the proof. To conclude, we need only to
show that the right hand side is negative, this is the aim of the following lemma.

Lemma 9. Under (H3), the map & — MNCE(€) is upper semi continuous.

The proof of Lemma 9 is straightforward. For the sake of completeness, we
present a proof in the supplement (Appendix B).
Since an upper semi continuous function achieves its maximum on any com-

pact set, this lemma proves in particular that sup MYE(¢) < 0.
§eKy,
Thus inequality (19) implies that we can always find some o < 0 such
that eventually sup MY®(¢) < «, while (C2) implies that MNE(S,) >
¢ekK,

sup MNCE(¢) — 6, where 6, — 0, and where
EEE

sup My(€) > MyF(er) == MNF(er) =0,

565 n—-+oo
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Combination of these facts show that with probability one we have eventually:

MNCE(£IS m) > > sup MYCE(g).
EEK,

This is enough to prove strong consistency. Indeed, with probability one, §NCE
eventually escapes from K, (otherwise there would be a contradiction with the
inequality above). Since the sequence belongs to K by assumption, the sequence
has no choice but to stay eventually in the ball of radius n. Thus with probability
one, for any n > 0, we have eventually d( AEI,%E, &*) < n. This is the definition of
almost sure convergence.

A.5. Proof of Theorem 4

The proof of MC-MLE asymptotic normality is entirely classical. We choose to
present in appendix only the proof of NCE asymptotic normality, which follows
the same sketch but is slightly more technical. For the sake of completeness, a
proof of MC-MLE asymptotic normality is presented in the supplement (Ap-
pendix B).

A.5.1. NCE asymptotic normality

Let GNYE(&) = Vel SE(€) and HYOE(E) = VEZS’%E(S). We have:

@“@—%Zmﬂm( PRI

mphy + nexp{ge}
1 exp{gs i)} M hy ‘
ZVE 9elX hy (X;) (mnhw +nexp{gg}>(X])

HW%FEZWMm< et )m>

myhy +nexp{ge}

1 . T _ mphynexp{ge } _

2. Maho + nexp{ge]

7EZ{%+%%M(ﬁ
exp{ge(X;)} myhy
* hw(X') (mnthrneXP{gé}) .

mMn

1 exp{ge(X;)} [ mnhynexp{ge} ,
+ Zv5v5 ¢(X5) hy(X5) <(mnhw+nexp{g£})2)(Xj)

We firstly show that the study can be reduced to the following random se-
quences:
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¢) = % Z Vege (Vi) (W) o

My

1 eXp{gs( i)} Thy
Z Vede oy (X5) (Thw + exp{ge} ) 5

_ 2 : Thy :

1 T Thy exp{ge}
n ; VeVeselr) ( (Thy + exp{ge})? ) %)

- min ?; {(Vg + VngT)gg(Xj)} eXp{gs();)j)} ( Thy > X

hy(X Thy + exp{ge}

1 exp{ge(X;)} [ Thyexp{ge}
s g VeVes(N) 7 ) ((m T exp{gg}v) (X5)

To do so, we show that almost surely —sup |[HYCE(¢) — H(€)| — 0.
£EB(E* ) oo
Splitting the uniform norm into four parts yields:

sup [ HYCR() — H; (9|
£EB(&*.e)
—Z sup (| V2ge(¥0)||nz (v2)
1 teB(£ o)
+ Z sup || VeV ge (YD) || T (i)
§EB(&*¢)
1 (™ exp{ge(X;)}
+ — sup |[(VE+V Vg (X)) || —=——"=n.(X;)
M ;EGB@*@) ¢TSI R () !
R exp{ge(X;)}
+o3 0 sup || VeTaex)|| SRS ) (20)
n jz::lfeB@me) e hp (X;) ’
where the sequences of functions
T mnhw Thw
MNn = A
ceBer ey Mnhy + nexplge]  Thy + explge)
and
= sup | Tmheneploel  The exp{ge} ‘
" een(ero) (muhy + nexp{ge})®  (Thy +exp{ge})?

are both upper bounded by 1 and converge pointwise (for any = € X) to 0 (use
the continuity of £ — ge(z)).

Lemma 2 applies to each empirical average in (20) (every integrability con-
dition holds under (H4)). The sum converges to 0 almost surely.
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Now, we prove that Va € R4 a'\/n(GY®(¢*) — G7,(£Y)) 0.

