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are usually high-dimensional and defined on an unbounded domain, which limits the
application of traditional grid based numerical methods. With the Knothe-Rosenblatt
rearrangement, our newly proposed flow-based generative model, called KRnet, provides

Keywords: a family of probability density functions to serve as effective solution candidates for
Density estimation the Fokker-Planck equations, which has a weaker dependence on dimensionality than
Flow-based generative models traditional computational approaches and can efficiently estimate general high-dimensional
Fokker-Planck equations density functions. To obtain effective stochastic collocation points for the approximation
Deep learning of the F-P equation, we develop an adaptive sampling procedure, where samples are

generated iteratively using the approximate density function at each iteration. We present
a general framework of ADDA-KR, validate its accuracy and demonstrate its efficiency with
numerical experiments.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

During the past few decades there has been a rapid development in numerical methods for Fokker-Planck equations. This
explosion in interest has been driven by the need of assessing time evolution of probability density functions in randomly
perturbed dynamical systems, which are widely used in physical and biological modeling [1-3]. It is known that there exist
two main challenges for efficiently solving the Fokker-Planck equations: the spatial variable can be high-dimensional, which
causes difficulties in applying grid based numerical methods, e.g. finite element methods [4,5]; the original spatial domain is
typically unbounded, and it is challenging to derive a well-posed boundary condition for a bounded computational domain.
To alleviate these difficulties, new numerical methods based on deep learning currently gain a lot of attention [6,7], and
this paper is devoted to deep learning for the Fokker-Planck equations.

Deep learning methods for partial differential equations (PDEs) are under active development. In [8,9], a deep Ritz
method is proposed based on variational methods. In [10-13], physics-informed neural networks are developed through
infusing PDEs into networks as a constraint. A deep Galerkin method is proposed in [14]. Bayesian deep convolutional
encoder-decoder networks for PDEs with high-dimensional random inputs are developed in [15,16]. Deep learning strate-
gies are also introduced to discover physical laws [17,18]. In addition, efficient deep learning methods based on domain
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decomposition are studied in [19-24], and deep neural network methods for complex geometries and irregular domains are
proposed in [25,26]. The main idea of deep learning methods for PDEs is to reformulate a PDE problem as an optimization
problem and train deep neural networks through minimizing the corresponding loss functional. In these methods, stochas-
tic collocation points are required to estimate the loss functional. We note that the stochastic collocation points herein are
for the spatial variable, while stochastic collocation for PDEs with random inputs (especially for parameters) are discussed
in detail in [27-33]. To result in an efficient deep learning strategy for PDEs, properly choosing the collocation points is
crucial. Intuitively, the distribution of the collocation points should be consistent with the properties of the PDE solution
in a certain sense. In our recent work [19], a hierarchical sampling procedure is proposed based on domain decomposi-
tion iterations, while it focuses on low-dimensional problems. As the spatial variable of the Fokker-Planck equation can be
high-dimensional, it remains an open challenging problem to generate effective collocation points. We develop an effective
adaptive sampling procedure to alleviate this issue in this work. Adaptivity is widely used in machine learning techniques
to make the training process more effective by exploring the relation between the model and the data, e.g., active learning
selects the most helpful samples to increase efficiency [34,35] and meta-learning tries to match learning algorithms with
task properties [36]. In our problem, we will update the training set partially or completely according to the learned model,
i.e., the approximate solution of the F-P equation, and the updated training set will yield a better approximate solution.

As the solution of the Fokker-Planck equation is a probability density function, solving this problem can also be con-
sidered as a density estimation problem. It is known that density estimation is a central topic in unsupervised learning,
and it still remains an open challenge for high-dimensional density estimation [37]. Recently, two kinds of deep learn-
ing models have shown great promise for estimating high-dimensional probability density functions (PDFs), which include
the flow-based generative model [38,39] and the neural ordinary differential equation model [40,41]. In this work, we fo-
cus on the flow-based generative model, which is to construct invertible mappings from a prescribed prior distribution
to the empirical distribution given by data and build explicit probability density functions using the change of variables.
The Knothe-Rosenblatt (KR) rearrangement [42] shows that such an invertible mapping can be achieved with a triangular
structure. Incorporating with the KR rearrangement, we propose an invertible block-triangular mapping, called KRnet, which
generalizes the flow-based generative model given by real NVP [38]. We note that there are a lot of generative models
which can efficiently generate samples of the distributions under consideration but do not explicitly give the corresponding
density functions, e.g., generative adversarial networks (GANs) [43] and the variational autoencoder (VAE) [44]. In addition,
coupling flow-based generative models and reduced-order models into an importance sampling estimator is studied in [45].

In this work, we propose an adaptive deep density approximation method based on KRnet (ADDA-KR) for solving Fokker-
Planck equations. We first provide additional details and results for KRnet that was outlined in the letter [46]. After that,
we use KRnet to construct solutions of the Fokker-Planck equation. Since KRnet can induce a family of probability density
functions, normality and vanishing boundary conditions are satisfied naturally. Like other deep learning algorithms for
solving PDEs, our method is also meshfree. The PDE problem is converted into an optimization problem and it can be
solved through stochastic gradient descent on a set of collocation points, while traditional grid-based numerical methods
(e.g. finite element methods) rapidly become computationally infeasible since the number of grid points grows exponentially
with the dimensionality. The choice of the collocation points plays a crucial role in a meshless method. The distribution of
the collocation points should be consistent with the regularity of the solution for both accuracy and efficiency. Since the
solution of the F-P equation is a probability density function, one way to achieve this is to use the samples of the solution
PDF as the collocation points. Based on such an idea, we propose an adaptive approach ADDA-KR that has two main
steps: training a KRnet to approximate the solution of the Fokker-Planck equation, and using the trained KRnet to generate
collocation points for the next iteration. After each iteration, the distribution of the collocation points is more consistent
with the solution PDF.

The rest of the paper is organized as follows. In the next section, the Fokker-Planck equations and the problem setting
are introduced. Our KRnet is presented in section 3. In section 4, our novel adaptive deep density approximation approach
for the Fokker-Planck equation is presented. In section 5, we demonstrate the efficiency of our adaptive sampling approach
with numerical experiments. Finally section 6 concludes the paper.

