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Abstract

Sampling from a complex distribution 7 and approximating its intractable normalizing constant Z are
challenging problems. In this paper, a novel family of importance samplers (IS) and Markov chain Monte
Carlo (MCMC) samplers is derived. Given an invertible map T, these schemes combine (with weights)
elements from the forward and backward Orbits through points sampled from a proposal distribution p.
The map T does not leave the target 7 invariant, hence the name NEO, standing for Non-Equilibrium
Orbits. NEO-IS provides unbiased estimators of the normalizing constant and self-normalized IS estima-
tors of expectations under m while NEO-MCMC combines multiple NEO-IS estimates of the normalizing
constant and an iterated sampling-importance resampling mechanism to sample from 7. For T chosen as a
discrete-time integrator of a conformal Hamiltonian system, NEO-IS achieves state-of-the art performance
on difficult benchmarks and NEO-MCMC is able to explore highly multimodal targets. Additionally, we
provide detailed theoretical results for both methods. In particular, we show that NEO-MCMC is uni-
formly geometrically ergodic and establish explicit mixing time estimates under mild conditions.

1 Introduction

Consider a target distribution of the form 7 (x) o p(z)L(x) where p is a probability density function (pdf) on
R? and L is a nonnegative function. Typically, in a Bayesian setting, 7 is a posterior distribution associated
with a prior distribution p and a likelihood function L. An other situation of interest is generative modeling
where 7 is the distribution implicitly defined by a Generative Adversarial Networks (GAN) discriminator-
generator pair where p is the distribution of the generator and L is derived from the discriminator (Turner
etal., 2019; Che et al., 2020). An other situation of interest is generative modeling where 7 is the distribution
implicitly defined by a Variational Auto Encoder (VAE) encoder-decoder pair where p is the distribution
output by the encoder and L is an importance weight between the distribution of the decoder and of the
encoder (Kingma and Welling, 2013; Burda et al., 2016). We are interested in this paper in sampling from 7
and approximating its intractable normalizing constant Z = [ p(z)L(z)dz. These problems arise in many
applications in statistics, molecular dynamics or machine learning, and remain challenging.
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Many approaches to compute normalizing constants are based on Importance Sampling (IS) - see Aga-
piou et al. (2017); Akyildiz and Miguez (2021) and the references therein - and its variations, among others,
Annealed Importance Sampling (AIS) (Neal, 2001; Wu et al., 2016; Ding and Freedman, 2019) and Sequen-
tial Monte Carlo (SMC) (Del Moral et al., 2006). More recently, Neural IS has also become very popular
in machine learning; see e.g. El Moselhy and Marzouk (2012); Miiller et al. (2019); Papamakarios et al.
(2019); Prangle (2019); Wirnsberger et al. (2020). Neural IS is an adaptive IS which relies on an impor-
tance function obtained by applying a normalizing flow to a reference distribution. The parameters of this
normalizing flow are chosen by minimizing a divergence between the proposal and the target (such as the
Kullback-Leibler Miiller et al. (2019) or the y2-divergence Agapiou et al. (2017)).

More recently, the Non-Equilibrium IS (NEIS) method has been introduced by Rotskoff and Vanden-
Eijnden (2019) as an alternative to these approaches. Similar to Neural IS, NEIS consists in transporting
samples {X '}, from a reference distribution using a family of deterministic mappings. This family for
NEIS is chosen to be an homogeneous differential flow (¢;):cgr. In contrast to Neural IS, for any i € [N],
the sample X* is propagated both forward and backward in time along the orbits associated with (¢ )er
until stopping conditions are met. Moreover, the resulting estimator of the normalizing constant is obtained
by computing weighted averages of the whole orbit (¢¢(X*))¢e(r, ;.- ] Where 71 ;, 7_ ; are the resulting
stopping times, and not only the endpoints ¢-, ,(X*), ¢,_,(X"). In Rotskoff and Vanden-Eijnden (2019),
the authors provide an application of NEIS with (¢, ):cr associated with a conformal Hamiltonian dynamics,
and reports impressive numerical results on difficult normalizing constants estimation problems, in particular
for high-dimensional multimodal distributions.

We propose in this work NEO-IS which alleviates the shortcomings of NEIS. Similar to NEIS, samples
are drawn from a reference distribution, typically set to p, and are propagated under the forward and back-
ward orbits of a discrete-time dynamical system associated with an invertible transform T. An estimator of
the normalizing constant is obtained by reweighting all the points on the whole orbits using the IS rule. Con-
trary to NEIS, the NEO-IS estimator of Z is unbiased under assumptions that are mild and easy to verify. It
is more flexible than NEIS because it does not rely on the accuracy of the discretization of a continuous-time
dynamical system.

We then show how it is possible to leverage the unbiased estimator of Z defined by NEO-IS to obtain
NEO-MCMC, a novel massively parallel MCMC algorithm to sample from 7. In a nutshell, NEO-MCMC
relies on parallel walkers which each estimates the normalizing constant but are allowed to interact through
a resampling mechanism. Our contributions can be summarized as follows.

(i) We present a novel class of IS estimators of the normalizing constant Z referred to as NEO-IS. More
broadly, a small modification of this algorithm also allows us to estimate integrals with respect to .
Both finite sample and asymptotic guarantees are provided for these two methodologies.

(ii) We develop a new massively parallel MCMC method, NEO-MCMC. NEO-MCMC combines NEO-
IS unbiased estimator of the normalizing constant with iterated sampling-importance resampling meth-
ods. We prove that it is m-reversible and ergodic under very general conditions. We derive also condi-
tions which imply that NEO-MCMC is uniformly geometrically ergodic (with an explicit expression
of the mixing time).

(iii) We illustrate our findings using numerical benchmarks which show that both NEO-IS and NEO-
MCMC outperform state-of-the-art (SOTA) methods in difficult settings.



NEO: Non Equilibrium Sampling on the Orbit of a Deterministic Transform

Algorithm 1 NEO-IS Sampler
1. Sample X5V ¢ ) for i € [N].

2. Fori € [N], compute the path (T’ (X)), and weights (w; (X)),

3. INEO( )= 121 1 2okez We(X DFTEX).

2 NEO-IS algorithm

In this section, we derive the NEO-IS algorithm. The two key ingredients for this algorithm are (1) the
reference distribution p and (2) a transformation T assumed to be a C-diffeomorphism with inverse T .
Write, for k € N* = N\ {0}, TF = ToT*!, T° = Id, and similarly T~% = Tt o T~ =Y For
any k € Z, denote by pr : R% — R, the pushforward of p by T*, defined for z € R% by pj(z) =
p(T7%(x))Ip—x (z), where Jg () € R is the absolute value of the Jacobian determinant of ® : R — R¢
evaluated at z. In line with multiple importance sampling a la Owen and Zhou Owen and Zhou (2000), we

introduce the proposal density
_ o-1
=07ty wek(e) (1

where {w}, }rez is a nonnegative sequence and 2 = ), _, w}.. Note that we assume in the sequel that the
support of the weight sequence defined as {k € Z : wy, # 0} is finite. Thus, the mixture distribution in (1)
is a finite mixture. Given x € R%, pp(x) is a function of the forward and backward orbit of T through .
For any nonnegative function f, the definition of pr implies that

/f(y)pT(y)dy = /me (T*(2))p(w)da
keZ

Assuming that o > 0, the ratio p(z)/pr(r) < wy 'Q < oo is bounded. We can therefore apply the IS
principle which allows to write the identity

[ s@teris = [ (1022 prtway = [ 5 50t @

keZ

where the weights are given by (see Appendix A.2 for a detailed derivation),

wi(2) = wrp(T () {2 (T @)} = @i k(@) [ 30, @rvipila) - ©)

We assume in the sequel that zog > 0. In particular, note that under this condition, the weights wy, are also
upper bounded uniformly in z: for any z € R?, wy(z) < wp/wo. Egs. (2) and (3) suggest to estimate
the integral [ f(z)p(x)dz by INFQ(f) = N~! S S e wi (X F(TF(X?)) where {X*}Y | are i.id.

samples from the proposal p, which is denoted by X'V ES .

This estimator is obtained by a weighted combination of the elements of the independent forward and
backward orbits {T*(X)},cz with X1 % p. This estimator is referred to as NEO-IS. Choosing f = L
provides the NEO-IS estimator of the normalizing constant of 7:
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Zxi = Ypen LITF (X)) wp(XP),  Zxin = NN Zxi )

We now study the performance of the NEO-IS estimator. The following two quantities play a fundamental
role in the analysis:

EF = Ex~p[(Xyez wi(X)L(T (X ))/Z) |, MF = sup,cpa Y oper wil(a 2)L(T*(2))/Z . ®)

Theorem 1. Zy1.v is an unbiased estimator of Z. If EE < oo, then, E[|Zx1.~ /Z —1|2] = N~Y(EZ —1).
If M < oo, then, for any § € (0, 1), with probability 1 — 8, VN IZXI;N/Z - 1’ < ME\/1og(2/0)/2.

The (elementary) proof is postponed to Appendix A.3. ET plays the role of the second-order mo-
ment of the importance weights Ex ,[L%(X)] which is key to the performance of IS algorithms Agapiou
et al. (2017); Akyildiz and Miguez (2021). In addition, since the NEO-IS estimator 7 x1:~ iS unbiased, the
Cauchy-Schwarz inequality shows that Ex ., [ (3,7 wr(X)L(T*(X)))?] > Z? and hence that EZ > 1.
Note that if | L|| oo = sup,cga L(z) < 0o, then since the weights are uniformly bounded by Qw, !, we have
MF < ||Lf|oQwg /2.

Using the NEO-IS estimate Z x1:~ of the normalizing constant, we can construct a self-normalized IS
estimate of | f(z)m(z)da:

N k i %
ZXl N kET ZXz

referred to as NEO-SNIS estimator. This expression may seem Hnnecessarily complicated but highlights the
hierarchical structure of the estimator. We combine estimators (7 xi )~ Z pez L(TH(X Z))wk (X Z) f(TF(X7)

evaluated on the forward and backward orbits through the points {X?}¥ | using weights {Zy:/Zx1n 1Y .