Define néf? = mr;wid;lfe - szbfﬁfe. At the point & = £* we have:

V(G (€ - Gy, <§*>)
{ Z Vege)ng o (Yi) — Ee{(vggg)néﬁ(i’)”
1=1 ‘525*

\/7 \/_{ i( fgf)]{enenf(X) Ea{(vfgf)néf?(Y)]}

The sequence |77é"T)f is upper bounded by 1 and converges pointwise towards 0.

le=ex

Moreover, for any ¢ > 7, the sequence |n§n7)‘ is also eventually upper bounded

by 2~ fjfﬁ 7 This ensures that both second moment conditions required holds
under (H4) since:

[ (£) (520 na
v £9¢ o cfo+ fo A

_ 2 cfy fo >
—C/Xllvsgs\\ (wa+fe> (Cf¢+fa fodp

<cxEy [||V§g§||2] < 400 (21)

We can thus apply Lemma 6:

1 " n
\/ﬁ{ ~> (" Vege) i) (Vi) — Eo [(aTVggg)nfg,T) (Y)] } =50
4 le=e~
1 < f n n P
vmn{m— D (" Vege) fe 9" (X;) — Eo [(aTVggg)né’T)(Y)] } 2.0
"=t le=e~
Finally, Cramér-Wold’s device applies: \/_(GNCE(g*) - G;(f*)) 25 Ogasr.

Now, we can work directly with G and HJ, which is much easier. Indeed,

Lemma 4 yields sup |HZ (&) — HT( )]| — 0 almost surely, where:
€EB(£ e) e

() = B | V200 (e )00

~ Ep- {ngggﬁ(y) < (Ti;l,l iejfz;{{g;j})z > (Y)}

5 {72 e m D} S () )

exp{ge(X)} Thy exp{ge }
(%) ((m T oxp{ge] P ) (X)}

1E, [vgv?ggm
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The only condition required is that the supremum norm of each integrand is
integrable, which is satisfied under (H4) (bound the ratios by one).
Note also that, at the point £ = &*, functions H, and —J, coincide, where:

7 fy
J: (&) =Eg|(VeVige) (———— (Y
(© =0 (Vv E00) (7))
A quick block matrix calculation shows that Schur’s complement in —J,(¢) is
proportional to:

I (0) = Vx~g, (Va log ho(X ))

where Q, refers to the probability measure whose density with respect to p
is defined as ¢,(z) % Note that Py <« Q, since the model is
dominated by Py.

In particular, J-(£*) is invertible if and only if I.(6*) is invertible. Since
I.(0) is a covariance matrix, if it is not full rank, then Vgloghg(X) belongs
to a hyperplane Q,-almost surely (and thus Pyp-almost surely). This contradicts
assumption (H4) since the Fisher Information is full rank. Thus I,.(6*) and
J-(€*) are both invertible.

Now, we prove the weak convergence of the gradient:

VGl (€)
ettt sl )

- v, S () oo
—Eo [(Vggg) (#@f@) (Y)] >

Slutsky’s lemma applies as follows. It is noteworthy that second moment con-
ditions hold under (H4) only (use inequality (21)), whereas assumption (I3) is
necessary for proving MC-MLE asymptotic normality (see B.3.2).

le=ex

le=e+

VG (e) B N(oRd+1,zT(g*) + T—er(g*))

where

xwszwwGi@ﬁWQ,

Tfy+ fo
T.(6) = Vy (oNPF(X +2ZCOV( )QDENCE(Xz))’
NCE Jo Tfy
Pe (Vfgﬁ)fw (m)
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Finally, Lemma 5 applies:
Vi (5P — ) B Naa (0, VIR(€))
where VICF(&) = I (&)1 {2 (&) + 77T () } I ()

A.6. Proof of Theorem 5

For convenience, we will use some shorthand notations. Define the real-valued
measurable functions @ = fp/fy and R = 7fy/(7fy + fo). Note that we have
the relationship QR = 7(1 — R). In the following, assume that & = £*, and
for any measurable function ¢, note that Eg[¢] stands for the expectation of
»(X) where X ~ IP’@, and that VV7 g, stands for the measurable matrix-valued
function @ — Vege(2)(Vege(z))T. We begin with the following computations:

z)(
Eo[VV7ge]
Eo[VV70¢| ~ Eo| Ve Eo [V g,

Ey [V 95@2} Ey [ngQ} Ey [VngQ]
By [VV7ge(R™ = 1)] x 7~ By | Ve | By [V g,

J1(§) = o[ VY7 gcR|,

3, (€) = By :vangﬂ —E, [VggR} E, [nggR} :
I-(§) =Ey {VVT%QQRQ} —-Ey {VggQR} Ey {VTQEQR]

= By [VVTgeR(1 = B)| x 7 — By [Vge R| B[ V7 g¢ ).

