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ABSTRACT Sampling technique is one of the asymptotically unbiased estimation approaches for inference
in Bayesian probabilistic models. Markov chain Monte Carlo (MCMC) is a kind of sampling methods, which
is widely used in the inference of complex probabilistic models. However, current MCMC methods can incur
high autocorrelation of samples, which means that the samples generated by MCMC samplers are far from
independent. In this paper, we propose the neural networks Langevin Monte Carlo (NNLMC) which makes
full use of the flexibility of neural networks and the high efficiency of the Langevin dynamics sampling to
construct a new MCMC sampling method. We propose the new update function to generate samples and
employ appropriate loss functions to improve the performance of NNLMC during the process of sampling.
We evaluate our method on a large diversity of challenging distributions and real datasets. Our results show
that NNLMC is able to sample from the target distribution with low autocorrelation and rapid convergence,

and outperforms the state-of-the-art MCMC samplers.

INDEX TERMS Hamiltonian dynamics, Langevin dynamics, Markov chain Monte Carlo, neural networks.

I. INTRODUCTION
In Bayesian machine learning, the inference of the complex
probabilistic models generally needs the evaluation of the
intractable integrals, which is challenging. Markov chain
Monte Carlo (MCMC) [10] is a widely used approximation
method for Bayesian probabilistic models [3]-[6]. MCMC
methods construct the Markov chain in terms of the target
distribution and iteratively sample from the Markov chain.
If the number of samples is large enough, we can obtain the
asymptotically unbiased estimation of the target distribution.
Recently, MCMC methods based on dynamics are widely
used in Bayesian machine learning [18]-[24], and signal
processing [1], [2]. Metropolis adjusted Langevin algorithm
(MALA) [11] constructs the Markov chain through Langevin
dynamics. Compared with the random-walk proposals [17],
MALA sampler explores the state space more efficiently
because it exploits the gradient information of the target
distribution. Hamiltonian Monte Carlo (HMC) [24] utilizes
Hamiltonian dynamics to construct the Markov chain. Com-
pared with MALA, HMC introduces a momentum vari-
able to adjust the range of exploration. Besides, HMC has
various attractive properties. Since the total energy of the
Hamiltonian system remains unchanged and the gradient
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information of the target distribution is utilized, HMC sam-
pler has a high acceptance rate with rapid convergence. Mag-
netic Hamiltonian Monte Carlo (MHMC) [9] further adjusts
the range of the exploration through the magnetic field, which
reduces the autocorrelation of the samples and enhances the
convergence speed. MCMC methods based on dynamics have
multiple advantages, but when it comes to some challenging
distributions, these methods tend to have poor performance
because the neighbor samples can be very close, which results
in high autocorrelation.

To improve the performance of the dynamics based
MCMC methods, we design a new sampler, which is called
neural networks Langevin Monte Carlo (NNLMC). The sam-
ples generated from NNLMC have low autocorrelation with
rapid convergence. NNLMC takes advantage of the neural
networks to adjust the range of exploration of the sampler.
We design appropriate loss functions to train the sampler.
The pure dynamics based MCMC methods only consider
about the gradient information of the target distribution, while
NNLMC not only uses the gradient information of the target
distribution but also learns to improve the performance of the
sampler during the process of sampling.

The contributions of this paper are summarized as follows.
1) We introduce the neural networks to Langevin dynamics
to construct a novel Markov chain Monte Carlo sampler.
The use of neural networks makes the sampler generate the
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samples more flexible. 2) During the process of sampling,
NNLMC is able to learn from the history information of the
samples to generate new samples. 3) We design appropriate
loss functions to train the sampler and further improve the
performance of the sampler. 4) Experiments over challenging
distributions and real datasets are conducted to estimate the
performance of the proposed method. We first compare our
method with MALA, HMC, and MHMC [9], [11], [24] on
six challenging distributions in terms of the autocorrelation
of the samples, maximum mean discrepancy (MMD) [26],
the effective sample size (ESS) [24], and time consump-
tion. We then sample from the posterior distributions of real
datasets using Bayesian logistic regression to evaluate the
performance of the samplers. The final results demonstrate
that NNLMC is able to converge to the target distribution
rapidly and generate more independent samples.