Although the NEO-IS estimator is unbiased, the NEO-SNIS is in general biased. However, for bounded
functions, both the bias and the variance of the NEO-SNIS estimator are O (N ’1), with constants propor-
tional to EF. For g a 7-integrable function, we set w(g) = [ g(x)m(x)dx

Theorem 2. Assume that EZ < oco. Then, for any function g satisfying sup,cga |g(x)| < 1 on RY, and
N eN,

B Joiw (9) = 7(g)l’] <4-NT'EF Q)

Xl:N"d U

E [INE0(9) — m(9)]| < 2 NTUEF . ®)

)(1:N“d
If M® < oo, then for ¢ € (0, 1], with probability at least 1 — 6,
VNIIZR (9) = m(9)] < llglloc MF /32 10g(4/6) . ©

The proof is postponed to Appendix A.4. These results extend to NEO-SNIS estimators the results
known for self-normalized estimators; see e.g., Agapiou et al. (2017); Akyildiz and Miguez (2021) and
the references therein. The upper bounds stated in this result suggest it is good practice to keep EF /N
small in order to obtain sensible approximations. For two pdfs p and ¢ on R?, denote by Dyz2(p,q) =
J{p(x — 1}2¢(x)dx the x>-divergence between p and q.

Lemma 3. For any nonnegative sequence (wy, )iz, we have EF < D,z (7||pr) + 1.
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The proof is postponed to Appendix A.5. Lemma 3 suggests that accurate sampling requires /V to scale
linearly with the y2-divergence between the target 7 and the extended proposal pr.

Remark 1. We can extend NEO to non homogeneous flows, replacing the family {Tk: k € Z} with a
collection of mappings {Ty: k& € Z}. This would allow us to consider further flexible classes of trans-
formations such as normalizing flows; see e.g. Papamakarios et al. (2019). The x?-divergence D, (7| pr)
provides natural criteria for learning the transformation. We leave this extension to future work.

Conformal Hamiltonian transform The efficiency of NEO relies heavily on the choice of T. Intuitively,
a sensible choice of T requires that (i) EF is small, i.e. pt should be close to 7 by Lemma 3 (see (5)),
(ii) the inverse T~ ' and the Jacobian of T are easy to compute. Following Rotskoff and Vanden-Eijnden
(2019), we use for T a discretization of a conformal Hamiltonian dynamics. Assume that U(-) = —log 7 (+)
is continuously differentiable. We consider the augmented distribution 7 (g, p) o exp{—U(q) — K(p)} on
R24, where q is the position, p is the momentum, and K (p) = p"M~'p/2 is the kinetic energy, with M a
positive definite mass matrix. By construction, the marginal distribution of the momentum under 7 is the
target pdf 7(q) = [ 7(q, p)dp. The conformal Hamiltonian ODE associated with 7 is defined by

dg:/dt = V,H (g, pt) = M 'p; , (10)
dp;/dt = =V H (qs,pt) — ype = —VU(qt) — Vpe

where H(q,p) = U(q) + K(p), and v > 0 is a damping constant. Any solution (g, p;):>0 of (10) satisfies
setting Hy = H (q;,pt), dH;/dt = —ypI M~1p; < 0. Hence, all orbits converge to fixed points that satisfy
VU(q) = 0and p = 0; see e.g. Franca et al. (2019); Maddison et al. (2018).

Figure 1: Left: E;E[h’q (K) vs E™S(K) (red) in log,,-scale as a function of optimization step /. Second left
to right: Corresponding orbits for v = 0.1, 1, 2.

In the applications below, we consider the conformal version of the symplectic Euler (SE) method of
(10), see Franca et al. (2019). This integrator can be constructed as a splitting of the two conformal and
conservative parts of the system (10). When composing a dissipative with a symplectic operator, we set
for all (¢,p) € R%*, Ty(q,p) = (¢ + M H{e "p — hVU(q)},e ™p — hVU(q)), where b > 0
is a discretization stepsize. This transformation can be connected with classical momentum optimization
schemes, see (Franca et al., 2019, Section 4). By (Franca et al., 2019, Section 3), for any h > 0 T},
is a C!-diffeomorphism on R2? with Jacobian given by J, (q,p) = e~ 7"?. In addition, its inverse is
T, ' (¢,p) = (g — hM~1p,e""{p + hVU(q — hM~'p)}). Therefore, the weight (3) of the NEO estimator
is given by

@1.p(Th (g, p))evH

22 jer @it iP(Th (g, p))e "

where 5(q,p) o p(q)e 5®). Figure 1 displays for different values of , the bound Ei[::m —1(5)asa
function of K corresponding to the sequence of weights (wy)rez = (1j0:x(K))rez (i-e. only the K + 1
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Algorithm 2 NEO-MCMC Sampler
At step n € N*, given the conditioning orbit point Y,,_1.
Step 1: Update the conditioning point

1. Set X} =Y,_; and forany i € {2,..., N}, sample X! < p.

2. Sample the orbit index I,, with probability proportional to (2 Xi )ie[N]» (4)-
3. Set Y, = X1
Step 2: Output a sample
4. Sample index K,, with probability proportional to {wy (Y;,)L(T*(Y,))/ Eyn Yrez
5. Output U,, = T*"(v},).

first elements of the forward orbits are used and are equally weighted). For comparison, we also present
on the same plot, the bounds achieved by averaging K + 1 independent IS estimates, E™>(K) — 1 =
(K 4+ 1) 'Ex~,[L(X)?]. Interestingly, Figure 1 shows that there is a trade-off in the choice of v which
controls the exploration of the state space by the Hamiltonian dynamics since the higher v, the faster the
orbits converge towards the modes.

3 NEO-MCMC algorithm

We now derive sampling methods based on the NEO-IS estimator. A natural idea consists in adapting the
Sampling Importance Resampling procedure (SIR) (see for example Rubin (1987); Skare et al. (2003)) to
the NEO framework. The SIR method to sample JngI\? (see (6)) consists of 4 steps.

(SIR-1) Draw independently X 'V i p and compute the associated forward and backward orbits { T* (X %)} ez
of the point. R
(SIR-2) Compute the normalizing constants associated with each orbit {Zx:}
(SIR-3) Sample an orbit index Iy € [N] with probability { Zx:/ Z;VZI Zxi .
. . . . . oy N N =
(SIR-4) Draw the iteration index K™ on the IV -th orbit with probability {L(T* (X’ ))wy (X! )/ Z 1N }rez-
N
The resulting draw is denoted by UN = T (X1 N ). By construction, for any bounded function f, we

getthat E [ f(UN)| XYV IN] = {Z;n } 71 S cp wie(X v )L(T"(X;n)) which implies E [ f(UN)| X 1N, IV ] =
JNEQ (f) (see (6)). Using Theorem 2, we therefore obtain [E[f(UN)]— [ f(z)w(2)dz| < 10Y/2||f[| e EF N,
showing that the law of the random variable .y = Law (U™ converges in total variation to  as N — oc,

N
=1

lun — 7llrv = ”fSHUP lun (f) = m(f)] < 10'2EENT. an
o<1

Based on Andrieu et al. (2010), we now derive the NEO-MCMC procedure, which in a nutshell consists
in iterating the SIR procedure while keeping a conditioning point (or equivalently, orbit); see Appendix C.
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The convergence of NEO-MCMC does not rely on letting N — oco: the NEO-MCMC works as soon as
N > 2, although as we will see below the mixing time decreases as N increases.

This procedure is summarized in Algorithm 2. The NEO-MCMC procedure is an iterated algorithm
which produces a sequence {(Y;,, Uy, ) }nen of points in R%. The n-th iteration of the NEO-MCMC algorithm
consists in two main steps: 1) updating the conditioning point Y,,_; — Y,, 2) sampling U,, by selecting a
point in the orbit {Tk(Yn)} kez of the conditioning point. Compared to SIR, only the generation of the

points (step (SIR-1)) is modified: we set X} = Y,,_; (the conditioning point), and then draw X2V :“Nd p.
The sequence {Y;, }nen defined by Algorithm 2 is a Markov chain:

]P)()/n S A|}/O:n—1) :P(Yn € A|)/n—1) = P(anA) 5
where

N N >
P(y,A) = /Sy(dxl) [T p(2)da? > %L\(ﬂ) , yeRY AeBRY. (12)
j=2 i=1 Zuj=1 L

Note that this Markov kernel describes the way, at stage n + 1, the conditioning point Y, is selected
given Y,,, which depends only on the estimator of the normalizing constants associated with each orbit,
but not on the sample U,, selected on the conditioning orbit. In addition, given the conditioning point
Y,, at the n-th iteration, the conditional distribution of the output sample U,, is P (Un eBI|I,, X };N ) =
P (U, € B|Y,) = Q(Yy, B) where

Q,B) =) I‘Whm(y» , yeR? BeBRY). (13)
k€EZ Yy

With these notations, if the Markov chain is started at Y; = vy, then for any n € N, the law of the n-th
conditioning pointis P (Y,, € A|Yy = y) = P"(y, A) and the law of the n-th sample is P (U,, € B|Yy) =
P"Q(y, B). Define 7 the pdf given, for y € R%, by

#(w) = 20 S wy () = 2% (14)

Z
kEZ

The following theorem shows that, for any initial condition y € R?, the distribution of the variable Y,
converges in total variation to 7 and that the distribution of U,, converges to 7.

Theorem 4. The Markov kernel P is reversible with respect to the distribution 7, ergodic and Harris posi-
tive, i.e., for all y € R%, lim,, o || P"(y, -) — ||Tv = 0. In addition, 7 = 7Q and lim,,_,+ | P"Q(y, -) —
7||lrv = 0. Moreover, for any bounded function g and any y € R?, lim,, oo n~* Z?;Ol g(U;) = w(g),
P-almost surely, where {U,; };ien is defined in Algorithm 2 with Yy = y.