2. Problem setup

Consider the state X; modeled by the following stochastic differential equation

dXe = p(Xe, H)dt + G(X¢, t)ydwy, (1)
where . =[u1,..., ql" is a vector field, G(X;,t) € R?%4 js a matrix-valued function and w; is a d-dimensional standard
Wiener process. The Fokker-Planck equation, which describes the probability density function of X, is

ap(x,t

pét ) Lpa ) =V [P OVV@ D]+ VIV (pa ODX.E)]. V(x.t) e R x R,
/p(x, Hdx=1, px,t)>0, V(xt)eR?xRT, (2)
Rd

p(x,0) = po(x),
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where x € R? denotes a random vector, V (x,t) is a potential function, D(x,t) is a diffusion matrix, p(x, t) is the unknown
probability density function (PDF) of ¥ with the initial PDF po(x), and £ denotes the partial differential operator. Following
[1], the potential function V (x,t) and the diffusion matrix D(x,t) can be expressed as

VV(x,t)=—pnRx,t),
1
D, 0)=56G* DG, .
In this work, we focus on the stationary solution of Eq. (2), i.e., the invariant measure independent of time,

Lp@) =V [p@VV@®]+V-[V-(p®)D(x))]=0, (3)

with the boundary condition

px)—0 as [x[;— oo, (4)

and some extra constraints on p(x)

/p(x)dx:l, and p(x) >0, (5)
R4
where ||x||, indicates the ¢, norm of x.

There are several difficulties for the approximation of equation (3). First, the boundary condition and the constraints of
p(x) may not be easily satisfied when we employ the traditional approaches such as the finite element method. Since the
support of p(x) is RY, the computation domain has to be truncated, implying that the boundary condition must be approx-
imated, e.g., a homogeneous boundary condition. To preserve the nonnegativity of p(x), a projection step is needed for the
box constraint. Second, it requires a fine mesh to capture the whole information when the target density is multimodal, i.e.,
the potential function V (x) has many local minima [47], which is computationally infeasible when the dimension d is even
moderately large. We also note that a homogeneous boundary condition usually requires a large computational domain,
which makes a uniform refinement even more challenging, if no prior information can be used for certain adaptivity on
mesh generation. To address these issues, we will propose an adaptive deep density approximation method to solve the
Fokker-Planck equation (3) using a deep generative model for p(x). The flow-based generative model not only provides an
explicit density function that satisfies naturally all constraints on p(x), but also suggests a simple but effective adaptive
strategy for the approximation of equation (3) through sampling the current approximation of p(x).

3. KRnet

KRnet is a flow-based generative model for density estimation or approximation. In this section we briefly overview
KRnet that has been outlined in our recently published letter [46] and present more details that were not included in [46]
due to the page limit. Let X € RY be a random vector associated with a given data set, and its probability density function
(PDF) is denoted by px(x). The target is to estimate px(x) using available data. Let Z € R? be a random vector associated
with a PDF pz(z), where pz(z) is a prior distribution (e.g., Gaussian distribution). The flow-based generative modeling is to
seek an invertible mapping z = f(x) where f(-) is a bijection: f :x~ z [38]. By the change of variables, we have the PDF
of X=f"1(2) as

px(X) =pz(f(x))|det Vxf]. (6)

Once the prior distribution pz(z) is specified, equation (6) provides an explicit PDF of X. Given a set of training data, the
invertible mapping f(-) can be learned by maximizing the likelihood or minimizing the cross entropy. The inverse of f(-)
provides a convenient way to sample X as X = f~1(2).

3.1. A new affine coupling layer

In flow-based generative models, the invertible mapping f(-) is constructed by stacking a sequence of simple bijections,
each of which is a shallow neural network, and thus the overall mapping is a deep net. The mapping f(-) can be written in
a composite form:

z=f®=fiyo...o fy® and x=f""@ =[] o...0fi;] @, (7)
where f[;) is called an affine coupling layer at stage i. The Jacobian matrix can be obtained by the chain rule

L

|det Vi f| =] [ |det V., fii
i=1

, (8)
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where xj;_1) indicate the intermediate variables with xjo; = % and x(;} = z. Let X[; = [X[i].1, X};;.2]" be a partition of x; with
X1 € R™ and xy5)2 € RY-M for i =0,...,L — 1. One technique to define the affine coupling layer is the real NVP [38]:

X[i1,1 = X[i—1],1

(9)
Xi2 = Xji—11,2 © exp (10g s;(X(i—11,1)) + ti (Xji—11,1).

where s; : R™ > R4™ and t; : R™ > R4 are the scaling and the translation depending on X[i—1],1, and © is the
Hadamard product or element-wise product. Note that xj;_1;,1 remains fixed and the modification of x;_1) 2 is linear with
respect to Xjj—1;2 and nonlinear in terms of Xjj_1) 1. This way, the Jacobian matrix Vy; , fiij is lower-triangular whose
determinant can be evaluated efficiently. Furthermore, (s;, t;) is usually modeled by a neural network NN

(8i, tj) = NN (Xi—1},1)- (10)

We proposed a new affine coupling layer f};; as follows [46]

X[i],1 = X[i—1],1

. (11)
Xi2 = Xji—1]2 © (1 + & tanh(s; (i_1},1))) + eP © tanh(t; (x}i_11,1)),

where 0 <« < 1 is a hyperparameter and the parameter g; € R4-™ is trainable. Our affine coupling layer keeps the mech-
anism of the real NVP when updating the data, and it has the following advantages. First, the second equation in Eq. (11)
adapts the trick of ResNet [48], where an identity mapping is added to improve the training process. Second, the constant
« € (0, 1) is introduced to improve numerical stability. It is seen that the range of det Vy,_,, fiij is [(1 — )M (1 + a)d—m]
for our affine coupling layer and (0, +o0) for the original real NVP. Our formulation can alleviate the illnesses when the
determinant of the Jacobian in the original real NVP occasionally becomes too large or too small. Third, the trainable factor
ePi depends on the whole training set, which helps avoid possible large oscillation in ti(x[i—17,1) such that the number of
outliers can be reduced for sample generation [46]. In our numerical experiments, we set & = 0.6 and it works well.