The rest of this article is organized as follows. In Section II,
we introduce the related work which consists of Metropolis
adjusted Langevin algorithm, Hamiltonian Monte Carlo, and
magnetic Hamiltonian Monte Carlo. In Section III, we intro-
duce our neural networks Langevin Monte Carlo and describe
how to train this MCMC sampler. Experiments on sampling
from various challenging distributions and posterior distribu-
tion of real datasets are given in Section IV. In Section V,
we give a conclusion and discuss future work.

Il. RELATED WORK
In this section we introduce the related dynamics based
MCMC samplers which include MALA, HMC and MHMC.

A. METROPOLIS ADJUSTED LANGEVIN ALGORITHM
Metropolis adjusted Langevin algorithm (MALA) [11] is a
popular MCMC sampler which aims to sample from the
target distribution efficiently. Compared with the Metropolis-
Hasting algorithm, MALA takes advantage of the gradi-
ent information to construct the Markov chain, while the
Metropolis-Hasting algorithm proposes the new state through
a random walk [17], which significantly reduces the effi-
ciency of sampling.

The main idea of MALA is to use Langevin dynamics to
construct the Markov chain. Langevin dynamics is a kind
of stochastic process and it can be written as the stochastic
differential equation (SDE) [13] which takes the form as:

1
d6 = = Volnr (6)ds + dW. (1)

where 7 represents the probability density function, 6 repre-
sents the random variable that is sampled, ¢ represents the
time, and W is a Wiener process. Since solving this SDE
is very difficult, a first-order Euler-Maruyama discretization
[15] is used to provide an approximate solution to the SDE,
and the solution can be written as:
2
Or+1 =0 + 5 Vol (0;) + € - 2, 2)

where e is the step size of discretization and z; ~ N (%0, I).
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In order to satisfy the detailed balance [10] to make the
MCMC converge to the target distribution, the Metropolis-
Hasting procedure [12] is utilized. The transformation prob-
ability of MALA can be written as:

T(©'16,) = N©' |, €* - 1),
T(6410") = N (Ol 1(8), €% - ),
2

€
ﬂ(en) =0y + ? : Vg]llﬂ,’(@n),

2
€
w®) =6+ 5 Volnm (0), 3)

where T'(6'|6,) and T(6,|0") are transformation probability,
0, is the last sample and 0’ is the new sample generated
through (2). The final acceptance rate of MALA takes the
form as:

R [1 (09T (0 |9n)i| _ @)

" (60T (616"

MALA takes advantage of the gradient information of the
target distribution to construct an efficient Markov chain,
which makes the sampler converge to the target distribution
rapidly. However, the first-order Euler-Maruyama discretiza-
tion makes the samples remain in high correlation, which
means that the samples are far from independent.

B. HAMILTONIAN MONTE CARLO

Hamiltonian Monte Carlo (HMC) is one of the most popu-
lar MCMC algorithm [17], [24]. HMC utilizes Hamiltonian
dynamics to construct the sampler. Compared with MALA,
HMC introduces a momentum variable p to control the scope
of exploring the state space. For the Hamiltonian dynamics
system, we describe the total energy through the following
equation:

H©.p) =U(®) +K(p). &)

where 6 is the position variable that needs to be sampled,
p is the auxiliary momentum variable, U(0) is the potential
energy at position 6, and K (p) is the kinetic energy. H(0, p)
is the total energy of the Hamiltonian dynamics system. The
Hamiltonian equations can be written as:

d9 _ dH(p.6) _
@ e VoK (P),

dp  dH(p.O)

=g = VaU@). ©6)

Generally, solving the differential equations in (6) is very
difficult. In practice, a discretization method called leapfrog
[25] is used to simulate the Hamiltonian dynamics, which
takes the form as:

€
Pr+§ = Pt — 5 - VoU(6y),

Orre = 0; +€- VpK(pt+%)v
€
Prie =Pr+§ ~ 5 Vo (0r1¢), @)
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Algorithm 1 Hamiltonian Monte Carlo [24]
Input: step size €, leapfrog size L, initial point 81, sample
number N.