The proof is postponed to Appendix A.6.

Remark 2. We may provide another sampling procedure of {Y, },,cn. Define the pdf on the extended space
[N] x RN by 7 (i, zN) = N~17 () Hé\’:l,#i p(z7). Consider a Gibbs sampler targeting 7 consisting in

. N\{Iln—1 P . . = =
(a) sampling Xn M }|(In—17 Xn-1) ~ Hj;éln—l p(a7), (b) sampling I,,| XN ~ Cat({Zx; / Z;V:1 Zxi Al
and (c¢)setY, = X ,ﬁ”. This algorithm is a Gibbs sampler on 7 and we easily verify that the distribution of
{Y,, } nen is the same as Algorithm 2.
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The next theorem provides non asymptotic quantitative bounds on the convergence in total variation.
The main interest of NEO-MCMC algorithm is motivated empirically from observed behaviour: the mixing
time of the corresponding Markov chain improves as N increases. This behaviour is quantified theoretically
in the next theorem. Moreover, this improvement is obtained with little extra computational overhead, since
sampling N points from the proposal distribution p, computing the forward and backward orbits of the points
and evaluating the normalizing constants {Zxi } | can be performed in parallel.

Theorem 5. Assume that MT < oo, see (5). Set ey = (N —1)/2MF + N —2) and ky = 1 — en.
Then, foranyy € R and k € N, || P*(y,-) — 7||rv < k% and | P*Q(y, ) — 7||rv < kK.

Instead of sampling the new points X 2" independently from p (Step 1 in Algorithm 2), it is possible to
draw the proposals X ,1;N conditional to the current point Y,,_1; see So (2006); Craiu and Lemieux (2007);
Shestopaloff et al. (2018); Ruiz et al. (2020) for related works. Following Ruiz et al. (2020), we use a
reversible Markov kernel with respect to the proposal p, i.e., such that p(x)m(z,2") = p(z")m(a’, x),
assuming for simplicity that this kernel has density m(x, z’). If p = N(0, 0% Id4) , an appropriate choice is
an autoregressive kernel m(x,2') = N(a'; ax, 0%(1 — o) Id4). More generally, we can use a Metropolis—
Hastings kernel with invariant distribution p. In this case, for each i € [IV], define for i € [N],

i-1 N
r(xt, eV = H m(z? 1, 27) H m(2z?1, ) (15)
Jj=1 J=it+1

Since m is reversible with respect to p, for all i,5 € [N], p(x?)r;(z?, N M) = p(a9)r; (27, 2N ML),
The only modification in Algorithm 2 is Step 1, which is replaced by: Draw U, € [N] uniformly, set
XUn =Y, _1 and sample Xy NMUE T, (XU, ). The validity of this procedure is established in
Appendix A.6.

4 Continuous-time version of NEO and NEIS

The NEO framework takes up and extends NEIS introduced in Rotskoff and Vanden-Eijnden (2019). NEIS
focuses on normalizing constant estimation and should be therefore compared with NEO-IS. In Rotskoff
and Vanden-Eijnden (2019), the authors do not consider possible extensions of these ideas to sampling
problems. Proofs of the statements and detailed technical conditions are postponed to Appendix B. We first
consider how NEO can be adapted to continuous-time dynamical system. Consider the Ordinary Differential
Equation (ODE) &; = b(z;) , where b: R? — R? is a smooth vector field. Denote by (¢¢)cr the flow of
this ODE (assumed to be well-behaved). Under appropriate regularity condition Jy, (z) = exp( fot V-
b(¢ps(x))ds); see Lemma 10. Let @ : R — R, be a nonnegative smooth function with finite support,
with Q¢ = [% w(t)dt. The continuous-time counterpart of the proposal distribution (1) is p.(z) =
(Q)~! [*°_w@(t)p(¢—i(x))T4_, (x)dt, which is a continuous mixture of the pushforward of the proposal
p by the flow of (¢s)scr. Assuming for simplicity that p(x) > 0 for all z € R?, then p$(x) > 0 for all
x € R, and using again the IS formula, for any nonnegative function f,

= x oz) . x)dx = h wy (x x z)dz
[ st = [ 5@ 20 e = [ | [ wi@oenal swas, ao
i) = (Opeua) T (0) | [ s+ 000603, (0)ds (1)

— 00
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These relations are the continuous-time counterparts of (2). Eqs. (16)-(17) define a version of NEIS Rotskoff
and Vanden-Eijnden (2019), with a finite support weight function wo; see Appendices B.2 and B.3 for weight
functions with infinite support. This identity is of theoretical interest but must be discretized to obtain
a computationally tractable estimator. For h > 0, denote by T} an integrator with stepsize h > 0 of
the ODE & = b(z). We may construct NEO-IS and NEO-SNIS estimators based on the transform T <
T}, and weights @ < w(kh). We might show that for any bounded function f and for any x € R,
limp 0 ) ey wi(z) f(TF(z)) = J25 w§(x) f(¢(x))dt, where we omitted here the dependency in h of
wy,. Therefore, taking h | 07, the NEO-IS converges to the continuous-version (16)-(17). There is however
an important difference between NEO and the NEIS method in Rotskoff and Vanden-Eijnden (2019) which
stems from the way (16)-(17) are discretized. Compared to NEIS, NEO-IS using T < T}, and weights
wy, < w(kh) is unbiased for any stepsize h > 0. NEIS uses an approach inspired by the nested-sampling
approach, which amounts to discretizing the integral in (16) also in the state-variable x; see Skilling (2006);
Chopin and Robert (2010). This discretization is biased which prevents the use of this approach to develop
MCMC sampling algorithm; see Appendix B.

S Experiments and Applications

Normalizing constant estimation The performance of NEO-IS is assessed on different normalizing con-
stant estimation benchmarks; see Jia and Seljak (2020). We focus on two challenging examples. Additional
experiments and discussion on hyperparameter choice are given in the supplementary material, see Ap-
pendix D.1. (1) Mixture of Gaussian (MG25): 7(z) = P~! Zil N(z; pi,5, Da), where d € {10, 20, 40},
D, = diag(0.01,0.01,0.1,...,0.1) and p; ; = [3,5,0,...,0]7 with,j € {-2,...,2}. (2) Funnel dis-
tribution (Fun) 7(z) = N(z1;0,a%) [T, N(z;0,e%*1) with d € {10,20,40}, a = 1, and b = 0.5. In
both case, the proposal is p = N(0, o7 Id,) with o> = 5.

The NEO-IS estimator is compared with (i) the IS estimator using the proposal p, (ii) the Adaptive
Importance Sampling (AIS) estimator of Tokdar and Kass (2010) and (iii) the Neural Importance Sampling
(NIS)'. For NEO-IS, we use wy, = 1k (k) with K = 10 (ten steps on the forward orbit), and conformal
Hamiltonian dynamics v = 1, M = 5 - Id, for dimensions d = {10, 20}, and v = 2.5 for d = 40 (where ~y
is the damping factor, M the mass matrix, h is the stepsize of the integrator). The parameters of AIS are set
to obtain a complexity comparable to NEO-IS; see Appendix D.1. For NIS, we use the default parameters.
InFun,wesety =0.2, K =10, M = 5-1dy, and h = 0.3. The IS estimator was based on 5 - 10° samples,
and NIS, NEO-IS and AIS were computed with 5 - 10* samples. Figure 2 shows that NEO-IS consistently
outperforms the competing methods.

Sampling NEO-MCMC is assessed for the distributions (MG25) (d = 40) and Fun (d = 20). NEO-
MCMC sampler is compared with (i) the No-U-Turn Sampler - Pyro library Bingham et al. (2019) - and (ii)
i-SIR algorithm Ruiz et al. (2020). The proposal distribution is p = N(0, 07 Idg) with o> = 5. Dependent
proposals are used (see (15)) with m(z,z') = N(2'; ax, 05 (1 — a?)1dg) with a = 0.99. For NUTS, the
default parameters are used. For i-SIR, we use the same number of proposals N = 10, proposal distribution
and dependent proposal as for NEO-MCMC. To make a fair comparison, we use the same clock time for all
three algorithms. The number of iterations for correlated i-SIR, NEO-MCMC, and NUTS are n = 4 - 109,
n =4-10% and n = 5 - 10°, respectively. Figure 3 displays the empirical two-dimensional histograms of
the two first coordinates of samples from the ground truth, i-SIR, NUTS and NEO-MCMC sampler. It is
worthwhile to note that NEO-MCMC algorithm performs much better for MG2 5 which is a very challenging

We used the implementation provided by: https://github.com/ndeutschmann/zunis



NEO: Non Equilibrium Sampling on the Orbit of a Deterministic Transform

30 . . ; 30 . 30
1 .
25 ‘ : 25 : 25
H H
20 i ; 20 20

H

:

H

]

! , .
15 ! 15 :

""""" 10 J‘ 10 J»
N 1
0 0 R

30 30 30
25 ! 25 : 5 .
. . ‘ i ‘ '
: N . ] . N N
20 ‘ : ‘ ; 20 : " i ! 20 :
15 4 15 J» Jﬁ «t 15 i
H
10 10 10
é é é ; — % E ----------
5 5 — T
® Neo s NS AS Y NEO IS NS AS % NEO IS NS AIS

Figure 2: Boxplots of 500 independent estimations of the normalizing constant in dimension d =
{10,20,45} (from left to right) for MG25 (top) and Fun (bottom). The true value is given by the red
line. The figure displays the median (solid lines), the interquartile range, and the mean (dashed lines) over
the 500 runs.