Fortunately, the expression of the asymptotic variances simplify, as shown by
the following lemma.

Lemma 10. Let Z be any real-valued, non-negative measurable function such
that Eg [VVngZ] is finite and invertible. Then:

—1 —1 Opax 0
M = Ey[VVT e 2] Eg[Vge Z|Eg [V e Z|Eg[VVT g 2] = ( o ﬂf) .
Rd
The proof of Lemma 10 follows from a direct block matrix computation. For
the sake of completeness, we present a proof in the supplement (Appendix B).
Let M be defined as in Lemma 10, matrix calculations yield

3O BOIO ™ =By [vV g M,

. B
T (&) B (O)T,(&) 7 = Eo|[VVTgeR|  Eo[VVT R |Eg [V gcR|  —M,
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-1
I LI = 7By [V ge] B [VVTge(R — 1)]
-1
x Eg [vagE} M,
-1
I () 7'TH()I (&) =Ty [vaggR} Eq [VVngR(l _ R)}
-1
x Eq [VVngR} — M.
Summing up these expressions we finally get
-1 1
V() = Bo[VV7ge| Eo[VV'geR 7 |Eo[VVTge| (1M,
—1
VYCP(Q) = E[VVTgeR|  — (14+77)M.

Now, to compare these variances, the idea is the following: (z,y) — z?/y
is a convex function on R?, which means Jensen’s inequality ensures that for
any random variables XY such that the following expectations exist we have
E[X?/Y] > E[X]?/E[Y]. Here the variances are matrices, but it turns out that
it is possible to use a generalization of Jensen’s inequality to the Loewner partial
order on matrices. We introduce the following notations:

ML, ,, is the set of n x m matrices,
S,, is the set of n X n symmetric matrices,
S is the set of (n x n symmetric) positive semi-definite matrices,
S;"* is the set of (n x n symmetric) positive definite matrices,
R(A) is the range of A,

Anm = {(4,B) €S} x My : R(B) C R(A)},
A" denotes the Moore-Penrose pseudo-inverse of A,

%= denotes the Loewner partial order (A; 3= Ay iff A — Ay €S).

Lemma 11. Let A,B be random matrices such that (A, B) € Ay, ,, with prob-
ability one for some positive integers n,m. Let ¢ : (A, B) — BT A'B defined
on Ay m. Then Elp(A, B)] = ¢(E[A],E[B]) provided that the three expectations
exist.

Proof. We just have to prove that f is convex with respect to =, i.e. that for

any A\ € [O, 1], and any (Al,Bl), (AQ,BQ) S An,m we have )\(p(Al,Bl) + (1 —

Np(Az, B2) = @(A(A1, B1)+(1—)X) (A2, B2)). Indeed, if this convex relationship

on matrices is satisfied then for any x € R™, the real-valued map ¢ : (A, B) —
T . . P} . .

" p(A, B)x is necessarily convex on A, ,,. Consequently, Jensen’s inequality

applies, i.e. for any random (A, B) € A, ,, a.s. and any x € R™ we have

2"Elp(4, B)|z = Elq(A, B)] > q(E[A], E[B]) = 2" (E[A], E[B))z

which is the claim of the lemma.
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Now, to prove that ¢ is convex with respect to =, we use a property of the
generalized Schur’s complement in positive semi-definite matrices (see Boyd and

Vandenberghe (2004) p.651): let A € S,,, B € M, 1, C € S;,, and consider the

block symmetric matrix
A B
D= ( a0k )

D=0 & A%0, R(B)CR(A) , C—-BTA'B 0.

Then we have

This leads to a straightforward proof of the convexity of . To our knowledge,
the following trick is due to Ando (1979), whose original proof was restricted to
positive definite matrices. We use the generalized Schur’s complement to extend
this result to any (A4, B) € Ayt let A € [0,1], and (A1, B1), (A2, B2) € Ay .
The sum of two positive semi definite matrices is positive semi-definite thus we

have N N
1 Bl 2 BQ
A( B BTAIB )”1_”( B BIA|B, ) =0
which is the same as
A1+ (1= N)A,y AB1 4+ (1 = X\)Bs 0
ABT + (1= \N)BY ABTAIB, +(1-\NBTAiB, ) 7

Consequently, the generalised Schur’s complement in this last block matrix is
also positive semi-definite, i.e.