Since the affine coupling layer fj;) only updates a part of x;_1j, another affine coupling layer is needed for a complete
update. In other words, the next affine coupling layer f}i+1] can be defined as

Xji+11,1 =X(ip,1 © (14 o tanh(siq (%(12))) + efit1 © tanh (tit1(x(1,2))
X[i+1],2 = X[i],2,

where the components xp;1 are updated and Xp;) > remains unchanged. From the dynamical point of view, a long chain
of affine coupling layers may result in a highly nonlinear transformation of the input. To enhance the performance and
efficiency of the mapping f(x), we proposed KRnet to address the following questions: 1) How should we partition the
vector? 2) How can we increase the modeling capability except for increasing the depth L? 3) Can we provide a robust
nonlinear bijection at least in a component-wise way?

3.2. The overall structure of KRnet

The basic idea of KRnet is to define the structure of f(x) in terms of the Knothe-Rosenblatt rearrangement. Let w and
ix be the probability measures of two random variables X, Z € RY respectively. A mapping 7: Z +— X is called a transport
map such that Tzuz = wx, where Tz is the push-forward of w7 such that wx(B) = wz(7~1(B)) for every Borel set B
[42]. The Knothe-Rosenblatt rearrangement tells us that the transport map 7 may have a lower-triangular structure

T1(x1)

» T2(x1,%2)
z=T (=] . . (12)

Ta(X1, ..., Xq)

This mapping can be regarded as a limit of sequence of optimal transport maps when the quadratic cost degenerates [42].
Noticing that the invertible mapping f(x) also defines a transport map, we then incorporate the triangular structure of the
Knothe-Rosenblatt rearrangement into the definition of f(x) which results in KRnet as a generalization of real NVP [38]. Let

x=[xD ... x51T be a partition of x, where x® = [xgi), XD with 1<K <d,1<m<d, and YK dim@®) =d. Our
KRnet takes an overall form
f1&xD)
f2(x D x2)
z=fkr®) = . , (13)

fk(x(l),--.,x(K))
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Fig. 1. The flow chart of KRnet.

where each f; is an invertible mapping defined as in equation (7) for i =2, ..., K. Note that f; is not included if K =d
because we need to partition a vector to two parts to define the affine coupling layer. KRnet consists of one outer loop
and K — 1 inner loops. The outer loop has K — 1 stages, corresponding to the K — 1 mappings f; in equation (13) with

i=2,...,K, and for each stage, an inner loop of L affine coupling layers is defined. More specifically, we have
z= fkr@®) =Ly o f§ 0o fI* @), (14)
where foU" js defined as

[i]

f[‘,’(‘]Jter =Lso f[',':“,_e]’ 0---0 f[i,':?l‘e]r olLg. (15)
Here f'””*“r indicates a combination of one affine coupling layer and one scale and bias layer, and Ly, Ls and Ly indicate
the nonlmear layer, the squeezing layer and the rotation layer, respectively, which will be briefly overviewed in the next
section.

The flow chart of KRnet is illustrated in Fig. 1. Let us look at how the information flows in the KRnet. Each
&1 has the same partition with X = f[‘;{‘]"e'(x[k_ﬂ) with X0 =%, k=1,...,K — 1. At the beginning,

(1
X[ = [X[k] s X ‘
a sequence of affine coupling layers in f3{*" is applied to the partition x[o) = [x{éiK*l), {(I)(J)]T E(l)ijl) {3]

i=1,...,K— 1. From then on, the last partition xb ]) will remain fixed for k > 1. For the next iteration f["“‘e’ the partition

1:K-2 (K-1
["Eu ) X[ )]T

partition of x[kJ will become deactivated, in addition to the dimensions that are deactivated in the previous stages.

where x includes x

will be used with "[1]) being deactivated. In general, after the stage K —i + 1 of the outer loop, the i-th

3.3. Other types of layer used in KRnet

Except for the affine coupling layers, several other types of layers are needed for the definition of KRnet. We briefly
overview these layers in this section and provide some details excluded in the letter [46]. Since each X has the same
partition, we will drop the subscript for simplicity.

Squeezing layer Ls is used to deactivate some dimensions using a mask

q=I[1,...,1,0,...,0], (16)
n d—n

where the components q ® x will keep being updated and the rest components (1 — q) ® x will be fixed from then on.
Scale and bias layer provides a simplification of the batch normalization [49], which is defined as

X=aOx+h, (17)
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where a and b are trainable and initialized by the mean and standard deviation of the data. After the initialization, @ and
b will be treated as regular trainable parameters that are independent of the data. Numerical experiments show that the
scale and bias layer is simple but effective, which provides a comparable performance to the batch normalization layer in
our problem setting.

Rotation layer Lg defines a linear mapping of the input x

x=Wx.

through a trainable matrix

e[ 25 2

where W € R™" n is defined in the mask q, I €¢ R4-"xW@-1 js ap jdentity matrix, and W = LU is the LU factorization
of W. We expect W to provide a rotation such that the less important dimensions will be put at the end and deactivated
by the next squeezing layer. Entries below the main diagonal of L and entries in the upper triangle of U are trainable.
In practice, we simply optimize the trainable entries of L and U without enforcing the orthonormality of W and such a
simplification works well.

Nonlinear layer Ly provides a component-wise nonlinear transformation. For simplicity, we only consider one component
x of the data. We start with a nonlinear mapping F(s) : [0, 1] — [0, 1]:

N
F(S)Z/P(t)dt, (18)
0
where p(s) is a probability density function. Let 0 =5sg < s1 <... <Sz,1 =1 be a mesh of the interval [0, 1] with element
size hj = s;+1 — ;. Define p(s) as a piece-wise linear polynomial
Wit1 — Wi

p st wi Vselsisial, (19)
1

p(s) =
where

p(si) = w;.
Then F(s), corresponding to a cumulative density function, is a quadratic function

i—1
Wist — w;
o =) Fwils —s) + )

! k=0

Wi + Wiy

F(s)= 5

hi, Vselsi,sit1l, (20)

whose inverse and derivative can be explicitly computed.