Output: samples 6.
forn =1to N do
p™ ~ N (O, 1)
(60, po) = (6™, p™)
po=po—5 - VeU(60)
6o = 6o + € - VpK(po)
fori=1to L do
pi =pi-1 — € - VoU(6i-1)
0;i =0i—1 +¢€- V,K(pi)
end for
pL=pL—5-VeU(®L)
©'.p")=Or.pL)
u ~ Uniform[O0, 1] ) )
_ . H(e n— 7P n— )
o = min [1, exp (—H(e,’p/) )]
if « > u then
OD, prthy = (0’ p)
else
OO+ plrthy — (g p)y
end if
end for

where € represents the step size, p; and 6; represent the
momentum and position at time ¢, respectively. Since the pro-
cess of discretization introduces some errors, the Metropolis-
Hasting procedure is used to adjust the acceptance rate of the
sampler, which takes the form as:

Suppose the target distribution is m(6). The potential
energy function can be written as:

U@®) x —Inz(8). ©)

HMC introduces momentum variable p, and it samples from
the joint distribution 7 (0, p) o exp [—H (6, p)]. Through (7),
the new state (0, p’) is generated. Since exp [-H(#, p)] =
exp [—U(0)] - exp [—K (p)], position variable § and momen-
tum variable p are independent, so HMC can alternatively
sample 0 and p. Alg. 1 demonstrates the main idea of HMC.

C. MAGNETIC HAMILTONIAN MONTE CARLO

Magnetic Hamiltonian Monte Carlo (MHMC) [9] exploits
the non-canonical Hamiltonian dynamics to construct the
MCMC sampler. Different from HMC, MHMC adds a mag-
netic field to the Hamiltonian dynamics.

We can imagine the magnetic energy as a kind of potential
energy. To make the concept of magnetic concrete, we sup-
pose that there is a charged particle in the magnetic field. If a
particle is not charged, then only gravity acts on the particle.
If the particle is charged, the magnetic force may act on the
particle. Furthermore, the value of force may change along
with the change of the value of the momentum. The larger
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the momentum is, the larger the magnetic force will act on
the particle. Moreover, the direction of the force is always
perpendicular to the direction of motion.

MHMC can be viewed as a special case of HMC. When the
direction of the magnetic field is the same with the direction
of the motion of the particle, MHMC sampler degenerates to
the HMC sampler. The magnetic Hamiltonian equations are
formulated as follows:

o _
dr p,

d

d_lt) = —VU®) + Gp. (10)

where G represents the magnetic filed, M is the mass matrix
and the update equations are defined as:

641 = 0, + G N exp(G - €) — Dpy,
Pi+1 = exp(G - €)p;. (11)

With the help of the magnetic field, the charged particle can
explore its state space more efficiently. MHMC sampler may
reduce the autocorrelation rate of the samples, which makes
the samples more independent. Since MHMC has significant
performance, in the experiment part, we compare our method
with it.

IIl. NEURAL NETWORKS LANGEVIN MONTE CARLO
MALA iteratively samples from the target distribution
through the Markov chain defined on the Langevin dynamics.
However, MALA makes the samples remain highly auto-
correlated, which makes the samples far from independent.
In order to sample from the target distribution indepen-
dently and rapidly, we propose neural networks Langevin
Monte Carlo (NNLMC), which adjust the Langevin dynam-
ics through neural networks to obtain samples, instead of
obtaining samples using (2). In this section, we introduce the
NNLMC in detail, then we propose appropriate loss functions
to train and optimize the sampler.

Although HMC is an efficient sampler, utilizing neural net-
works to improve HMC sampler is difficult, because the intro-
duction of the neural networks breaks the detailed balance.
In other words, the transformation probabilities T'(x"|x) and
T(x|x") in HMC sampler are the same. However, the intro-
duction of the neural networks makes the transformation
probabilities different, where x is the last sample and x’ is
the new sample. Although we can adjust the acceptance prob-
ability by Metropolis-Hasting procedure, the transformation
probability is difficult to calculate. In MALA, the transforma-
tion probability is designed as a Gaussian distribution, which
provides us a chance to design the model on it.

Assume that 7 (x) represents the target distribution, U (x) =
—Inm(x) is the potential energy function, and VU (x) rep-
resents the gradient of the potential energy function. x is
the variable that needs to be sampled. The architecture of
NNLMC is demonstrated in Figure (1(a)). NNLMC computes
a mapping from the input x,_; and V,U(x,—1) to the output
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(b) The structure of the neural networks of NNLMC

FIGURE 1. The architecture of the NNLMC.