ABTAIB, + (1 — \)BY Al B,
= (AB1 + (1= N Ba) " [My + (1 N)A) T (AB) + (1 - N)By)

which proves the convexity of ¢ with respect to >, and thus the claim of the
lemma. O

Finally, we compare the asymptotic variances of the two estimators. Note
that for any (A, B) € S, x S}, and for every z € R™, we have

2T Ax >0 = T BABz > 0.

Indeed, if A is semi definite positive then for some integer k we can find P €

My, ,, such that A = PTP, moreover, B being symmetric we have 27 BABz =

| PBz||? > 0. The direct implication is enough since B~! € S} .
Consequently, the relation VIS(¢) = VNCE(¢) is equivalent to the relation

-1
Eo[VVTgeR™| = Bo [ VY7 g¢ | Bo VY7 g R] Eo[VVTge].  (22)
Inequality (22) is a direct application of Lemma 11 (let B = VV7g., A = BR;

note that (A,B) € Agyi1,a+1 almost surely; and use basic properties of the
pseudo-inverse).
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Appendix B: Supplementary Proofs

B.1. Proofs of technical lemmas

B.1.1. Proof of Lemma 1

For all k € N, eventually (for any m > k) we have

1 — 1 — 1 —
m 2 X S 0 D Im(5) S 200 1K)
Jj= Jj=1 Jj=

Moreover, since (X;);>1 is Py-ergodic, the law of large numbers applies (even
if the expectations are infinite, since fi and f are non-negative):

1 1
w2 o) 0 Byle(X)] and T J(X)) 25 Ey[f(X))
Thus, there is a set of probability one on which for every k € N,

Ew[fk( )] < lim inf — me ) < lim sup *me <E1/J[f(X)]

m—+400 1M m—»—+o00

Since the inequality holds for any k € N it also holds for the supremum over k:

sup Ey[fx(X)] < lim inf — me ) < lim sup —me ) <Eyu[f(X)]

keN m—+oo m m—+o0

Finally, the monotone convergence theorem yields

?elng[fk(X)]: lim  Ey[fx(X)] = ]Ew[ lim fr(X)] = Ey[f(X)].

k—4o00
Consequently, the lower and upper limits are both equal to E,[f(X)] almost

surely.

B.1.2. Proof of Lemma 2

Since (X;);j>1 is Py-ergodic and f is dominated by the integrable function g,
the law of large numbers applies to function f. Thus, we just need to prove that

=S X0 = SO 25 0,

m——+oo

To do so, use the fact that

m

S (X)) — DY € 3 1finlX,) — 1)

j=1 j=1
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S%Z”" Ju(X,) = 1)

k>m

Define h,, = 2g — sup |fr — f| and note that (hn,)m>1 is a non-decreasing
k>m

sequence of non nega%ive functions converging pointwise towards 2g. Lemma 1
yields

m

=S (X)) 55 Eyf2g(X)).

m——+oo
Jj=1

Finally g is integrable, thus the remainder converges almost surely towards zero:
m

2 - 1 &
—Zsup | fr(X )}:E; _Ez:: ) o

k>m

B.1.3. Proof of Lemma 3

Since g is integrable and (X);>1 is Py-ergodic we have

m

1 a.s.
— j;g(Xj) m_>—+>oo Ey [g(X)] < +o00.

Thus we only need to show that

=Y oK) — X} 55 e

m——+oo

Define h,, = g — sup fx, an increasing sequence of non negative functions con-
k>m

verging pointwise to g — f. Lemma 1 applies whether g — f is integrable or

not:

LS )~ FaX) 2 =S k(X)) 25 B [g(X) - F(X)].

j=1 j=1

The following inequality shows that the expectation is indeed infinite:

Ey[9(X) = f(X)] =Ey [(9(X) = f(X)+) + F(X)-] 2 Ey [f(X)-] = +o0.