Figure 3: Empirical 2-D histogram of the samples of different algorithms targeting MG25 example (top)
and Fun (bottom). From left to right: samples from the target distribution, correlated i-SIR, NUTS, NEO-
MCMC.

distribution, even for SOTA algorithm such as NUTS, which struggles to cross energy barriers between
modes. For Fun, NEO-MCMC performs favourably with respect to NUTS, which is well adapted for this
type of distributions.
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Figure 4: Gibbs inpainting for CelebA dataset. From top to bottom: i-SIR, HMC and NEO-MCMC: From
left to right, original image, blurred image to reconstruct, and output every 5 iterations of the Markov chain.
Last line: a forward orbit used in NEO-MCMC.

Block Gibbs Inpainting with Deep Generative models and NEO-MCMC We apply NEO-MCMC to
the task of sampling the posterior of a deep latent variable model. The model consists of a latent variable

x ~ N(0,Idy) and a conditional distribution p(z | ) which generates an image z = (z!,...,zP) € RP.
Given a family of parametric decoders {x +— pg(z | x), 0 € @} and a training set D = {z}M,, train-
ing involves finding the MLE 6* = argmaxgece po(D). As pg(z) = [po(z | z)p(z)dz, the likelihood is

intractable and to alleviate this problem, Kingma and Welling (2013) proposed to train jointly an approx-
imate posterior g4(x|z) that maximizes a tractable lower-bound on the log-likelihood: ELBO(z,6,¢) =
Ex g,z logpe(z, X)/qs(X|2)] < po(z), where gg(x | 2) is a tractable conditional distribution with
parameters ¢ € ®. It is assumed in the sequel that conditional to the latent variable x, the coordinates are
independent, i.e. pp(z | ) = Hil po(2*|x).

It is possible to train VAE with the NEO algorithm using the unbiased estimate of the normalizing
constant to construct an ELBO. This approach is described in the supplement Appendix E. It is assumed
here that the VAE has been trained and we are only interested in the sampling problem. In our experiment,
we use a VAE trained on CelebA dataset > Liu et al. (2018). We consider the Block Gibbs inpainting task
introduced in (Levy et al., 2018, Section 5.2.2). We in-paint the bottom of an image using Block Gibbs
sampling. Given an image z, denote by [z?, 2] the top and the bottom half pixels. A two-stage Gibbs
sampler amounts to (a) sampling pg- (|2, 2°) and (b) sampling py- (2°|, 2*) = pg- (2°|2) (since z* and z*
are independent conditional on z). Starting from an image z, we sample at each step x ~ po=(z | 2)
and then Z; ~ pg«(z | zx). We then set zp11 = (2%, 2£+1). Stage (b) is elementary but stage (a) is
challenging. We use the following decomposition of pg« (x | z) = qg* (z | 2)po~(z, z)/(qg (z | 2)pe~(2))
with 8 € (0,1). We identify the proposal p(z) qg* (x| 2) , the likelihood L + pe«(x, z)/qg* (x| z) and
the normalizing constant Z = py-(z) and apply i-SIR and NEO-MCMC sampler for stage (a). We compare
different algorithms in stage (a): i-SIR, HMC and NEO-MCMC, with the same computational complexity
(N =10, K = 12, v = 0.2 for NEO-MCMC, N = 120 for i-SIR, and HMC is run with K = 20 leap-
frog steps). For each algorithm, 10 steps are performed. Figure 8 displays the evolution of the resulting
Markov chains. The samples clearly illustrate that NEO-MCMC mixes better than i-SIR and HMC. More
are showcased in the supplementary.

2See https://github.com/YannDubs/disentangling-vae/tree/master/results/betal_celeba
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6 Conclusion

In this paper, we have proposed a new family of algorithms, NEO, for computing normalizing constants and
sampling from complex distributions. This methodology comes with asymptotic and non-asymptotic con-
vergence guarantees. For normalizing constant estimation, NEO-IS compares favorably to state-of-the-art
algorithms on difficult benchmarks. NEO-MCMC is also very efficient for sampling complex distributions:
it is particularly well-adapted to sampling multimodal distributions, thanks to its proposal mechanism which
avoids being trapped in local modes. There are numerous potential extensions to this work. For example, it
would be interesting to consider deterministic transformations other than conformal Hamiltonian dynamics
integrators. These transformations could be trained, as for Neural IS, using a variation lower bound. It would
also be interesting to further investigate the influence of the mixture weights {wwy, }rez on the efficiency of
NEO.
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A Proofs

A.1 Additional notation

By abuse of notation, we denote by p and 7 the probability measures with density with respect to the
Lebesgue measure p and 7 respectively.

A.2 Proof of (3)

The second expression of wy, follows from Jp—; (T"(x)) = Jps—; () /I 0« () which implies
wi(z) = wp(T*(2))/ ZJ.GZ @;p(T*7 (2)) I -5 (T¥(2)) |

= (T (@) I (2)) Y 3T @) Igics (@) = ip-nle) [ 3, @nrapile)

A.3 Proof of Theorem 1

The unbiasedness of Z x 1~ follows directly from (2). Moreover, as Z x1:~ 1S unbiased and EF < oo, we

can write R N
Var,[Zx/Z] =E,[(Zx/Z)*] -1 =EF — 1. (18)

As XN I, Var,[Zxi~/Z) = N='Var,[Zx /Z). Finally, if M < oo, then Hoeffding’s inequality
applies and we can write for any € > 0,

P(|Zxix/Z — 1| > €) < 2exp(—2Ne?/(MF)?) . (19)
Writing § = 2 exp(—2Ne€?/(MF)?), we identify log(2/6) = 2Ne?/(MF)? and e = MZ\/log(2/5)/(2N).
Plugging this expression of € in (19) concludes the proof.
A4  Proof of Theorem 2

We preface the proof of Theorem 2 with two auxiliary lemmas.

Lemma 6. Let A, B be two integrable random variables satisfying |A/B| < M almost surely and denote
a =E[A], b = E[B]. Then,

\/Var(A/B) Var(B)
b

Var(A/B) <E [|A/B - a/b|2] < é (E[|Ay — A] + M?E [|Bx — B]}]) . D)

[E[A/B] —a/b] < ; (20)

Proof. Write first, using the Cauchy-Schwarz inequality,
A al A E[A]]
= (5]l 3] -5 e
A/b—B
e (5]

< \/Var(A/B),/Var(B)
< 5 .

(2 -=[a]) (%))
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Moreover, using |A/B| < M yields

A a 1 1 1 1 |A]
2o A—a) A=) <ija—a+ BB
B b ’b( @)+ <B b)“b' al + pylB =4
1 M
< -|A- —I|B —b|.
<3lA—al+ B
Therefore, )
|A/B —a/b]* < 2 (|A—al*+M?*B -0 ,
Using that E ||A/B —a/bﬂ = Var(A/B) + |E[A/B] — a/b|? concludes the proof. O

We get the following lemma from (Douc et al., 2011, Lemma 4).

Lemma 7. Assume that A and B are random variables and that there exist positive constants b, M, C, K
such that

(i) |A/B| < M, P-a.s.,
(ii) foralle > 0andall N > 1, P(|B — b| > ¢) < K exp(—Re?),
(iii) foralle > 0andall N > 1, P (|A| > €) < K exp (—Re*/M?),

then,
P(|A/B| > €) < 2K exp(—Rb*e¢? /AM?) .

Proof. By the triangle inequality,

)

A
|A/B| = ‘B(b -B)b ' +b71A

<b '|A/B||b—-B|+ b A < Mb b Bl +b 1A .
Therefore,
€b €b
>e) C — b > — >
(/s zac{i-u= g bo{ia= 5
Then, conditions (ii) and (iii) imply that

eb €b
>€) < b > — s @
IF’(|A/B|_6)_IP’(|B bl > 2M>—|—IP(|A|_ 2) ,

< 2K exp(—Rb?e?/(4M?)) .
O

Proof of Theorem 2. Let g : RY — R such that sup,cga |g| (z) < 1 and denote 7(g) = [ gdm. We use
Lemma 6 with A = Ay and B = le:zv where
1 1
_ j k(i k(i > _ i k(i
A =5 D> wn(XOLTHX)g(THXY) , Zyiw = > ) wn(XOLTHXD)) . (22)

i=1k€EZ i=1 k€Z

16



NEO: Non Equilibrium Sampling on the Orbit of a Deterministic Transform

By construction, since sup,cga |g| () < 1, almost surely An/Zx1x < landVar(Zxiv) = N~'WVar(Zx1).
Then, using (2) with a = E[Ay] = Z7(g) and b = E[Zx1.~] = Z, Lemma 6 implies

|JNEO (g) — m(g)| = ‘E[AN/ZXLN] - a/b] < N“V2\Var(An /2y Var(Zxr) . (23)
On the other hand,
E [|Ax — al?] = N"'Ex oy [{ 5y wr(X)L(THX))g(TH (X)) — Z(g)}’] < N122E% |

These inequalities yield using Var(2 x1) < EF and Lemma 6 again:

2 ~ 4
E [|7350(9) - 7(9)] < ~(BF + Var(Zx1)) < EF

\/2(E%’ +Var(2X1))Var(2X1) _ 2EZ

E [J35(9) — 7(9)] | < N <

which concludes the proof.
Define

N
Ay = N7V w (XOLTHX) (9(THX) = w(g)) -

i=1 k€EZ

With this notation, the proof of (9) relies on the application of Lemma 7 to A = Ay and B = Z x1:n, since
TR (9) = 7lg) = An/Zxrw .