x,, by using the following equations:

my—1 = f(xp—1, VicU(xn—l))
€
= Xn—1 — ? -V Ulxp—1),

an—1 o([xp—1, Vi Uxp—1)D),
Cin—l = myu—1 O ap-1,

in—1 = s([xp—1, Vi U(x4—1)D),
Mn—1 = Cp—1 + ip—1,

Xp = Un—1+ € - Zn,

(12)

where “®” is the element-wise product of the vectors, € is the
step size of the discretization, and z;, is the standard Gaussian
distribution. o(x) = y, = W Relu(W[x) and s(x) =
Vs = W2T Relu(WsTx) are the neural networks parameterized
by Wi, W,, Ws, and Wy, respectively, where y is the output
of the neural networks and we use the Relu as the active
function. We do not use the active function at the output
layer. The structure of the neural networks is demonstrated
in Figure (1(b)). We concatenate x,_; and V,U(x,—1), and
take [x,—1, VxU(x;—1)] as the input of the neural networks.
Assume that x,,_1 is a m-D vector, then [x,_1, V., U(x,—1)] is
a2m-D vector. Through the above neural networks, we obtain
a,—1 and i, which are m-D vectors.

It is noted that (12) can be divided into four main parts.
In the first part, we exploit the gradient information directly
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to obtain the proposal state m,,_1. In the second part, we adjust
the proposal state through the neural networks a,_1, and then
we obtain c¢,_1. In the third part, we additional add i,—; to
provide more flexibility for the proposal state, which can
be viewed as the bias. Finally, we add the Gaussian term to
obtain the proposal sample. Compared with MALA, the pro-
posed method exploits neural networks to add the flexibility
of generating samples.

We then talk about how to accept the proposal samples.
Since we take advantages of the framework of Langevin
dynamics, we can utilize the Metropolis-Hasting procedure to
maintain the detailed balance, which ensures that the samples
can finally converge to the target distribution. So the transfor-
mation function of NNLMC can also be viewed as a Gaussian
distribution, and the mean of this transformation function can
be written as follows:

2

() = (xn - % : va(x,a) © 0 ([, Vo U)])
+s ([xnv Vx U(xn)]) . (13)

The variance of this transformation function is €2. Finally,
the transformation probability can be defined as:
TGl =N (¥l € 1), (14)
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where x’ is the new sample generated through (12) and the
acceptance rate o takes the form as:

) [ n(x/)T(xnIx’)}
o =min|l, —
7 ()T (x7|6)

_ min | . FOONCalpe), € - D) 15)
- "N (), €24 1) |

We take (15) as the acceptance rate to accept the samples so
that we can ensure that the samples are able to converge to
the target distribution.

In order to improve the performance of NNLMC sampler
to have lower autocorrelation, rapid convergence, and higher
acceptance rate during the process of sampling, we next
discuss loss functions used in NNLMC.

A. LOSS FUNCTION OF THE TRAINING PROCEDURE
We design two loss functions to train the parameters of W,
and W;.

The first loss function is defined as:

(@) =exp (= |I¥ —x|1), (16)

where ||x’ - xn‘ | = \/(x/ —xp) | (x' —x,) and w represents
the parameters of W, and W;. Our purpose is to maximize
the distance between x’ and x, to reduce the autocorrela-
tion among samples. Although we can directly minimizing
— ||x’ —xn| | to enlarge the distance between x’ and x,,
we find it difficult to optimize. With the enhancement of the
distance, this loss function will dominate the optimization
direction, which will lead to the unexpected results.
The second loss function is defined as:

w(x)
n(xn)) . (17)

We wish to use (17) to raise the acceptance rate of the
samples. The final loss function takes the form as:

hh(w) = exp <—

L(w) = wi - [i(@) + w2 - h(w), (18)

where wy and w» are two weight parameters and wi +wy = 1.

B. THE COMPLETE ALGORITHM

We then elaborately introduce the details of the procedure of
training the NNLMC sampler on a batch of samples. Assume
that 7 represents the target distribution, K10 = {x{ li €

[1, b]} represents the initial samples and x,(qlz ) represents the
samples at time n, where b represents the batch size. Provided
that we have obtained x(1 b) , then new samples x(1 b can be
calculated through (12) Wthh takes the form as:

x;l:b) _ ( (1:b) Y, U( (1: b)))
oo (I:xﬁz]:b)’ V.U (x,gl:b))])

5 ([62, VU (59)]) + €21 (19)
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We then calculate the transformation probability
T ( (L: h)|x(1 h)) and T ( = b)|x(1 b)) which take the form as:

T (xﬁlzb)lx(”’)> = N( & b)lu( & b)> 2 '1(”’)>,
T( (1: b)|x(1 b)) N( (1: b)m( (1: b)) _I(lzb))’ (20)

where pu(x$"?) and pu(x!"?) can be calculated through (13).
After calculating the transformation probability, we can get
the acceptance rate as follows:

- (xglzb)) N (xglzb)lu (xgll:b)) &2 ~I(1:h)>
- (xfllzb)) N (x,gl:b)lu (xglzb)) 2 ,1(1:19))

2

a(l:b)

=min | 1

For each sample x(l) in x§ b) , we accept the sample through

the acceptance rate a”, wh1ch can be written as:

@ .
1fx is accepted, i € [1, b] 22)

= xn' if x, is not accepted, i € [1, b].