B.1.4. Proof of Lemma /

To begin, note that measurability of the supremum is ensured by the lower
semi-continuity of the maps 6 — ¢(6,z) on a set of probability one that does
not depend on 6.
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For every 0 € K, consider the following function:

fom) =Ey| sup [p(d, X) — (0, X)| |-
#€B(0,n)

Dominated convergence implies that fy(n) converges to zero when 7 goes to zero.
This is enough to ensure the continuity of the map 0 — E, [(p(@, X )] because of
the following inequality:

sup  [[Ey[p(6, X) — (6, X)]|| < fo(n).
$€B(0,n)

Let € > 0. For every 6 € K, we can always find 7 ) > 0 small enough such
that fg(n(,c)) < €. Note that the open balls centered on 6 € K of radius 7.,
form an open cover of K, from which we can extract a finite subcover thanks
to the compactness assumption. Thus we can build a finite set {¢1,...,¢7} C K
(centers of the balls) such that

I
Kc|JBi,  Bi=B(din,.e)-

i=1

Now, for any 6 € K define iy as the smallest integer ¢ € {1,...,I} such that
0 € B;, and consider the following equality:

S 0,X5) ~ B [0(6, )] = S {00 X)) — (60, X))

+ % Z 90(¢iean) —Ey [‘p(¢ieaX)]
+Ey [¢(¢i5, X)] —Ey (60, X)]

The three last terms are functions of 6 for which we want to bound the
uniform norm.

The uniform norm of the third term is lower than e since V0 € K, d(6, ¢;,) <
Mg oe)- The second term converges to zero by the law of large number since

{¢1,...,¢0s} is finite. Finally, the uniform norm of the second term can be
bounded by

Zesgg lle(0, X;5) —w(@,Xj)l}-
— e,

1

U, = max { —
1<i<I | m

J

The supremum are integrable by assumption, thus the law of large numbers
applies:

a.s,
Un, m:r)oo 1121'22(1 f‘m (n(¢i75)) <E.
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To sum up, we have just proven that for any € > 0, almost surely,

1 m
lim su su — 0,X;,)—E 0, X < 2e.
g Lo |1 3500.5) - 0.0

Since ¢ is arbitrary small, we get the first claim of the lemma.
Now, if 6,,, — 6, we have eventually HG — || < e with probability one. This
yields the following inequality for m large enough:

i (O, X;) — Ew[(()X)]

< ap | A3 e0x) - B e, )

0€B (0 ,€)
o] -, 0]

The first term converges to zero since the first claim of the lemma applies
to the compact closure of B(6, ). The continuity of the map 6 — Ey [¢(6, X)]
ensures that the second term also goes to zero, proving the second claim of the
Lemma.

B.1.5. Proof of Lemma 5

Let € > 0, and G, (0, w) = V¢l (0,w) defined on B(6*,¢). Define also g,(cn)(ﬁ) as
the k-th component of G,,(9). By assumption, for any § > 0,

{w € Q:max (10— 0°, VARG @), sup [V36,(6) — H(O)]|) < 6}

0cB(0* ¢)

defines a sequence of sets whose probability goes to one.
On any of these sets (for a fixed w), Taylor Lagrange s theorem ensures that

we can find (9]( ))J 1,....a on the segment line [*, Qn] such that

n) An)\\ T’
A A (Yoot (61"))
Gn(0,) = Gp(0") + H,, (0, — 07), H, = :
n) pn)\\T'
(Voo 05")
In particular, for any ¢ €]0, [,
H, —H(07)[| <d sup ||Ve 0l + Z 1H(05") = H(6")].

0eB(0* e
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For any j = 1,...,d, the distance between gén) and 6* is at most §, and H is
continuous, thus § can always be chosen small enough such that H,, is invertible.
We thus have: R A

0, — 0" = _1{G )— Gy (9*)}

Vil —0%)+H(0%) " /G (0*) = H lva )—{H =H(0") T VG (07)

The right hand side converges in probability to zero because Gn(é\n) = op(n~1/?)
by assumption, and because /nG,(0*) converges in distribution and is thus
bounded in probability. The last equality being true on a sequence of sets whose
probability goes to one, this implies that the left hand side must also converge
to zero in probability.

The last conclusion follows from Slutsky’s lemma.