As sup, cra 9| () < 1, we getthat Ay /Zy1x < 2. By (2), E[Zyi1x] = Zand Zxin = N2V W,
with W; = 37, ., wi(X*)L(T*(X?)) < MZ. Then, by Hoeffding’s inequality, for all £ > 0,

P(|By — Z| > €) < 2exp(—2N(e/MF)?) .
Similarly, A is centered and Ay = N~} Zf\; U; with

Ui =Y we(XOL(TH(X)){g(T*(X7) — m(9)}

kEZ

and |U;| < 2M% almost surely. By Hoeffding’s inequality, for all € > 0,
P(|An| > €) < 2exp(—Ne?/(8(MF)?)) .
The assumptions of Lemma 7 are met so that
P(lJSN (9) = m(9)| > €) < dexp(—e*NZ*/[32(MF)?)) ,

which concludes the proof. O
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A.5 Proof of Lemma 3
As wi () = wrpp(TF(x)) /{Qp(T*(x))}, by Jensen’s inequality,

. VR @ (T @) )
ET —/(;Zwk )/Z> p(fff)dﬂf—/<kezZ O pT(Tk(x))> p(z)dz
wi [ n(TF(z)) ’ e
/;Z <Tk(q;))> p(x)dz

1 m(T*())
<0 Zwk/ pT(Tk())> p(x)dz .

keZ z

Using the change of variables y = T*(x) yields, by (1),

BF< Y m [ ( y)) T )3 s )y < | (”(y) )2,0T<y>dy.

Pt pr(y)

A.6 Proofs of NeO MCMC sampler

Proof of Theorem 4. Note first that by symmetry, we have

N N N Z
:N‘l/E Sy(da’) ] pla?)da? Y —==—1a(a"). (24)
i=1 j=1,j#i k=1 Ej:l Zyi

We begin with the proof of reversibility of P with respect to 7. Let f, g be nonnegative measurable functions.
By definition of P,

N N 2 .
/fr(dy)P(y,dy’)f( 9W) =~z /Zp dy) Zy f(y O I e Zﬁg(w’“),
=114 k=1 2aj=1 L
1 ol & N 7
= Nt Z:rlf( l) (d l) T ( k) ’
NZ/; T gp x ,;E;V:lzng
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which shows that P is 7-reversible. We now establish that P is 7-irreducible. We have for y € R4,
A € B(RY),

i=1 xt j=2
N N = N
Z, 7,
- 1a(2) T] p(da?) + / 1a(") [ laa?)
|z 0l 27y el

EZ/ﬁ(dxi)nA(aﬂ)/ N = = ﬂ p(dz’)

Zy & Lt + X jmg jpi D o

Since the function f: z + (2 + a) ! is convex on R for a > 0, we get fori € {2,..., N},

7 Z
=~ ~ = H p(da?)
Ly Zoi + 2 i jpi D 35 Z t Zoi [ X0 0 0 Za Tl s ()
z

Z == - (25
Zy+ Zyi + Z(N —2)

Therefore, for A € B(R?) satisfying 7(A) > 0, we get P(y,A) > 0 for any y € R? since Z, < oo for any
x € Re. By definition, P is 7-irreducible.
We show that P is Harris recurrent using (Tierney, 1994, Corollary 2). To this end since P is -

irreducible, it is sufficient to show that P is a Metropolis type kernel. Define a(z!, 22) = 1) [ i =3P (d29) Zy2 ) 2N =1 Z.

for 21,22 € R? and py.y(dz*VN) = {szz pa:n (27)}dz®N . Then, by (12), we get W1th this notation, for
y € RY A € B(RY),

P(y,A)

N . . 7 1
_ / 5, (dxl)pz;N(deN)Z %”_ 1aal) + / 5, (d') ooy (A2 N ) —22 5 (2)

—~ NZ.in NZin
22N Zc i 1 21N Zml 1
—Z y(da) o (da® ) NleNnA<x>+ 8y (e o () 1)
xlﬂA( ) / 1 2:N Zzl]lA(xl)
= 5y dx dw / xj dg? 2228 7 6, (dz N(drt) ————=
Z/ [I NZ, y(de e (de™0) = 2
J=2,j7#1 x
z')p(da’) + /5y(d$1)P2:N(d$2:N){1—Z = }HA(wl)
= NZpw
- / oy, )l )dy + (1 - [atwsotian ) 5,0 26)
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With the terminology of (Tierney, 1994, Corollary 2), P is Metropolis type kernel and therefore is Harris
recurrent.

Note that Algorithm 2 defines a Markov chain {Y;, U; },;¢n taking for Uy an arbitrary initial point with
Markov kernel denoted by P. By abuse of notation, we denote by {Y;, U; };cn the canonical process on the
canonical space (R? x R%)N endowed with the corresponding o-field and denote by P, .. the distribution
associated with the Markov chain with kernel P and initial distribution 5y ® &,,. Denote for any y € R? by
PP, the marginal distribution of P, ,, with respect to {Y; };cn, i.e. Py (A) = P(, .y ({Yi}iew € A) foru € R,
noting that by definition, P, (A x (R?)Y) does not depend on . In addition, under P, {V;}icn is a
Markov chain associated with P. Therefore, since P is 7-irreducible and Harris recurrent, we get by (Douc
etal., 2018, Theorem 11.3.1) and (Tierney, 1994, Theorem 2, 3) forany y € R%, limj, 0 |8y P¥—7||7v = 0
and for any bounded and measurable function g,

n~! Z 9(Yr) = 7(9) , P,-almost surely . 27)
k=1

We now turn to proving the properties regarding ). For any B € B(R?), using (2), we obtain

/fr(y)@(y, B)dy = 2~ /p<y> S w () LT (3)) s (T* () dy = 7(B) -

kEZ

Using for all y € RY, lim,, o [|P"(y,-) — 7|lTv = 0, we get lim,, . [|P"Q(y,") — 7|[rv = 0. It
remains to show the stated Law of Large Numbers. Let ¢, u € R? and g be a bounded measurable function.
Define for any i € N*, U; = g(U;) — Qg(Y;). By definition, for any i € N*, |U;| < 2sup,cga |g(z)]
and E(, ) [U;|F;—1] = 0, where {Fy }ren is the canonical filtration. Therefore, {U; }ien~ are {Fj, }ren-

martingale increments and {Sy, = Zle ﬁi}keN is a {F) }ren-martingale. Using (Hall and Heyde, 1980,
Theorem 2.18), we get

nl;n;O{S7l/n} =0, P, -almost surely . (28)

The proof is completed using that lim,,_, o {n"* > ; Qg(Y;)} = 7(Qg) = 7(g), Py-almost surely by (27)
and therefore by definition, P(,, ,,)-almost surely. O

Proof of Theorem 5. We have for (x,A) € R? x B(R?),

N N
. ) 7 .
P(y,A) > Z/fr(dxl)nA(xZ)/ SR = — [[ p(da?).
i=2 Ly Zui + 2 jmn jopi Lad oy

Moreover, as for any x € R4, Z,;/Z < MZ%,

N

Z ) 7 1

/ S — ~ = H plda?) > =—— > — .
Lyt Zyi + g i Zad gy +Zyi + Z(N —2) — 2MF + N =2

N

We finally obtain the inequality

N -1

> e —
Pl A) 2 7(A) X g

— enA(A) . (29)
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The proof for P is concluded from (Douc et al., 2018, Theorem 18.2.4).
As ||P*(y,-) — |lTv < k%, for any bounded function £, || f|| < 1, we have |P¥ f(y) — 7(f)| < sk,

by definition of the Total Variation Distance. Then, writing f = Qg for any bounded function g, ||¢|/c < 1,
we have || f||c < 1 and

[P*f(y) =7 () = [P*Qg(y) — 7Q(9)| = [P*Qq(y) — m(9)| < K} - (30)
O

Write now P the Markov kernel extending to correlated proposals: for y € R% and A € B(R4),

~

N N
=N~ / > 8y (datyri(at, dat ) Y NZZ a*) 31)
i=1 k=1

where the Markov kernels R; are defined by R;(z?, dz VM) = ¢ (2f, 2BV Az BV and r; by (15).

Theorem 8. P is w-invariant.

Proof. Define the Nd-dimensional probability measure py(dz'™) = p(dz')Ri(zt,dz*"). Let A €
B(R4). Then, we have

B Continuous-time limit of neo and NEIS

B.1 Proof for the continuous-time limit

Consider ~ > 0 and a family {T, : h € (0,h]} of C'-diffeomorphisms. For N € N* and a bounded and
continuous f : R — R, write

IR 1zzwkh TH(X"), (32)

i=1 keZ
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where { X}V, ~ p and for some weight function @w® : R — R, with bounded support (see H3), k € Z

and h > 0, setting wy, ,, = w°(kh),

Wi,n () = wk,hpfk(x)/ziez Dhtinpi(T) (33)

We show in this section the convergence of the sequence of NEO-IS estimators {1 gE]\? wW(f)  h e
(0,r]} as h | 0 to its continuous counterpart, the version (16) of NEIS Rotskoff and Vanden-Eijnden
(2019), with weight function , in the case where for any h € (0, k], T}, corresponds to one step of a
discretization scheme with stepsize h of the ODE

iy = b(xy) (34)

where b : R? — R? is a drift function. We are particularly interested in the case where (34) corresponds
to the conformal Hamilonian dynamics (10) and {T,, : h € (07 h]} to its conformal symplectic Euler
discretization: for all (g, p) € R%,

Ti(q,p) = (¢ + hM~He ™™ p — hVU(¢)},e™p — hVU(q)) . (35)
We make the following conditions on b, p, @w® and {T}, : h € (O7 l_l] 1.
H1. The function b is continuously differentiable and Ly-Lipschitz.

Under HI, consider (¢;);>0 the differential flow associated with (34), i.e. ¢;(z) = x, where (z;)cr is
the solution of (34) starting from x. Note that HI implies that (¢, ) — ¢:(x) is continuously differentiable
on R x R?, see (Hartman, 1982, Theorem 4.1 Chapter V).

H1 is satisfied in the case of the conformal Hamiltonian dynamics if the potential U is continuously
differentiable and with Lipschitz gradient, that is there exists Lyy € R% such that for any z1, 22 € R9,
VU (z1) = VU(22)|| < Lullzr — @2]|.