After accepting these samples, we further improve the per-
formance of NNLMC sampler by optimizing the parameters
W, and W;. Since a batch of the samples is used, the loss
functions take the form as:

@ (1)

b
1 .
h(@) = exp (‘B Do lx ) :
i=1

t n

bh(w) =exp| ——

bIHT((l)) ’

L(w) = wi - [j(@) + w2 - h(w). (23)

Finally, we minimize the loss function through gradient
descent, which can be written as:
BL(a))
w=w—-—y—- 24)
w
where y represents the learning rate. The complete algorithm
is given in Alg. 2.

IV. EXPERIMENTS

In this section, we show the performance of NNLMC.
We conduct the experiments on six distributions which con-
sist of ring distribution (RING), the strongly correlated Gaus-
sian (SCG), the ill-conditioned Gaussian (ICG), the mixtures
of Gaussian (MOG), the rough well (RW), and the Gaussian
funnel (GF). We compare NNLMC with HMC, MALA, and
MHMC on autocorrelation, the maximum mean discrepancy,
effective sample size, and time consumption. Next, we con-
duct the experiments on six real datasets using Bayesian
logistic regression. We sample from the posterior distribu-
tions and compare our methods with logistic regression (LR),
variational Bayesian logistic regression (VBLR), HMC and
MALA on some performance indexes.
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Algorithm 2 Neural Networks Langevin Monte Carlo

Input: target probability density function 7, step size ¢,
learning rate y, optimization steps L, sample number N,
batch size b, initial batch samples x(lu’), energy function
U(-), gradient of energy function VU ().
Output: samples xy.y.
Initializing the parameters w = (W, W;) of the neural
networks.
forn=1to N do

for iter = 1to L do

Obtaining the proposal samples xﬁle) through (19).

(1:b) (1:b)

Calculating (x,, ) and u (xt through (13).

Calculating T (xﬁ”’) |x;1:b)> and T (xﬁl]:b) |x§]:b))
through (20).
Obtaining the acceptance rate ") through (21).
Calculating loss function L(w) through (23).
w=w—yV,L(w)
end for
u1®) ~ Uniform[0, 1]
fori=1tobdo
if a® > 4 then
20 =5
else _
x;(zlJ)rl =x7
end if
end for
end for

The whole experiments are conducted on a server with
eight GPUs. Batch size is set to be 3000, the hidden layers
of the neural networks are set to be [512,512,512]. The
activation functions are set to be ReLU. The learning rate of
NNLMC is set to be 1e-5. wy and w» are both set to be 0.5 in
all experiments.

A. PERFORMANCE INDEXES
First, we introduce the performance indexes.

Effective sample size (ESS) [24] is a common method to
measure the variance of the MCMC samplers, which takes
the form as:

M
ess=N/(1+2x Y p(s). (25)

s=1

where ess represents the effective sample size, p(-) is the
autocorrelation function, s represents the step size of auto-
correlation, N is the number of the samples, and M is the
maximum step size of autocorrelation. Since our method
almost has no autocorrelation after 30 steps, we set M = 30.

Autocorrelation is widely used to measure the correla-
tion between a series of samples. Assume that X represents
a series of samples, and ¢ represents the position of the
sample and t+ € (I,N — s), where N is the number of
samples and s represents the step size of autocorrelation.
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TABLE 1. Six distributions and their acronyms.