B.1.6. Proof of Lemma 6

Before proving the lemma, we recall a powerful result from Jones (2004). Under
(X2), the chain (X,),>1 is asymptotically uncorrelated with exponential decay,
i.e. there is some vy > 0 such that

p(n) = sup {Corr(U, V), UeLXFh), VelX(Fs,), k> 1} = O(e™ ™)

where F[" is the sigma-algebra generated by Xy, ..., X,,.
Let h, = f, — f, and note that Vi (h,(Xo)) < Ey[(hn(X0))?] — 0 by
n— oo

dominated convergence. Combined with the previous result, this implies that

{1 T 22

n—oo

Corr (Xo),hn(Xi))} -0

since
n

Z n; ZCorr( hn(Xo), h

i=1

<Zp < +00.

The first claim of the lemma follows from Chebyshev s inequality, since for
any € > 0

P(lihn(Xi)]E[hn(X)] > 6) < — (Zh ) — 0.
n vn ne n—o0

Finally, under (X2) a 4/n-CLT holds for f dominated by ¢

v (% S ) - E[f(X)]> 2 N (0,0%)
=1

An application of Slutsky’s lemma yields the second claim of the lemma.
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B.2. Proofs of the remaining lemmas
B.2.1. Proof of Lemma 7

Assumption (H2) ensures in particular that the partition function 6 — Z(0) is
differentiable in a neighborhood of 6,,. Write the Hessian of the Poisson Trans-
form as the following block matrix:

A D
Vb = (1 0)

c

where

1 n
A=V5ta(0.v) = 5 > Vilogho(yi) = ¢

2 2(0) 20)
o 0 L, Z(9) VeZ(0)
b= W%fn(@w) =—e Z(0) 20)
-l
0—81/26,1((97 )= Z(0) < 0.

The Hessian of the Poisson transform is negative definite if and only if Schur’s
complement of ¢ in the Hessian also is. Use the following equality to compute
it:
T
B V2Z(0) B VgZ(@)(VgZ(Q))

1 & Z(9
A—bc T = - Z V3 log ho(yi) — eyzé¢)) V2log Z(6).

=1

At the point £ = én, Schur’s complement of ¢ is also the Hessian of the log
likelihood:

1 ¢ Z(6
Vita(6) = = > Vilogho(y:) — V3 log (), {eL)} ~ 1.
i=1

B.2.2. Proof of Lemma 9

Let &, — &, we have

lim sup MYB(g) < ——— lim { [ s mx)u(dx)},
X

n—+00 p>y, - Z(w) n—+00 k>n

where




3512 Lionel Riou-Durand and Nicolas Chopin

The sequence {supkz” @k} is a decreasing sequence converging pointwise. It
may be bounded from above thanks to the log-sum inequality, since for any k
we have

evk hg * Thw e”* hg* *
<1 Ebe” hgr +1 — »Th 1 Y hgx = 0.
Yr < Og{e”*hg*}e ox + Og{Thw}T y + Og{e”khgk }6 9

Monotone convergence theorem applies:

. NCE 1 . _ A 4NCE
Jim s MY < o [ tim g ude) = MICE()

B.2.3. Proof of Lemma 10

Without loss of generality, we may suppose that Eg[Z] = 1. Recall the following
expressions:

[ Vg T VVTq9 Ve
Vge = ( 1 ) VV-©ge = ( V7 gy 1 .
We thus have

B [Voe2)Ea[V75e2) = ( VG 007) Bl ),
oo = (g )

We use the following decomposition

Az 0
Eg[VgeZ|Eg[V g Z] = Eg[VV T ge Z] — ( OZ 0 >

where Schur’s complement Az = Eg[VV7T g9 Z] —Eg[Vgo Z|Eg[VT g9 Z] is definite
positive.
So we can re-write the matrix M as:

Az 0

M = Ey[VVTg:Z] " — By [VVT g 2] < o 0

> Eq [VnggZ] _1.

Now, on the one hand, an inverse block matrix calculation yields

At — A, 'Ey[VgeZ] )

E To.z] ! = z
0[VV 9¢7] (—MV%Z]A; 14 Eo[VT s 214, Eg[ Vo 7]

while, on the other hand, a direct computation yields

Az 0

-1
Eo[VV7geZ] (0 0

> Eg[VVT g 2]
_ < Ayt —A;'Eg[VgyZ] )
—Eo[VTgeZ]A;" Eo[VT90Z]A3'Eg[VgeZ] |-

The matrix M being the difference between these two quantities, we get the
claim of the lemma.
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B.3. Proofs of MC-MLE consistency and asymptotic normality
B.3.1. MC-MLE consistency

The following proof is a straightforward adaptation of Wald’s proof of consis-
tency for the MLE (Wald (1949)). The sketch of proof is mainly inspired from
Geyer (2012), which has the merit of giving a very accessible presentation of
this technical proof.