H2. Forany h € (0, B], Ty, : R* — R? is a C'-diffeomorphism. In addition, it holds:
(i) there exist C > 0 and § € (0,1] such that for any x € R,

I Ta (@) — (2 + hb(a))[| < CRHO (1 + ) ;
(ii) for any x € R and T € R,

h Jou (@) = J =0.
}HLI(} ke[— L]I“I};?JXLT/}L” || Prh (:17) T];cz (SC)”

Note that H2 is automatically satisfied for the conformal symplectic Euler discretization (35) of the
conformal Hamiltonian dynamics. Indeed, in that case div b(¢;(z)) = ~d, and therefore J 4, (z) = €74 for
t € R,and forany h > 0,k € Z, Jpx (2) = eV4"*; see Franca et al. (2019).

Define

support(w®) = {t € R : w(t) # 0} . (36)

H3. (i) p is continuous and positive on R?

(ii) w® is piecewise continuous on R, its support support(w®) is bounded and sup ; 4y en_, @°(t)/@®(t+
s) =m < oo where

A, = {(s,t) € R?* t € support(w=®), (s +t) € support(w®)} .
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(iii) Moreover, for any x € R%, we have p5(x) = [ w®(t (x))J g, (x)dt > 0.

Note that H3 implies that sup,c, [w®(t)| < +oo. H3 is automatically satisfied for example in the case
w’ = ]l[_T17T2] for Tl,TQ > 0.

Theorem 9. Assume HI, H2, H3. For any x € R% and f : R — R continuous and bounded,

i |3 w0 (Th () — [ wi@)r(onta)ar

h =0,
0
Wliez —oo

where {wg,j, }rez and w§ are defined in (33) and (17) respectively, i.e. for x € Réandt € R,

i) = T (O)p(on() T (a // (5 + Dp(6a())T, ()ds - 37

Proof. Let f be a bounded continuous function, z € R?. Setting

grn(2) = p(Tk(w))wC(kh)JTk () f(T} ()

hARR() = by p(Th ()@ ((k + D)) Iy (2
1€L
we have that
hgi.n( /Tw 1 /hLTw/hHh 1
= — xz)dt + —_— z)dt ,
Z hAkh o hALt/hj,h(x)th/th( ) - hA[t/hJ,h(x)th/hJ’h( )

k>0

as gx.p(x) = 0 when k > | T /h|. Therefore, we can consider the following decomposition,

p(Th () (k) Iy () f(TH@) 7= e (0)(0() T, () (B0(a) et
2 ey AT ()3 L et neea, s | <A+

with
T= 1
A= / —_— x) — w(t x))Jp, (z x));dt
A @)~ S e e ) (0}
h|Tw/h]+h 1
+ / - x)dt| ,
T., hALt/hJ,n(I)th/hJ’h( )
and -
B / 7| @)p(de(2)) g, (2) f(de(x))dt  @(t)p(de(2))g, (2) f(S2(2)) |
0 hAt/n) () Jwe(t+8)p(¢s(x)Tg, (x)ds |
We bound those terms separately. First of all, under H3- (ii) for any k; such that kh € [0,T], we have
hAg p(z) > hm™1Agp(x). Second, as limp o hAg n( fo z))J . (z)w(s)ds > 0, there
exists some 2 > 0 and ¢ > 0 such that for all k € Z, h < h 1mp11es
T
/ () p(de(2))T g, (2)dt > ¢, hAgp(2) > hm ' Agp(z) > c. (38)
0
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Then, for h < iL,

Tw h|Tw/h|+h
A<t /0 191 /m) 0 (x) = @ (£)p(B4(2)) T, () f (de())|dt + 7 /T |91t/n).n ()| dt .

w

By HI and H3, the function ¢t — w®(¢)p(¢¢(z))J s, (x) f(¢¢(x)) is continuous on the compact [0, 2T, ] and
0

thus is bounded. Therefore, for any h € ( ,

sup @ () p(¢e(z))d g, () f(Se(2))| < sup || sup |f(z)] sup [p(¢e(z))dg, (x)] <oo. (39)
t€[0,2T] teR zERd t€[0,2T]

Under H2, (39) and Lemma 13 imply that

sup gumn(@) <suplat(®)] sup [f(@)]  sup  p(THM (@) (@) < o0,
te[0,h|Tw /h]+h) teR z€R4 te[0,h| T /h]+h) h

Then, lim o [0 =/"+"

setting for t € [0, T, ],

|th/hJ)h(x)| dt = 0. Finally, Lemma 14 implies that lim; o A = 0. Moreover,

(40)

AtBh(x)
Z/Ip(¢th/hJ (@)@ (h([s/h] + [t/0])T g, @) — T(s + D)p(@s(2)) T, ()L, (5, )ds
h(|Tw/h]—=t/h]+1)
+/ [p(Dn1s/ny (@) (R([s/h] + [t/R])T s, .0, @) LA (s, )ds
To—h|t/h)
we have for h < h, by (38) and H3-(ii),
5= T | @ (0p(0u(2)To, (1) (Bu(x)) @ ()pld(2)To, (2)] (60())
0 hA 1m0 (2) J@e(s +t)p(ds(2)) Iy, (x)ds
T= @ (t)p(de(x))d g, (%) f (e (2)) B (1
< TR ) T T S

T
<me® [T Wplon() o, () f(0r() Al @)

dt

Tw
< me~? sup [w°(t)| sup |f(x)| sup Ip(¢s(x))~]¢s(x)l/ APy (z)dt . (41
teR zERI t€[0,T] 0

By HI and H3, the function s — p(¢s(x))J ¢, () is continuous on the interval [~T,T] and thus is
bounded. Therefore, for any i € (0, h),

A [ (h([t/h] + Ls/h])p(Dn s/n) (€))T g, . my ()]

< sup  [@(s + )p(ds(2))T g, (2)] < Tmsup |@(s)]  sup  |p(¢s(2))Tg, (2)] <oo. (42)
(s,t)EAL seR $€[—Tw,T]

This implies that
h(|Tw/h]=t/h]+1)

lim 1(Sns/ny (@)@ (h(L3/B) + [t/B])T 5, 0)|ds = 0.
hi0 J1, —h|t/h)
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Moreover, for any ¢ € [0, T], the function

s = [@(h([t/h] + Ls/h])p(Pns/n) (@) gy () = @ (T + 5)p(@s(2)) T, () [1a, (5, 1)

converges pointwise to 0 for almost all s € R when h | 0 using H1, H3 and the continuity of s — ¢ ().
The Lebesgue dominated convergence theorem applies and by (40), for all ¢ € [0, T,],

lim AP, (z) =0.
lim Ay () = 0

Moreover, using hAg n(z) = h ),y p(Th () ((k + i)h)J1i () and (42),

sup  sup Afh(m) <00
tE[O,Tw] hE(O,’_l)

The Lebesgue dominated convergence theorem and (41) show that limy o B = 0 which concludes the
proof. O
B.1.1 Supporting Lemmas

For f € CY(RY,R?), define J;(z) the Jacobian matrix of f evaluated at = and the divergence operator by
div f(z) = tr[Js(x)].

Lemma 10. Let b be a C' vector field in R? and (¢;)scr be the flow of the ODE (34). For any t € R, the
Jacobian of ¢ is given by ,
Jg, (z) = exp(f divd(¢s(z))ds) .

Proof. First, fort € R and z € R, write A(t,z) = J4,(x) the Jacobian matrix of ¢, evaluated at z. By
Jacobi’s formula, det A(¢, z) = tr[adj(A(t,z)) - A(t,z)], where tr[M] denotes the trace of a matrix M
and adj(M) its adjugate, i.e. the transpose of the cofactor matrix of M such that adj(M )M = det(M) Id.
Since for all ¢ and z, A(t, ) = Jpos, (z) = Jp(d1(x)) - A(t, z), then

Jg. (@) = trfadj(A(t, ) - Jp(9e(2)) - Alt,2)] = t2[Jp(01 ()4, () - 43)
Integrating this ODE yields J, (z) = exp(fot div b(¢s(x))ds). O
Lemma 11. Assume HI. Then, there exists C > 0 such that for any t € RL,t € R, k € Z, h > 0,

l6e(2)]| < CeFl(J|z] + 1),
T ()] < Ce“™ (|l + 1) .

This lemma follows from Gronwall’s inequality and H1.

Lemma 12. Assume HI and H2-(i). There exists C > 0 such that for any © € R h € (O, ﬁ),

I Th(z) = dn(@)| < C{L+ x| }[n'* . (44)
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Proof. Under HI and H2-(i), we have
| Th(z) = ¢n(@)| < ||z + hb(z) — ¢n ()| + Crh (1 + [|z]|) ,

and as ¢p,(x) = = + foh b(ps(z))ds,

|z + hb(x) — ép(z)|| = ||hb(z fo ¢s(x))|| < hLpsupep p ll6s(x) — 2]
< Lyh*{Ly sup ¢s(x) + [[b(0)[[} . (45)

s€[0,h]
The proof is completed using Lemma 11. O

Lemma 13. Assume HI and H2-(i). There exists C > 0 such that for any x € R k € N,h € (O,B),
kh < T,

| Th(2) — dun(a)| < CHC (1 + [le])h (46)
Proof. Using Lemma 12, H1 and H2-(i), there exist C, C2,C3 > 0 such that for any x € RY k€ N,h €
(0,h), kh < T,
k41 k+1
1T () = e nyn (@) | < 1T (@) = Thodpn (@)l + | Th 0drn () — drtyn (@)l
< (1+hLy)|| Th(x) — drn(a)]
+ R CH2 + (| TR (@) + llokn (@)1} + | Th odrn(@) — dgerayn(@)]
< (14 hLy) || Th(2) = (@) ]| + 20201 Coe® = {1 + |l2||} + Ca{1 + || dun ()| }2'°
< (14 hLy)|| Th(2) — drn ()|
+RIH0201 Coe® = {1 + ||z|} + C{1 + Co(1 + [|z[|) o' 0=
< (14 hLy)|| T (2) = drn (@) + Ar{1+ ||z }h1F

with A7 = (2C,Cy + C3(1 4 Cs))e®?T= . A straightforward induction yields

(1+ hLy)*
Ly

IT5 () = dn ()] < Az (1 + [l

Lemma 14. Assume HI, H2, H3 . For any x € R%, and f : R?* — R? bounded and continuous,

Tw
lim [ | (h ¢/ )T ™ (@) 3 (@) F(TE™ (@) = = () p(60(@)) T, (@) (Bu()) | dt = 0.