DISTRIBUTIONS ACRONYM
RING-SHAPED DISTRIBUTION RING
MIXTURES OF GAUSSIAN MOG
2-D STRONGLY CORRELATED GAUSSIAN SCG
ILL-CONDITIONED GAUSSIAN 1CG
ROUGH WELL RW
GAUSSIAN FUNNEL GF

The autocorrelation function p(-) can be written as:

B[ — ) Xgs — )]
_ ’ ,

p(s)

(26)

o
where function E(-) is the mathematical expectation operator,
w = E[X]and 62 = E[(X — u)?]. Autocorrelation is one of
the most effective ways to measure the correlation between
samples. The lower the autocorrelation of the samples is,
the more independent the samples will be. Kullback-Leibler
divergence is used to calculate the difference between two
distributions represented as the function, while Maximum
mean discrepancy (MMD) [26] is commonly used to measure
the discrepancy between two distributions represented as a
series of samples. The lower the value of MMD is, the closer
the two distribution will be. We assume that X represents
the samples generated from the sampler and Y represents
samples generated from the actual distribution. M and N
are the number of samples for X and Y, respectively. The
definition of MMD takes the form as:

1 M 2 M,N
R*[X,Y] = 7 D k(xix) — T 2 K& Y))
ij=1 ij=1
1 N
tyz 2 <G ), 27
ij=1

where « (-, -) is the kernel function which takes the form as:

K(X, y) = (1.0+XTy)2. (28)

In our experiments, we utilize MMD to measure the converge
speed of the samplers.

B. VARIETIES OF CHALLENGING DISTRIBUTIONS

In this section, we compare NNLMC with MALA, HMC,
and MHMC on six distributions in terms of autocorrelation,
MMD, ESS, and time consumption. For RING, ICG, MOG,
and SCG, we set step size of NNLMC ¢, = 0.8. For GF,
we set step size €, = 1.0. For RW, we set step size €, = 0.8.
We set optimization length L = 2 for NNLMC. For HMC
and MHMC, we set € = ;7" where If represents the leapfrog
length. We set If = 40 in the experiments. The initial samples
are all sampled from the standard normal distribution. For
all methods, we sample 20000 samples with 10000 burn-in
samples. The distributions are introduced below.

VOLUME 8, 2020
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—$- MHMC
3,
g
z 2

Samples x1000

FIGURE 2. The performance of NNLMC, HMC, MALA, and MHMC on
Gaussian funnel. The upper figure demonstrates the relationship between
autocorrelation and lag (the interval between samples). The bottom
figure shows the relationship between MMD and the number of samples.

The energy function of the ring-shaped distribution can be
written as:

(Jxi+x3 -2
Ux)= ——. 29
« 0.32 9
We sample from a 2-D ill-conditioned Gaussian whose diag-
onal covariance is set to be 10.05 and 0.105. We sample from
a 2-D strongly correlated Gaussian (which is similar to the
case in [24]) whose covariance matrix is as follows:

5.05 —4.95
2= [—4.95 5.05 ] 30)

We sample from the Rough well (which is similar to the case
in [8]) whose energy function takes the form as:

1 Xi
Ux) = ExTx +1 Xi:cos(;), (1)

where we set 7 = 1072, We sample from the Gaussian funnel
whose energy function can be defined as:

_ 1 X1 2 x22
Ux) = 3 ((;) + xp(r1) + In 27 ~exp(x1))) , (32)
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FIGURE 3. The performance of NNLMC, HMC, MALA, and MHMC on
mixtures of Gaussian. The upper figure demonstrates the relationship
between autocorrelation and lag (the interval between samples). The
bottom figure shows the relationship between MMD and the number of
samples.

where we set 0 = 1.0. We sample from the mixtures of
Gaussian whose probability density function takes the form
as:

1 1
n(x):5N(x|u,1)+zj\/'(x|—u,l), (33)

where u = [—1.0, 1.0]. The distributions and their acronyms
are showed in Table. 1.

Fig. 2 and Fig. 3 illustrate the performance on Gaussian
funnel and mixtures of Gaussian, respectively, which show
that the samples generated from NNLMC sampler have
lower autocorrelation and more rapid convergence than other
methods.

As Fig. 4, Fig. 5 and Fig. 6 illustrate, in ICG, SCG and
RING distributions, the autocorrelation of samples generated
from NNLMC is significantly lower than other methods, and
NNLMC is able to converge to the target distribution rapidly,
which suggests that the proposed loss functions do make the
neural networks adjust the sampler, and thus the performance
of the sampler is significantly improved.

In rough well, we find that HMC, MALA, and MHMC
still have high autocorrelation after 30-step autocorrelation,
while NNLMC has much lower autocorrelation. However,
NNLMC has large fluctuation. We further inquire the reason
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FIGURE 4. The performance of NNLMC, HMC, MALA, and MHMC on
ill-conditioned Gaussian. The upper figure demonstrates the relationship
between autocorrelation and lag (the interval between samples). The
bottom figure shows the relationship between MMD and the number of
samples.