To begin, define the opposite of the Kullback-Leibler divergence:

A(0) = Eg- [log J{;a*(g/))} <0.

Since the model is identifiable, A has a unique maximizer achieved at 6*.
It may be —oo for some values of 8, but this does not pose problems in the
following proof.

For convenience, we choose to analyse the MC-MLE objective function

through the following translational motion (sharing the same maximiser with
)

MIS(8, ) = Zl {ef*hf’ ))} —e-

For any £ € Z = © xR, the law of large numbers yields M!S(¢) 2% MS(¢)

n—-+oo

Z(0 Z(6

0, 20 _,
Z(¥) Z(1)

Note that by construction M™ also has a unique maximiser at £* = (*, v*).

Let n > 0. Define K,, = {¢ € K : d(£,£*) > n} where K is the compact set
defined in (C2). Under (H3), continuity of the maps 6 — hg(x) and monotone
convergence ensure that for any § € K,

where
MBS0, v) = \B) + v+ log

Hhe(Y
sup  log - Te(Y)

limEg* <
(¢eBEe) € hex(Y)

el0

o euhg (Y)
= Egy~ [log o g (Y)] ,

while dominated convergence ensures that

hmE euh¢(X):| _ IJZ(G)

inf
=10 L¢,u)63(5=5) hy (X)

“Z@)

Thus for any € K, and v > 0, we can always find ¢ > 0 such that simultane-
ously:

e'/hg (Y)

ethy(Y
sup logA < Eg« [log m] +
6*

Ey-
(bweBEee) € ho(Y)
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and

Ey [ inf et h¢(X)] > e” Z(9) - 1

(@meBEce)  hy(X) Z(y) 2

The set of open balls {B({,e¢) : & € K} form an open cover of K, from

which we can extract a finite subcover by compactness, i.e. we can build a finite

set {&1,...,&} C K, such that K,, C Ur_, B(&,e¢, ). This yields the following
inequality:

1 hy (V)
sup MIS(¢) < max ¢ — sup (log _—
¢k, h=L.p | N ;w,u)eB(&k,sgk) e’ ho«(Y3)

1 & he (X
INEELS inf <€NM) .
Tn (23 (9)EBEr ee,) hay (X5)

The right hand side converges almost surely as the law of large numbers applies
simultaneously on a finite set. We can thus bound the upper limit:

limsup sup MS(¢) < max { Eg.
n—+o0 (€K, k=1,....,p

e'hy(Y) >

sup log ——————
) < e’  hgx (Y)

(¢,1)EB 8k g,

. ho(X)
+1-E in (e“ Z )] 7
v |:(¢7M)GB(§k75£k) hw(X)

lim sup sup M}5(¢) < max M™(&)+v < sup MB(&) + 7.
n—+oo €K, k=1,...p ¢eK,

Moreover +y is arbitrary small, thus the inequality still holds when ~ is zero:

limsup sup MS(€) < sup MB(¢)  as. (23)
n—+o00 (€ Ky, EeEK,

To conclude, let us prove that the right hand side is negative. Indeed, subaddi-
tivity of the supremum yields

2(0) 2(0)
MB(0,v) < AO) + (+1 +1—e"——=
SR S e O+ i e gy T 2

where the second term is non positive by construction. Under (H3), it is easy to
check that X is upper semi continuous, which implies in particular that A achieves

its maximum on any compact set. Consequently: sup M™(&) < sup A\(0) < 0.
¢ek, ¢ekK,
The last part of the proof is the same as for NCE consistency (see the ap-
pendix).

B.3.2. MC-MLE asymptotic normality

For convenience, for any & = (6, v), we note g¢(z) = v + log hg(z).
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Let Gi2(€) = Vel (€) and H}P (€) = VE4,,(€). We have

n,m

G = %nggg(m - min ivggé(xj)W7
() = - > Vige(Yi) - min S {2+ vgvg)gg(xj)}%. (24)

We start by proving that, almost surely,
sup |[H,P(€) — H(E)| — 0, (25)
€€B(£%¢) oo
where

H(¢) = Eo- [VEQE(Y)} —E, [{(VE + VeVT)ge (X )}M] .

by (X)

To prove (25), split the supremum norm in two and apply Lemma 4 to both
empirical averages in definition (24). Both supremum norms are integrable under
(H4), this is proven in the following.