R0 Jo

Proof. Let x € R?. Consider the following decomposition, for any h < h,

/O | LD @) gy (2 FTH () = w20 p( ()T, () (60(0)) |
< - Ypen @ (kD) | p(Ty (@) I (2) (T3 () = p(dkn ()T gy (@) f (S0 ()]
10 1@ (Db ()T 4, (2)F(B6(2)) = (e [t/1))p( D e/ @) T, (@) (Drayn ()]
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The first term converges to 0 by Lemma 13 and H2-(ii) as w®(kh) = 0 for kh > T,. By HI1 and H3,
the function ¢ — w®(t) p(@¢(x))T , () f(Pe(x)) is continuous on the compact [0, T and thus is bounded.
Therefore, for any h € (O h)

te?(:lg ]|wc(h /P ))p(Dnit/n) ()T, 10y (@) f (Pnien) ()]

<sup || sup [f(z)| sup |p(¢¢(2))Tg, ()] <oo. (47)
teR zERY t€[0,Tw]

Moreover, t = @(h [t/h])p(dn|t/n)(®))T g, . n, (@) f(Pre/n)(x)) converges pointwise when h | O to
t — w(t)p(Pe(x))I s, (x) f (¢¢(x)) by continuity, using HI and H3. The Lebesgue dominated convergence
theorem applies and the second term goes to 0 as h | 0. O

B.2 NEIS algorithm after Rotskoff and Vanden-Eijnden (2019)

Non Equilibrium Importance Sampling (NEIS) has been introduced in the pioneering work of Rotskoff and
Vanden-Eijnden (2019). NEIS relies on the flow of the ODE &; = b(x;) and the introduction of a set
O C R9. As in Appendix B, we assume H1 holds and denote by (¢;):cr the flow of this ODE.
Define for z € O, the exit times 71 (z) > 0 (resp. 7~ (z) < 0) satisfying
T (z) =inf{t >0 : ¢(x) ¢ O}, 7~ (z) =inf{t <0 : ¢ (x) ¢ O} . (48)
The validity of NEIS relies on the following assumption.

H4. The average time of an orbit in O is finite, i.e.

Z, = /()(T*(x) — 7 (2))p(x)dx < co . (49)

Under H4, we can define the proposal distribution

pr(a) = 271 /O L oy (o) (D002 T s () (50)

Under H4, (Rotskoff and Vanden-Eijnden, 2019, Equation (8)) derive the following estimator of p( f), closely
related to (16), in the case o = 1, on the restricted set O C R4 :

1 N T+(Xi) ) )
RS =5 3 [ X e xa 51)

=1 JT(XY)
we) = — Lo
fT (z) P(¢t( ))J%(I)dt

Note that in practice, in order for H4 to be verified, one typically requires that O be bounded, as discussed
in Rotskoff and Vanden-Eijnden (2019).

Following Rotskoff and Vanden-Eijnden (2019), consider a d-dimensional system with position ¢ € R9,
momentum p € R? and Hamiltonian H (p, ¢) = (1/2)||p||?> + U(q) where U(q) is a potential assumed to be
bounded from below. Denote by V(E) the volume of the phase-space below some threshold energy F,

(52)

V(E) = /1{H(p,q)§E}dpdq . (53)
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To calculate (53), we set z = (p, q), define O = {z; H(z) < Epax} for some Ey . < 00, and use the
dissipative Langevin dynamics with b(z) = (p, —VU (q) — yp), i.e

g=p, p=-VU(q)—p,

for some friction coefficient v > 0. With this choice, J 4, (z) = e~ %, Taking p to be the uniform distribu-

tion on the (bounded) set O, write the estimator for E' < Ewax, V(E)/V (Emax) = [ L p.q<eyp(p, ¢)dpdg,
where p(p7 q) = ]lO(pa q)/V(Emax), we get

1 O TS oo Moo <mydt
V(E)/V(Buma) = 5 D ey i
i=1 - (X7) T, (xiydt
N X ) N
_ 1 fffi(())(;_)) Jg.(xnydt _ 1 Ze_dy(TE(Xi)—T*(Xi)) , (54)
N3 = (X1) T, (x0dt =

where 7 (z) denotes the (possibly infinite) time for a trajectory initiated at = (p, ¢) to reach the energy
E < Emax-

Finally, to estimate the normalizing constant, Rotskoff and Vanden-Eijnden (2019) discretize the energy
levels {Ey, ..., Ep} and write their estimator as

NEIS
X1 N —

N
SN e X T X (B~ Byy), (55)

i=1 ¢=1

Z\H

using an approximation of the identity

Z:// ]l{L(x)>L}p(x)dex:/ Px,(L(X) > L)dL ,
0Jo 0

which is at the core of nested sampling Chopin and Robert (2010).

B.3 NEO with exit times

Consider O C R and let T be a C'-diffeomorphism on R%. We introduce here an estimator based on the
forward and backward orbits in O associated with T. Define the exit times 7+ : R — Nand 7~ : R? —
N_, given, for all z € R, by

H(z) = inf{k > 1 : T"(z) ¢ O} , (56)
77 (x) =sup{k < —1 : T"(z) ¢ O} , (57)

with the convention inf ) = 400 and sup ) = —oo, and set
I={(z,k) EOXZ:kelr (x)+1:7(x)—1]}. (58)

For any k € Z, define p;, : R — R, by

pr(x) = p(T7F(2)) I p—i (2) 1y (x, k) . (59)
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The density py, is the push-forward of 1y(z, k)p(z) by T*, i.e. for any k € Z and any bounded function
g:RI =R,

| stwentway = [ o(T @)t mpfe)ds (60)
Consider the following assumption:

HS5. The nonnegative sequence (wy,) ez satisfies wy > 0 and

VA Zwkpk )dox = / Zwkp 2))Ipr ()11 (2, k)dz < 00 . (61)
O kez keZ
Consider the pdf
7z Zwkpk (62)
keZ

where ZF is the normalizing constant. This is a non-equilibrium distribution, since pr is not invariant by
T in general. Using pr as an importance distribution to obtain an unbiased estimator of [ f(z)p(x)dx is
feasible since as wy > 0, sup,co p(z)/pr(x) < Z1/we < 00, hence

/Of(x)p(x)da: = /o (f(x) ppT(ZC))> pr(z)dz .

From (60), the right hand side can be computed using the following key result.

Theorem 15. Forany f : R — R measurable bounded function, we have

| r@pis = [ 3 @)@ (©3)

where, for any x € Riandk € 7,

(@) = wepk(@) [ 3 wranpy(a) (64)

Proof. Let f : R? — R be a measurable bounded function. By (60), writing g < fp/pr,

/ f()p()dz = /o (f(:v)p/;(z))m(x)dw

wep(T" ()11 (x, k) 2de
/OkeZ< ) 27 (T" () )p( )dz .

wep(TF(2)11(z, k) _ wep(TF(2)) 11 (z, k) _ wrp—k(T) —  wy(x)
7% pr(T*(2)) Uy(2, k) Y ep wipi(TF(2)) > jez @i+kPs (%) 7
with the convention 0/0 = 0. We thus need to show that for any z € O, k € Z,

L) Y o (TH @) = BER S ).

icZ Jrx(x) jez

We now need to prove:
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Using the identity Jp—i+x () = Jp—: (T¥(2)) I (2), we obtain
(2, k)Y wipi(TH(x)) = Y Li(x, k)wip(T~ (T (2))) I s (T* () Lo (T (), —i)

€L zEZ

JTk ZILI z, k)i p(T7 % (@) I peien (2) 11(TF (2), —)
JTR Zwﬁw ()3 0= (@) (T (), —j — k) (e, )

Note that if (z, k) € I, we have (x, —5) € Tif and only if (T*(z), —j — k) € I by definition of I (58). The
proof is concluded by noting that:

11(T*(2)), —j — k)L1(x, k) = 1y(x, —j)y(x, k) .

C Iterated SIR

Let us recall the principle of the Sampling Importance Resampling method (SIR; Rubin (1987); Smith and
Gelfand (1992)) whose goal is to approximately sample from the target distribution 7 using samples drawn
from a proposal distribution p.

In SIR, a N-i.i.d. sample X'V is first generated from the proposal distribution p. A sample X* is
approximately drawn from the target 7 by choosing randomly a value in XV with probabilities proportional
to the importance weights {L(X?)}Y,, where L(x) = 7(z)/p(z). Note that the importance weights are
required to be known only up to a constant factor.

For SIR, as N — oo, the sample X * is asymptotically distributed according to 7; see Smith and Gelfand
(1992).