As the support of each dimension of x is (—o00,c0), a question is how to apply F(s) to the data. A straightforward
strategy is to map (—oo, 00) to (0,1) before F(s) is applied. However, when the inverse is considered, the singularity of
mapping a finite interval to an infinite one may introduce issues on robustness. To alleviate this problem, we decompose
(—00, 0) = (—00, —a) U[—a, a] U (a, oo) with a > 0, and define the following nonlinear mapping

) Bs(x+a) —a, xe(—oo,—a)
Fx)={ 2aF (%) —a, xe[-a,a] (21)
Bs(x—a)+a, xe(a,o0),

where B > 0 is a scaling factor. It is seen that we only consider a nonlinear mapping for the data located in [—a, a] and
I:"(x) maps [—a,a] to itself. On (—o0, —a) U (a, o0), ﬁ(x) is simply a linear mapping. The reasoning of such a strategy is
that the range of data in the training set is always finite, and after being well scaled and shifted the data will be roughly
centered at the origin, implying that a nonlinear mapping on [—a, a] is sufficient as long as a is large enough. To maintain
the invertibility, we require some regularity at x = a. More specifically, F’(x) should exist at x = %a. Since F'(x) = Bs
on (—o0, —a) U (a, o0), we have, on [—a, a], ﬁ’(x)lxzﬂ, = F/(5)|s=0,1 = P(S)|s=0,1 = Bs- So the trainable parameters include
p(sij) =wj, i=1,...,m, subject to the constraint /01 p(s)ds=1.

Remark 1. The nonlinear layer is only employed before the final output (see Fig. 1), which can be applied to all dimensions
or simply the dimensions that have not been deactivated by the squeezing layer. In both cases, the nonlinear layer enlarges
the prescribed prior distribution by a nonlinear component-wise transformation. The parameter s acts as an estimate of
the density p(s) at s=0, 1. If a is sufficiently large, B can be small accordingly. The prior distribution is often chosen as
the standard Gaussian, which means that the density is larger around the origin when the data pass the nonlinear layer.
This suggests we may consider an adaptive mesh for more effectiveness, in other words, the mesh is finer around s = 1/2
and coarser around s =0, 1.
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3.4. The complexity of KRnet

We count the number of trainable parameters in KRnet. For simplicity, we assume that each f[‘,’;]“er has L general coupling
layers f[',:"‘l‘]” Let d; be the number of effective dimensions for fl‘ﬁte' and Nynk the number of model parameters for the
neural network Eq. (10) used in f['m‘]*r We note that the main characteristic of KRnet is that a portion of dimensions will
be deactivated as k increases. As di decreases with k, we expect that the neural network Eq. (10) in f['l?’ﬁ' should become
simpler for a larger k. In other words, Nyy may decrease as k increases. For simplicity, we let Nyn x = rNynk—1, where
0 <r < 1, without worrying about the detailed configuration of the neural network. The number of trainable parameters is
d,% for Lg, and md for Ly, and 2d; for the scale and bias layer. Assume that d = mK. We have dy =d—(k—1)m, k=1, ..., K.

According to the flow chart in Fig. 1, we have the total number of model parameters as
K-1
Noot =1d + Y (Nnnar 'L+ (K —k+ 1)*m? + 2(K — k + 1)mL). (22)
k=1

The model complexity is mainly determined by the depth L and the number K for the partition of data.
3.5. KRnet for density estimation

We study the performance of KRnet for density estimation in this part and provide more results on the comparison
between the real NVP and the KRnet that were not included in [46]. Once the KRnet is constructed, we train the model
px(x; ®) by maximizing the likelihood of the data or minimizing the cross entropy between the data distribution and the
density model, where ©® includes all the trainable model parameters. Let S = {x(i)}f\il be the training set and px gata(X) the
underlying data distribution. The Kullback-Leibler (KL) divergence between px gata(X) and px(x; ©) is

PX,data(X)
px(x; ©)

where H (px,data(x)) is the entropy of px gaa(¥) and H (px,data(x), Px(x; @)) is the cross entropy of px gata(X) and px(x; ©).
Since px dgata(X) is independent of ®, minimizing the KL divergence is equivalent to minimizing the cross entropy. Note that

min D (PX.data(®)[PX (¥ ©)) = Expy gua [log } =H (px.data®), px(*: ©)) — H (Px,data(®))  (23)

Nt
1 ‘
H(px,ata(®), Px(® ©) ~ =~ > log px(x"; ©), (24)
Lz

which corresponds to the negation of the log-likelihood.

To measure the quality of KRnet, we compute the KL divergence Eq. (23) on a validation set between a reference PDF
and the trained density model. The training data sets S is generated as follows. Assume that X has i.i.d. components and
each component X; ~ Logistic(0, s) has a PDF p(x;; 0, s). We generate a sample ¥® of X, and then check if it satisfies the
following constraint:

[ Ry " X0, 1T) zC =10d -1, (25)

where C is a specified constant, and

0][ cosf; —sinb; I ifjiseven
o[t 2[5 ) el e

0 1 sinf;  cos6; e otherwise

The sample x will be accepted if the constraint Eq. (25) is satisfied and rejected otherwise. This way, an elliptic hole is
generated for any two adjacent dimensions of data points. The reference PDF is then defined as

I [T, p(x::0,5)
Ell3(X)] ’

where B is the set defined by equation (25) and Ig(-) is an indicator function with Ig(x) =1 if x € B; 0, otherwise. For
this test problem, we set d =8, ¥y =3 and C = 7.6. This case has been studied in [46], where the rotation layers and
nonlinear layers are turned off. In [46] an algebraic convergence has been observed numerically for both the real NVP and
the KRnet, where the convergence rate of KRnet is about twice as large as that of the real NVP. We here only demonstrate
the effectiveness of the rotation layer and the nonlinear layer.

We now compare the performance of KRnet and real NVP numerically. In KRnet, we deactivate the dimensions by one,
ie, K=7. We let Nynx = 0.9Nnn k—1 by adjusting the width of the neural network NN;j, i =1, 2, 3, which consists of two
fully connected hidden layers of the same width. Other configurations of NNy;; can also be considered. One example is given

DX, ref(X) = (26)

7
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Table 1

The effects of rotation and nonlinear layers in KRnet. §;, §; and &y are relative errors of KRnet, respectively, for the aforementioned three stages. § is the
relative error of real NVP, whose depth is chosen to roughly match the DOFs of the KRnets from the same column. For the nonlinear layers, we use 32
nonuniform elements to decompose [—30, 30], i.e., a =30. Note that the rotation layers and the nonlinear layers do not introduce a significant increase in
the total number of DOFs. The percentages in parentheses indicate the degree of drop in terms of §;.