TABLE 2. The effective sample size (ESS) of HMC, MALA, MHMC and
NNLMC on six distributions.

DATA HMC MALA  MHMC NNLMC
RING 24048 210.98 261.27 3592.46
MOG 804.69 540.71 556.57 4231.47
SCG 307.46  189.84 252.23 2878.76
1CG 177.18  190.85 250.10 2429.14
RW 166.60  173.25 176.66 5478.01
GF 367.64 1079.88 1376.07 1897.74

why the autocorrelation of NNLMC has such fluctuation.
It is noted that the neighbour samples have large distance.
For example, we have sampled 5 samples a, b, c, d, e, where
(a, b), (b, ¢),(c,d),and (d, e) have long distance, while (a, ¢),
(c, e), and (b, d) have close distance. It is the loss function
l1(w) defined in (23) that causes this phenomenon. The final
result is demonstrated in Fig. 7. Although NNLMC has large
fluctuation in autocorrelation on rough well, the result is com-
petitive, for the autocorrelation of NNLMC declines much
more fast than other methods.

Although in some distributions, NNLMC has large fluc-
tuation on autocorrelation, alternate positive correlation and
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FIGURE 5. The performance of NNLMC, HMC, MALA, and MHMC on
strongly correlated Gaussian. The upper figure demonstrates the
relationship between autocorrelation and lag (the interval between
samples). The bottom figure shows the relationship between MMD and
the number of samples.

TABLE 3. The time consumption (seconds) of HMC, MALA, MHMC and
NNLMC on six distributions.

DataA  HMC MALA MHMC NNLMC
RING 286 32 343 296
MOG 384 45 449 461
SCG 382 29 462 297
ICG 2717 24 322 289
RW 291 33 343 296
GF 617 65 715 463

negative correlation imply that NNLMC has excellent perfor-
mance in ESS, and the final result is demonstrated in Table. 2.
It is noted that compared with other methods, NNLMC has
better performance on ESS, which demonstrates the effec-
tiveness of the training procedure. The time consumption of
HMC, MALA, MHMC, and NNLMC is shown in Table. 3.
It is noted that MALA has the lowest computational cost,
and leapfrog length makes HMC and MHMC slower than
MALA. Although the computational cost of NNLMC is much
higher than that of MALA due to the optimization of the
parameters during the process of sampling, it is competitive
with HMC and MHMC, for it achieves better performance in
autocorrelation and MMD but not consume extra time.
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FIGURE 6. The performance of NNLMC, HMC, MALA, and MHMC on the
ring distribution. The upper figure demonstrates the relationship between
autocorrelation and lag (the interval between samples). The bottom
figure shows the relationship between MMD and the number of samples.

In order to further explore the effect in the autocorrelation
of changing wy and wy, we conduct an experiment on MOG
with different values of wq and wy. The result is demonstrated
in Fig. 8.

C. BAYESIAN LOGISTIC REGRESSION

Logistic regression (LR) [14] can be defined as a conditional
distribution p(Y'|X) which is parameterized by the logistic
distribution. The goal of LR is to maximize the likelihood
function. After obtaining the parameters of p(Y|X), we can
calculate the label of the data. Bayesian logistic regression
[27] (BLR) is a also classification model. For the two-class
classification problem, BLR can be defined as a posterior
distribution p(w|t) o p(¢t|w)p(w), where p(t|w) = ]_[2’: 11—
yn]l_’", p(w) is the prior distribution of the parameters w,
t = (1, ..., tN)T is the label of data, and y, is the predicted
value. The goal of BLR is to calculate the predicted value
under the expectation of the posterior distribution to predict
the label of the data, which takes the form as:

/ o (W pWINAW = Epplow 01, (34)

where o () is the logistic function. Evaluating this expectation
is intractable, for the normalization term in the posterior
distribution is unknown. In order to calculate this expectation,

VOLUME 8, 2020

1.001 WM
F EEEE
0.75 1
0.50
=
o
S 0.25
©
o
5 0.001
1%
8
<:(: —0.25
-0.50 1
-0.75 1
-1.00 4,
0 5 10 15 20 25 30
Lag
12 4
T -F- HMC
104 —~ NNLMC
—:- MALA
—&- MHMC
8 —
o 671
=
s

Samples x1000

FIGURE 7. The performance of NNLMC, HMC, MALA, and MHMC on rough
well. The upper figure demonstrates the relationship between
autocorrelation and lag (the interval between samples). The bottom
figure shows the relationship between MMD and the number of samples.
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FIGURE 8. The Autocorrelation of NNLMC with different values of w; and
wy.

variational Bayesian logistic regression [29] (VBLR) utilizes
the variational distribution to approximate the posterior distri-
bution to calculate the integral. In our experiment, we directly
sample from the posterior distribution p(w|t) and evaluate the
integral through Monte Carlo methods, which can be written
as:

N

1
Epwinlo(w'x)] = N Z

i=1,wi~p(w|r)

o (w] x). (35)
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TABLE 4. Classification accuracy of VBLR, LR, HMC, MALA, and NNLMC.