A subsequent algorithm is the iterated SIR (i-SIR) (Andrieu et al., 2010). Here, N is not necessarily large
(N > 2), the whole process of sampling a set of proposals, computing the importance weights, and picking
a candidate, is iterated. At the n-th step of i-SIR, the active set of IV proposals X}V and the index I,, € [N]
of the conditioning proposal are kept. First i-SIR updates the active set by setting X £"+1 = X! (keep the

conditioning proposal) and then draw independently X N\{ "} from p. Then it selects the next proposal
index I,,11 € [N] by sampling with probability proport1onal to {w(X?, )}~ . As shown in Andrieu et al.
(2010), this algorithm defines a partially collapsed Gibbs sampler (PCG) of the augmented distribution

w(ztN6) = Hp z7) H (z7)

i#i =1

The PCG sampler can be shown to be ergodic provided that p and 7 are continuous and p is positive on
the support of 7. If in addition the importance weights are bounded, the Gibbs sampler can be shown to be
uniformly geometrically ergodic (Lindsten et al., 2015; Andrieu et al., 2018). It follows that the distribution
of the conditioning proposal X = X converges to 7 as the iteration index n goes to infinity. Indeed, for
any integrable function f on R?, with (X1.n, 1) ~ 7,

N N
XI)] = f(xi)ﬁ'(:rl:N, i)dleN =N"! f(xz)ﬂ(xz)dxl = [ f(z)r(z)dz
b >/ /
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When the state space dimension d increases, designing a proposal distribution p guaranteeing proper mixing
properties becomes more and more difficult. A way to circumvent this problem is to use dependent proposals,
allowing in particular local moves around the conditioning orbit. To implement this idea, for each i € [N],
we define a proposal transition, r;(z%; "V \{%}) which defines the the conditional distribution of X 1N \{#}
given X’ = x'. The key property validating i-SIR with dependent proposals is that all one-dimensional
marginal distributions are equal to p, which requires that for each i, j € [N],

playri(at; NN ) = p(ad )y (2f; 2NV (65)
The (unconditional) joint distribution of the particles is therefore defined as
pN(xlzN) _ p(xl)rl(xl;xLN\{l}) . (66)

The resulting modification of the i-SIR algorithm is straightforward: X N\{/=} is sampled jointly from the
conditional distribution 77, (X, -) rather than independently from p.

D Additional Experiments

D.1 Normalizing constant estimation

We consider here the problem of the estimation of the normalizing constant of Cauchy mixtures. The Cauchy
distribution with scale o has a pdf defined by Cauchy(x; u, o) = [ro(1 + {(x — p)/o}?]~1. The target
distribution is a product of mixtures of two Cauchy distributions,

n

1
m@) =] 5 [Cauchy (zi; u, o) + Cauchy (zi; —p, 0)], p=50=1.

i=1

NEO-IS is compared with IS estimator using the same proposal p. We also compare NEO-IS to Neural IS
Miiller et al. (2019) with a Cauchy as base distribution.
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Figure 5: Boxplots of 500 independent estimations of the normalizing constant of the Cauchy mixture in
dimension d = 10, 15 (top, bottom). The true value is given by the red line. The figure displays the median
(solid lines), the interquartile range, and the mean (dashed lines) over the 500 runs
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Model | VAE,d =32 | VAE,d =16 | IWAE,d =32 | IWAE, d = 16
IS -90.17 -90.44 -88.76 -90.13
AIS -89.67 -89.97 -88.30 -89.61

NEO-IS -88.81 -89.17 -87.46 -88.99

Table 1: Evaluation of the log-likelihood (normalizing constant) of different Variational Auto Encoders.

Finally, we compare NEO-IS with NEIS?. We consider here MG25 in dimension 5 and 10, where all
the covariances of the Gaussian distributions are diagonal and equal to 0.0051d. NEIS and NEO-IS are
run for the same computational time. We add an IS scheme as a baseline for comparison. All algorithms
(NEO-IS, NEIS, IS) are run for 7.20s and 11.30s wall clock time respectively for d = 5 and d = 10. For
NEO-IS, we use a conformal transform with h = 0.1, K = 10 and v = 1. For NEIS, we choose v = 1
and consider a stepsize h = 10~* corresponding to an optimal trade-off between the discretization bias
inherent to NEISand its computational budget. We can observe that NEO-IS always outperforms NEIS,
which suffers from a non-negligeable bias if the stepsize h is not chosen small enough.

30 30
25 1 25 ‘
20 : ' 20
15 ‘ 15
e [
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Figure 6: NEO v. NEIS. 25 GM with o2 = 0.005, d = 5. 500 runs each.

D.2 Log-likelihood estimation

We finally present the evaluation of the log-likelihood of the VAE introduced in Section 5: given a test set
T = {z}M7, we estimate Zf‘i{ log pg~ (z;). We also estimate similarly the log-likelihood of an Importance
Weighted Auto Encoder (IWAE) Burda et al. (2016). Following Wu et al. (2016), we compare IS, AIS, and
NEO-IS. As previously, AIS, IS, and NEO-IS are given a similar computational budget, choosing here
K = 12, N = 5-103. For NEO, we choose v = 1. and h = 0.2. Similarly, the stepsize of HMC
transitions in AIS is h = 0.1 in order to achieve an acceptance ratio of around 0.6 in the HMC transitions.
We report in Table 1 the log-likelihood computed on the test set for VAE, IWAE with latent dimension in
{16, 32}. For the same computational budget, NEO-IS yields consistently better values for the estimation
of the log-likelihood of the VAE.

3The code from Rotskoff and Vanden-Eijnden (2019) we run is available at https://gitlab.com/rotskoff/
trajectory_estimators/-/tree/master.
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Figure 7: Forward orbits of NEO-MCMC.

D.3 Gibbs inpainting

We display here additional results for the Gibbs inpainting experiment presented in Section 5. We emphasize
that the starting images are chosen at random in the test set.

E NEO-VAE

Denote by py(z, ) the joint distribution of the observation z € RP and the latent variable € R?. The
marginal likelihood is given, for 2 € R? by py(z) = [ pe(x,2)dz. Given a training set D = {2},
the objective is to estimate § by maximizing the likelihood, i.e. maximizing logpg(D) = Zf\il log pe(z;)-
Variational inference (VI) provides us with a tool to simultaneously approximate the intractable posterior
po(x|z) and maximize the marginal likelihood py(D) in the parameter 6. This is achieved by introducing
a parametric family {g4(z|2),¢ € ®} to approximate the posterior pg(x|z) and maximizing the Evidence
Lower Bound (ELBO) (see Kingma and Welling (2019)) Lrrso(D, 0, ¢) = sz\il Lr1B0(2:, 0, ¢) where

= —pg(x,z) x| 2)dx
aunolz0.6) = [1og (245 gy(a | ) (67

=logpa(z) — KL(qg(- | 2)llpe(- | 2)) ,

and KL is the Kullback-Leibler divergence. In the sequel, we set p(z) = g4 (z | z) and L(z) = pg(z, 2)/qs(x |
z). In such a case, m(z) = p(x)L(z)/Z = po(z | z) and Z = pp(z) (in these notations, the dependence in
the observation z is implicit).

We follow the the auxiliary variational inference framework (AVI) provided by Agakov and Barber
(2004). We consider a joint distribution pg(z, u, z) which is such that pg(z) = [ pe(x,u,z)dzdu where
u € U is an auxiliary variable (the auxiliary variable can both have discrete and continuous components;
when u has discrete components the integrals should be replaced by a sum). Then as the usual VI approach,
we consider a parametric family {g4(x, u|2), » € ®}. Introducing auxiliary variables loses the tractability
of (67) but they allow for their own ELBO as suggested in Agakov and Barber (2004); Lawson et al. (2019)
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Figure 8: Gibbs inpainting for CelebA dataset. From top to bottom: i-SIR, HMC and NEO-MCMC: From
left to right, original image, blurred image to reconstruct, and output every 5 iterations of the Markov chain.
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by minimizing
_ _ _ Do (:L’, u, Z)
KL(Gs (- | 2)||po(- | 2)) = /q x,u|z) log () dzdu . (68)
@6l 1 2)po(- | 2) = [ doleule)log (s
The auxiliary variable v is naturally associated with the extended target 7 defined similar to Remark 2,

~

Ze

ﬁN([l'vxl:N\{i}]vi) = NZpN

(xlzN) (69)
with (z,u) = ([z, 2"V \{%}] %), a shorthand notation for a N-tuple 2" with 2 = x, and, with 7; defined
in (15),

pv (@) = p(ah)r (@t 2®N) = plal)rj(?, NI - je {1, N} (70)

An extended proposal playing the role of g, (x, u|z) is derived from the NEO MCMC sampler, i.e.

= Z‘,l’l:N\{i} ,i _ z l’l:N ) (71)
pn (| J,7) NZzLNpN( )

where Zwmz is the NEO estimator (4) of the normalizing constant. Note that, by construction,

ZﬁN(Il:N7i) — pN(I,lzN) (72)

showing that this joint proposal can be sampled by drawing the proposals 2N ~ py, then sampling the
path index i € [IN] with probability proportional to (Z,: )Y ; (with Z,, defined in (4)). The ratio of (69) over
(1) is

7 (N0 /oy (@ i) = Zpw [ Z (73)
Thus, we write the augmented ELBO (68)

LNEO = /pN(.Tl:N) log /Z\mLNdIl:N =log Z — KL(ﬁN|er) , (74)

where we have used (72) and that the ratio 7 n (2", 4) /pn (2" i) does not depend on the path index i.
When @), = &, o, where d; ; is the Kronecker symbol, and py (z1'V) = HN:1 p(z7), we exactly retrieve the
Importance Weighted AutoEncoder IWAE); see e.g. Burda et al. (2016) and in particular the interpretation
in Cremer et al. (2017).

Choosing the conformal Hamiltonian introduced in Section 2 allows for a family of invertible flows that
depends on the parameter § which itself is directly linked to the target distribution. Table 2 displays the
estimated NLL of all models provided by IS and the NEO method. It is interesting to note here again that
NEO improves the training of the VAE when the dimension of the latent space is small to moderate.
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Table 2: Negative Log Likelihood estimates for VAE models for different latent space dimensions.

d=4 d=38 d=16 d =50
model IS NEO IS NEO IS NEO IS NEO
VAE 115.01 | 113.49 || 97.96 | 97.64 || 90.52 | 90.42 || 88.22 | 88.36

IWAE, N =5 113.33 | 111.83 || 97.19 | 96.61 || 89.34 | 89.05 || 87.49 | 87.27
IWAE, N = 30 111.92 | 110.36 || 96.81 | 95.94 || 88.99 | 88.64 || 86.97 | 86.93
NEO VAE, K =3 | 109.14 | 107.47 || 94.50 | 94.26 || 89.03 | 88.92 || 88.14 | 88.16
NEO VAE, K =10 | 110.02 | 107.90 || 94.63 | 94.22 || 89.71 | 88.68 || 88.25 | 86.95
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