KRnet L=2 L=4 L=6 L=8
81 7.54e-2 2.45e-2 1.44e-2 9.50e-3
it 6.53e-2 (113%) 2.24e-2 (19%) 1.39e-2 (13%) 9.11e-3 (14%)
S 4.93e-2 (135%) 1.95e-2 (120%) 1.26e-2 (113%) 8.34e-3 (112%)
Real NVP L=10 L=20 L=32 L=42
§ 2.17e-2 1.98e-2 2.11e-2 2.05e-2
FC layer FC layer FC layer
FC layer
. with with width with width
nput with output
width w + w/2 + w/2 +
width w
activation activation activation
Fig. 2. The architecture of NN(; for affine coupling layers, for i =0,...,L — 1 (FC layers refer to fully connected layers).
in Fig. 2, which is used in section 5. The neural network NN;; (for i =0, ..., L — 1) consists of three hidden layers and one

linear layer, where the first hidden layer and the linear layer have w neurons, and the middle two layers have w/2 neurons.
In this experiment, we combine the two middle hidden layers to one hidden layer with w neurons. We set w = 24 and use
the rectified linear unit function (ReLU) as the activation function [50]. The depth of the real NVP will be determined by
Ngot of the KRnet, since we split the dimensions into two halves in real NVP. The KRnet will be implemented as follows. We
train KRnet with three stages and record the errors of each stage. In the first stage, we switch off both the rotation layers
and the nonlinear layers and train the model for 8000 epochs; in the second stage, we switch on the rotation layers and
restart the training process for another 2000 epochs; finally, we switch on both the rotation layers and the nonlinear layers
and continue the training process for another 2000 epochs. For the real NVP, we simply run 8000 epochs. For each epoch,
we compute the relative error

_ Dri(px,ret®)|Ipx (%; ©))

§= (27)
H(pX.ref(x))

using the validation set, since the cross entropy should converge to the differential entropy of the reference PDF. We record
the minimum relative error of all epoches. Furthermore, to reduce the bias of §, we will sample 10 independent training
sets and repeat the training process ten times to obtain an averaged relative error 8. The relative errors corresponding to
the above three stages of training KRnet are denoted as §;, 8 and &y;. We will sample 3.2 x 10° data points for both the
training set and the validation set. We employ the Adam optimizer [51] with learning rate 0.001 and batch size 80000.

The results of numerical experiments have been summarized in Table 1. First of all, both §; and &y are smaller than §;,
indicating that the rotation layers and nonlinear layers are able to improve the model performance. Such an improvement is
more noticeable for a smaller L. Second, for the specific setup of the numerical experiments, the errors &;, i =1, I1, I11, of the
KRnet decay consistently as L increases while the errors of the real NVP do not show consistent decay. Since we compute
the errors after 8000 epochs for all L, this shows that for a comparable model complexity the KRnet needs less epoches to
obtain a substantial decrease in error than the real NVP. Third, as also shown in [46], the real NVP performance better than
KRnet for a small L. The real NVP can be regarded as a KRnet with a half-half partition, i.e., K =2 and m = % =4. For a
fixed complexity, the performance of KRnet depends on both K and L. In Fig. 3, we compare the approximated distributions
given by the real NVP with L =42 and the KRnet with L =8, where both the rotation layers and the nonlinear layers are
switched on.

4. Adaptive deep density approximation for the stationary Fokker-Planck equation

We intend to use KRnet as a PDF model to approximate the Fokker-Planck equation to alleviate the difficulties from the
curse of dimensionality. In particular, we will develop an adaptive deep density approximation (ADDA) approach, which con-
sists of two components: 1) solving the Fokker-Planck equation on a certain set of collocation points by a machine learning
technique; 2) choosing a new set of collocation points to refine the current approximate solution. These two components
are implemented alternately to achieve adaptivity such that both the accuracy and the efficiency will be improved.
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Fig. 3. Training data, and data sampled from KRnet and real NVP. The first row shows the components x; and x;, and the second row shows the components
x4 and xs5. We pick the two pairs of adjacent dimensions, where the real NVP performs the best and the worst, respectively.

4.1. Stochastic gradient descent based on stochastic collocation points

Let px(x; ®) be a probability density function associated with the random vector X, which is based on the KRnet. All
the constraints in Eq. (4) and Eq. (5) are naturally satisfied since px(x; ®) is a family of probability density functions,
implying that the difficulties caused by the boundary conditions and the nonnegativity of PDF have disappeared. We seek
to approximate the solution p(x) of the Fokker-Planck equation by px(x; ®) to take advantage of the weaker dependence
of deep neural networks on dimensionality than traditional computational approaches such as the finite element methods
[52-54].

The main idea of a machine learning approach to solve PDEs is to consider an optimization problem defined on a set
of collocation points where the equation is constrained. Let pgata(X) be a probability density function, based on which we
define a loss functional

J (Px (X ) = E gyt (12 ©)) = E gy (L2 (px(x: 0))) (28)

where E, . (x) denotes the expectation with respect to the training set, and r is the residual loss. The solution p(x) of
Eq. (3) can be approximated by px(x; ®) through minimizing the loss functional J(px(x; ®)). In reality, we usually do
not have much prior understanding about the residual, and simply assign pgata(x¥) a simple distribution, e.g., a uniform
distribution defined on a finite computational domain. We then use pgata(X) to sample a set C = {x(i)}f\’:l of collocation
points to approximate the loss functional, i.e.,

N

I 1 :

J (pxx:0) = % 3 £ (px(x: ©)) ~ J (px(x: ©). (29)
i=1

based on which we choose the optimal parameter ©*:
©* = argmin J (px (x; ©)). (30)
o)

The optimization problem Eq. (30) will be solved by stochastic gradient-based optimization [55,51], which is summarized
as follows. The set of collocation points can be divided into n, mini-batches {C;, ',.1::1, where every mini-batch C;, contains
m samples such that N = mny. Denoting the parameters at i,-th iteration of a certain epoch j as @flf), for every mini-
batch C;, and x0 ¢ Ci,,1=1,...,m, one can apply the mini-batch to estimate the expectation of the residual loss and the
stochastic gradient, and then update the parameters ® based on the following scheme
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(a) FEM mesh (b) random samples

Fig. 4. An example of linear finite element meshes and stochastic collocation points in [0, 12.