DATA LR VBLR HMC MALA NNLMC
HaA 69.3+0.2 69.3+0.1 69.3+0.2 70.16 £0.2 69.74+0.6
P1 76.6+£0.2 76.2+0.1 76.6+0.1 76.21+0.2 74.1+0.6
Ma 82.54+0.3 83.1+0.1 83.1£0.1 80.0+0.5 84.6+0.7
HE 75.940.2 75.94£0.2 75.940.2 69.4+1.2 78.31+2.0
GE 71.5£0.1  71.5£0.1 72.5+£0.2 63.174+1.8 70.0+1.3
Au 86.9+0.2 87.6+0.2 87.6+0.2 87.3£1.0 87.7+1.0
TABLE 5. Area under the receiver operating characteristic curve of VBLR, LR, HMC, MALA and NNLMC.
DATA LR VBLR HMC MALA NNLMC
HA 62.740.1 63.2+0.1 63.0+0.2 63.1£0.2 63.5+0.1
P1 79.240.2 79.3+£0.1 79.3+£0.1 80.1+£0.3 80.4+0.6
MA 89.9+0.1 89.840.1 89.8+0.1 86.9+0.4 90.3+0.3
HE 80.1+0.2 81.3+0.2 82.2+0.3 79.1+0.6 87.3+0.3
GE 74.74£0.2 75.5+£0.2 76.740.3 65.84£0.7 77.4+1.1
AU 92.5+0.2 93.9+£0.2 93.940.3 92.9+0.6 94.0+0.6

TABLE 6. The mean value of effective sample size of each dimension for
HMC, MALA, and NNLMC.

DATA HMC MALA  NNLMC
HA 107.69  1149.43  1738.59
P1 73.08 354.62 882.38
HE 1093.10 177.80 1600.42
MA 670.72 290.95 301.20
GE 7.19 9.67 355.76
AU 220.60 17.92 284.95

Utilizing (35), we can calculate the label of the data. We use
the performance of classification to evaluate the quality of the
samples.

We sample from the posterior distributions on six real-
world datasets from UCI repository [16]: Pima Indian (P1),
Haberman (Ha), Immunotherapy (Im), Heart (He), German
(Ge) and Australian (Au). To improve the stability of the
model, we normalize all datasets to have zero mean value and
unit variance. In all datasets, we set a standard normal distri-
bution N0, ) as the prior distribution for the parameters.
In each experiment, we sample 8000 samples and repeatedly
conduct the experiments ten times to calculate the mean value
and the standard deviation for each performance index. In this
experiment, we have not compared the proposed method with
MHMC, because the magnetic parameter G of MHMC is
difficult to set [9] when the dimension of the variable is large.

Table 4 shows the classification accuracy, and Table 5
shows the area under the receiver operating characteristic
curve (AUC) [28]. The results demonstrate that NNLMC
obtains better performance than LR, VBLR, and similar
performance to HMC on classification accuracy. Besides,
NNLMC achieves the best performance on AUC. All these
performance indexes demonstrate that NNLMC can sample
from the posterior distribution accurately. Finally, we utilize
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the mean ESS of each dimension to further measure the
quality of the samples generated from MALA, HMC, and
NNLMC. As Table 6 suggests, NNLMC has better perfor-
mance than HMC and MALA in ESS.

V. CONCLUSION

In this study, we propose a new sampler called neural
Langevin Monte Carlo, which takes advantage of the flexi-
bility of neural networks to construct an effective sampler.
The appropriate loss functions are designed to train and
improve the performance of the proposed sampler. NNLMC
is able to generate samples with low autocorrelation and rapid
convergence especially for the challenging distributions. The
experiments results in various distributions, and real datasets
show that our method can provide superior performance com-
pared with pure dynamics based MCMC methods. We plan
to introduce reinforcement learning to our model to obtain
further improvement for future work.
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