VZloghg(z) 0
Vige(o) = (VTR D

T _ ngg log hg (13) V@ log hg(x)
VeVe ge(z) = ( VIloghg(z) 1

First supremum norm is integrable under (H4), since

st 1V2g¢ () g ()

£eB(£*.e)
g/ sup  ||[VZloghe(Y)|| sup he(x)u(dr) < 4oo.
X 0€B(6* ,e) 0cB(0*¢)

For the second one, use the following decomposition:
I(VE + VeVe)ge(@)lly = |(VF + VoV ) log hg(x)|l1 + 2/ Ve log he(2)[|1 + 1,
I(V5 + VoV§ ) log ho(x)|l1 < [|V5 log he(x) 11 + [V log he(2)]I1,
IVelog ho()l1 <1+ (Ve loghe(x)|3-
This yields a finite upper bound under (H4), since

/ sup  [[(V2 + VeV T)ge ()]s exp{ge(z) yu(dz)
X EEB(E*,E)

Sel/*-‘rs/ sup (||V310gh9($)”1+3“v6 logh9($)||%+3)
X 0€B(6*¢)

x sup hg(x)p(dr) < +oo.
0€B(0*,e)
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Note also that, at the point £ = £*, functions H and —J coincide, where

Eo [vevg log hg(Y)} Eo [ve log ho(Y)

J(&) =Fg [VeVige(Y)] = Ey [VQT log he(Y)} 1

In particular, the matrix J(£*) is definite positive, since Schur’s complement is
also the Fisher Information, definite positive by assumption:

Eq {VGVeTge(Y)} —Ey [Vege(y)} Eq [VeTga(Y)} =V (Ve log hg (Y)) =1(0).

Now we establish the weak convergence of the gradient. We have

VnG (€¥) ( nggg —Ey [Vggg(y)]>

le=ex

A\ \/_ mi 2 > Vege(X)) J{ngja)) —Eg[Vege(V)]

Simulations and observations are assumed independent, thus Slutsky’s lemma
yields the following. Second moment conditions hold under (I13).

VG () B Naw (0.2(€7) +77T(€)),

26 =va(veaer)) = (1) 7).

le=ex

where

and
T(6) = Vy (95(X)) + 22 Cov (B(X0), eB(X0)), &8 = (Vege) 3
Finally, Lemma 5 applies:
Vi (85, =€) BN (0aer, VE(E))

where VIS(€) = J(€) "1 {(€) + 7 'T(€)} J(¢)

B.J. Proofs related to exponential families

The following calculations are entirely classical. For the sake of completeness,
we present the few tricks required for proving Propositions 1, 2 and 3.

To begin, define b(x) = sgn(S(x)), the vector composed by the signs of each
component of S(z). Note that for any 6 € O, the following supremum is nec-
essarily achieved on the boundary of the 1-ball, in the direction of the sign
vector:

oup_ exp {87S5(@)} = exp {(§ +b(x))" 5(x)} (26)
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Since ||S(x)||1 = b(z)T S(x), we have (for the 1-norm for instance):

he ()
hg* (l‘)

sup (log ) = (0= 0")7S(2) +elS@)] < (10 = [ + ) [S ()],

$€B(0,¢)

which proves the claim of Proposition 2, since

he(x)
[ (e ey oot
< (o6 +2) /X 15(2) 1o (2)u(dz) < +oo.

For Propositions 1 and 3, use also the fact that [|S(z)||; = b(x)TS(z) and
that y < e¥ for any y € R. We have

1S(x)||7 < e exp {2eb(x)TS(x)} . (27)

Equations (26) and (27) can be combined as follows:

/X(lJrIIS(af)IIQ) sup  hg(w)p(dz) < ) /XeXp{(ﬁera)TS(w)}u(dw)

$€B(0:¢) be{—1,1}4
+e72 exp { (0 + 3be)TS(z)} p(de),
be{zlz,l}d/x { }
and
2y o he(X)\?
By |+ IS s (%) ]
exp {(0+be)7S(X)}
< = w2
. exp {(0+26)TS(X)}
P ( o) )

Choosing 6 = 6,, in the preceding inequalities yields Proposition 1, while choos-
ing 6 = 0* yields Proposition 3.
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