. ) 1 ; 2 . .
o) =e!  —nve [EZ(r(x(’);(%g)_])) } forip=1,...,np, j=1,2, ... 31)
=1

where 7 is a given learning rate. Compared with the gradient descent method, the stochastic gradient descent method only
requires computing the gradient on the mini-batch C;,. In this work we employ the Adam optimizer, which is widely used
to accelerate the training process for deep neural networks, as this method adopts adaptive learning rates for different
components of parameters through estimates of first and second moments of the gradients [51].

4.2. Adaptive sampling procedure

Compared with the standard finite element methods (FEM) [5], the deep learning approach does not require mesh gen-
eration to solve PDEs, which shares more similarities to meshless methods, and the approximation of Eq. (28) fits naturally
with stochastic gradient-based optimization. Fig. 4 shows a linear finite element mesh in [0, 1] and the collocation points
that are generated with a uniform distribution in [0, 1]%.

Adaptivity plays an important role in classical numerical methods for the approximation of PDEs. Considering a finite
element method subject to a certain mesh of the computation domain, we expect that the element-wise approximation
errors are distributed in a nearly uniform way. This means that the most effective mesh should be non-uniform since
the regularity of the solution varies in the computation domain. In our problem, the distribution pgata(x) of the collocation
points will affect the approximation of J(px(x; ®)) and the optimal parameter ®* as well. Apparently a uniform distribution
is not an optimal choice for pgata(X) especially for high-dimensional problems. For a certain amount of collocation points,
the curse of dimensionality will weaken the contribution of each collocation point to our learning problem, which will
be worsen for the approximation of PDF if the exact solution p(x) is far away from being uniform. We then expect to use
samples from a nonuniform distribution pgata (%) for the approximation J(px(x; ®)), where a simple criterion is that pgyata(x)
should be consistent with the true solution p(x) to some extent. This will result in adaptive deep density approximation
(ADDA) for the approximation of the Fokker-Planck equation.

It is, in general, difficult to generate samples that are adaptive to the true solution p(x). Fortunately, flow-based deep
generative models provide an opportunity for us to do this thanks to the invertible mapping. Our strategy is as follows.
Starting with an initial set of collocation points Cp = {ng) }IN . drawn from a uniform distribution, we train and obtain the
KRnet Z = fyg.(0)(X; ©©®), which corresponds to the PDF pgg) (x; ©©), We then generate a new set C; = {xg%}:’ : of
collocation points by X = f,{,{(o)(Z) using N samples from the prior distribution of Z. Then C; is a set of samples from

pgg) (x; (@), We continue to update the KRnet using ®*© as the initial parameters and C; as the training set, which
yields fig,1)(X; ®(1). Then another iteration starts. In general, we sample the current optimal PDF model pgf) (x; @)

. N
to generate a new training set Cy4q = {x&)ﬂ)} and update the KRnet to fkr, k+1)(*X; ©*K&+1)) This way, the samples

i=1
for the training process become more and more consistent with the true solution, if pgf) (x; ©*®) approaches p(x) as k
increases. In other words, more collocation points will be chosen in the region of high density while less collocation points
in the region of low density. Our adaptive training process has been summarized in Algorithm 1, where Nagaptive € N is
a given number of maximum adaptivity iterations, and this strategy is called the adaptive deep density approximation
based on KRnet (ADDA-KR) from now on. The final KRnet-induced PDF is the ADDA-KR approximation for the steady state
Fokker-Planck problem (3)-(5).

10
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We note that the adaptivity in Algorithm 1 can be further tuned. One possible strategy is to update the training set
gradually for each training stage, e.g., up to a certain percentage. In this work, we replace the whole training set from the
previous stage just for simplicity.

4.3. Implementation issues

When minimizing the loss functional Eq. (29), numerical underflow issues can be encountered, especially when x is
relatively high-dimensional. That is, the loss functional can be too small to provide an effective gradient descent direction.
To alleviate this issue, we develop the following scaling strategy in our implementation. Multiplying both sides of equation
(3) by a constant Cs > 0 gives

L(Csp@®) =V -[Csp@VV @]+ V-[V-(CspR)Dx)]=0. (32)

The solution of the above equation is the same as the solution of the original stationary Fokker-Planck equation (3). How-
ever, if Cs is large enough, Eq. (32) is numerically more stable than Eq. (3), and the loss functional Eq. (29) associated
with Eq. (32) can typically provide effective gradient descent directions to optimize the parameters ®. In our practical
implementation, we usually set C; = 100.

Algorithm 1 Adaptive deep density approximation based on KRnet (ADDA-KR) for the Fokker-Planck equation.

Input: Initial KRnet pg?) (x; (-)80)), maximum epoch number Ne, maximum iteration number Nadaptive, learning rate 7, batch size m, and initial training set

SN
— lx®
Co= [X(O) it

np

SN
1: Divide Co = {x“) ] ) into n, mini-batch {C;, }irl.
1= =

©
2: for k=1: Ndaptive dO

3 for j=0:N, —1 do
4 for iy =1:n, do )
5 Compute the values of the residual loss r(xi?ﬁl); @;:11) (see Eq. (29)) for I=1,...,m, on the mini-batch C;,.
6: Update the parameters @;Z) using the Adam optimizer with learning rate 7.
7 end for
8 if j=N. —1 then
9: Let ©%® =@,
10: else ) )
11 Let @V =@},
12: end if M
13: Shuffle the set of collocation points Cy_1 = {x&tl)}‘ -
1=
. N
14: Divide C_q = [x&)il)]l_:l into np mini-batch {Cib}lb:r
15: end for
16: if k = Nadaptive then
17: Let @ := ©*®,
18: else N
i k
19: Generate Cyyq = {xz;()+1)]i:‘l by p¥ (x; ©*®)),
20: Let O := @*®,
21: end if
22: end for

23: Obtain the ADDA-KR solution px (x; ©) := p'y "™ (x; ©).
Output: The ADDA-KR solution px(x; ©).

5. Numerical study

In this section, numerical experiments are conducted to illustrate the effectiveness of our ADDA-KR (adaptive deep den-
sity approximation based on KRnet) approach presented in Algorithm 1. Five test problems for the Fokker-Planck equation
are studied—one one-dimensional test problem, two two-dimensional test problems (one is a single modal distribution, and
the other is a bimodal distribution), one four-dimensional test problem, and one eight-dimensional test problem. The acti-
vation function of NN;; (see Eq. (10)) is set to the hyperbolic tangent function for all test problems. For comparison, we also
test the performance of a direct adaptive version of classic real NVP, and as the real NVP utilizes a half-half partition (see
section 3.5), we refer to it as ADDA-HH. The implementation of ADDA-HH is to replace the KRnet in ADDA-KR (Algorithm 1)
by the classical real NVP, and we set the same input parameters for both ADDA-KR and ADDA-HH in all our test prob-
lems. In addition, results of non-adaptive versions of KRnet and real NVP are included for high-dimensional test problems
(the four-dimensional and the eight-dimensional test problems), which are referred to as Uniform-KR and Uniform-HH. In
Uniform-KR and Uniform-HH, collocation points are generated through uniform distributions, and other settings of KRnet
and real NVP are the same as the settings for ADDA-KR in these test problems.

11



K. Tang, X. Wan and Q. Liao Journal of Computational Physics 457 (2022) 111080

e o @ o

= [N] N W

S ] o
) :

KL divergence

o
=
o

©

o

o
)

MﬁMMNMNWWNMMMWAW

0 50 100 150 200 250 300
Epochs

g

o

S
:

Fig. 5. The KL divergence with respect to epochs, one-dimensional test problem.

5.1. A one-dimensional test problem

We start with this one-dimensional case, where the governing equation is

10p(x) | 19°((X) _

ax 2 0x2 0.
fp(X)dx: 1, p(x) =0, )
R
and the exact solution is
Py = %Jﬁxz) (34)

For this one-dimensional problem, KRnet is the same as the classical real NVP, meaning that only the affine coupling layers
are needed. As the affine coupling layers (see section 3.1) need at least two-dimensions, we use [x, x] as an input in our
implementation of KRnet. We generate the initial parameters @)(()O) for the inputs of Algorithm 1, using Glorot Gaussian
initialization [56], and then construct the initial KRnet p§?> (x; (H)(()O)). The number of epochs is set to N, =300, and only one
adaptivity iteration is conducted for this one-dimensional problem, i.e., Nadaptive = 1. The learning rate for Adam optimizer
is set to n = 0.0002, and the batch size is set to m = 500. The initial training set Cy is generated through the uniform
distribution with range [—5, 5], and the sample size is set to |Ci| = 3000 for each iteration step k for k=0, ..., Nadaptive. In
addition, we take L =8 affine coupling layers, and two fully connected layers with w =48 neurons for NN;; (see Eq. (10)).

To assess the accuracy of our ADDA-KR approach (Algorithm 1), we compute the KL divergence between the exact

solution p(x) and our ADDA-KR solution px(x; ®):

Dgr(p)|Ipx(x; ®))=/p(X)logp(X)dX— / p(x)log px(x; ®)dx
1 o0
=—§(1+logn)—/p(x)logpx(x; ®)dx

where the last term of the above equation is approximated by Monte Carlo integration with 10% samples. Fig. 5 shows the
KL divergence decreases to zero quickly. Fig. 6 shows the exact solution p(x) and our ADDA-KR solution px(x; ®), where it
can be seen that they are visually indistinguishable.

5.2. Two-dimensional test problems

In this part, two-dimensional Fokker-Planck equations are considered, where the solution of the first one is a single
modal distribution and the solution of the second one is a bimodal distribution.

12
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Fig. 6. The exact solution and the ADDA-KR solution, one-dimensional test problem.

5.2.1. Two-dimensional single modal distribution
The stationary Fokker-Planck equation for this test problem is

V- [p®)AX]+V - [V - (p(x)D] =0,
/p(x)dX= 1, p(® >0, (35)
Rd
where A and D are two constant matrices. This equation is corresponding to the following Ornstein-Uhlenbeck process
dXt = —AXtdt + det, (36)
where D = GGT/2.
The solution of Eq. (35) exists if the real parts of the eigenvalues of A are larger than zero [1], and it can be written as
-1 -1 1 re-1
p(x) = (2m)”  (detX) Zexp(—ix XX, (37)

where the covariance matrix X is determined by the following Lyapunov equation

AY +XAT=2D. (38)

The above Lyapunov equation has a unique solution if and only if the eigenvalues A; of A satisfy A; # —A; for all i, j =1, 2.
In this test problem, the constant matrix A for the drift term and the diffusion matrix D are set to

[ 1.37096037 —0.48306187 | D_[22.52429192 —6.55821381]

A= | —0.48306187  1.62903963 |’ —6.55821381 12.68972

which implies that the covariance matrix X is

[ 8.12186142 —0.26372569 |

r= | —0.26372569  3.81664391

We generate the initial parameters @(()0) with Glorot Gaussian initialization [56], and then construct the initial KRnet

pﬁ?) (x; (H)éo)) for Algorithm 1. The number of epochs is set to N, =300, and two adaptivity iterations are conducted for this
problem, i.e., Nadaptive = 2. The learning rate for Adam optimizer is set to 7 =0.0002, and the batch size is set to m = 1000.
The initial training set Cg is generated through the uniform distribution with range [—6, 6]%, and the sample size is set to
|Cx| = 6 x 10* for each iteration step k for k=0, ..., Nadaptive- In addition, we take L =8 affine coupling layers, and two
fully connected layers with w =48 neurons for NNy;; (see Eq. (10)).

Fig. 7 shows the exact solution p(x) and our ADDA-KR solution px(x; ®), where it can be seen that they are visually
indistinguishable. For this test problem, there is no significant difference between the ADDA-KR solution and the ADDA-HH
solution, and we then only show the exact solution and our ADDA-KR solution. Fig. 8 shows samples drawn from the exact
solution of Eq. (35) and our ADDA-KR solution, which confirms that the corresponding distributions (p(x) and px(x; ®)) are
very close.

13
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(a) Exact solution p(x) (b) ADDA-KR solution px(x; ®)
Fig. 7. Solutions, two-dimensional single modal test problem.
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Fig. 8. Samples, two-dimensional single modal test problem.
5.2.2. Two-dimensional bimodal distribution
In this test problem, the Fokker-Planck equation considered is
2
=V - [p®)Vlog(B1p1(X) + f2p2(x)] + V p(x) =0,
f p(x)dx=1, p(x) >0, (39)

Rd

where for k =1, 2, each pi(x) is the probability density function of the normal distribution with mean g, and covariance
Y, and B1 + B2 = 1. The solution of Eq. (39) is the following Gaussian mixture distribution [47, p. 123],

p(x) = B1p1(X) + B2p2(%). (40)

Here, we set p, X and gy for k=1,2 as

B1=0.55, f=045 p,=[-1,-11", p, =[2.2]"

- 6.12186142 —0.26372569 v - 2.8828528  —0.70234742 (41)
17| —0.26372569 1.81664391 |° 27| —0.70234742 2.69199911

The matrices ¥ and X, are positive definite, and their entries are randomly constructed.

We again generate the initial parameters @80) with Glorot Gaussian initialization, and then construct the initial KRnet
pg?) (x; (H)éo)). The number of epochs is set to N, =200, and the maximum number of adaptivity iterations conducted for
this problem is set t0 Nadaptive = 5. The learning rate for Adam optimizer is set to 7 =0.0001, and the batch size is set to
m = 1000. The initial training set Cy is generated through the uniform distribution with range [—5, 5]%, and the sample size

14
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Fig. 9. The relative error for ADDA-KR, two-dimensional bimodal test problem.

is set to |C| =6 x 10* for each iteration step k for k=0,..., Nadaptive- In addition, we take L = 8 affine coupling layers
for both KRnet and real NVP, and two fully connected layers with w = 48 neurons for NN[;; (see Eq. (10)). For KRnet, we
set K =2 to focus on the effectiveness of the rotation layer and the nonlinear layer for this test problem. To assess the
effectiveness of our ADDA-KR approach, we generate a validation data set C, = {x(i)}ﬁ\’:V1, and compute the relative error

defined by Eq. (27). The KL divergence is approximated by Monte Carlo integration

N
1 & i i
Di(P(IIpx(x: ©) ~ 1= 3 (logpx) ~ log p(x”: ©) ). (42)

where x% is drawn from the exact solution p(x), and the size of the validation data set is set to 3.2 x 10° such that the
KL-divergence can be approximated well.

Fig. 9 shows the relative error between the exact solution p(x) and our ADDA-KR solution px(x; ®) at each adaptivity
iteration step k. It is clear that, as the adaptivity iteration step increases, the relative error decreases quickly. In addition, it
can be seen that as the number of epochs increases, the relative error decreases. Fig. 10 shows the comparison between our
ADDA-KR and ADDA-HH. From Fig. 10(a), it can be seen that the relative error of ADDA-KR is smaller than that of ADDA-HH
at each adaptivity iteration step. Fig. 10(b), Fig. 10(c) and Fig. 10(d) show the relative error decreases as the number of
epochs increases, at adaptivity iteration steps k = 1, 3, 5 respectively. It can be seen that the relative error of ADDA-KR is
clearly smaller than that of ADDA-HH for each value of epochs, except for the situations that the epoch number is smaller
than 125 at the first adaptivity iteration in 10(b). Fig. 11 shows the exact solution p(x) and the ADDA-KR solution px(x; ©®),
where it can be seen that this bimodal distribution is well approximated by our ADDA-KR solution.

5.3. High-dimensional bimodal distributions (four-dimensional and eight-dimensional test problems)

In this part, we again consider the Fokker-Planck equation with two peaks Eq. (39) and set 81 = 0.55, 8, = 0.45. However,
the dimensionality of the problem considered in this part is different from section 5.2. We here consider a four-dimensional
(d =4) problem and an eight-dimensional (d = 8) problem. The exact solution of Eq. (39) is a Gaussian mixture distribution
Eq. (40). For d = 4, we set

oy =0-1,-1,-03,-031", py =[2,2,0.6,0.6]"

, [z o0 , [z o0 (43)
El_[o 0.621]’ 22_[0 0.6):2]’

where X1 and X, are given in Eq. (41), and X} and X are the covariance matrices of p; and p; for this test problem.

Similarly to the previous settings, we generate the initial parameters @E)O) with Glorot Gaussian initialization, and then

construct the initial KRnet p§?> (x; 980)). The number of epochs is set to N. =1, and the number of adaptivity iterations

conducted for this problem is set to Nadaptive = 16. Here, KRnet is trained and sampled in an interleaved manner. That is
for both the four-dimensional and the eight-dimensional test problems, samples C; drawn at the k-th adaptivity iteration
are immediately used for training KRnet at the (k 4+ 1)-th iteration, while pgf’q)(x; ®) is immediately used for sampling.
The learning rate for Adam optimizer is set to n = 0.0001, and the batch size is set to m = 500. The initial training set
Co is generated through the uniform distribution with range [—6, 6]*, and two cases of the collocation sample size are
considered: one is 10° and the other is 2 x 10°. In addition, we take L =8 affine coupling layers for KRnet, and L = 16

for real NVP. The architecture of NNy;; is the same as that shown in Fig. 2 with w = 120. For KRnet, we set K = 3. The
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Fig. 10. The relative error for ADDA-KR and ADDA-HH, two-dimensional bimodal test problem.
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Fig. 11. Solutions, two-dimensional bimodal test problem.

rotation layer and the nonlinear layer are turned on. To assess the accuracy of ADDA-KR, we again compute the relative
error Eq. (27) between p(x) and px(x; ®) using 3.2 x 10° validation samples drawn from the exact solution.

Fig. 12 shows the relative error between p(x) and px(x; ®) for ADDA-KR and ADDA-HH, where different numbers of
collocation points are considered. From Fig. 12(a), it can be seen that the relative error of ADDA-KR is smaller than that of
ADDA-HH. From Fig. 12(b) and Fig. 12(c), as the number of epochs increases, the relative errors of ADDA-KR and ADDA-HH
decrease quickly, while the relative errors of the uniform sampling strategies (Uniform-KR and Uniform-HH) decrease slowly.
In addition, it can be seen that the relative error decreases as the number of training points increases from 10° to 2 x 10°
for ADDA-KR, ADDA-HH, Uniform-KR and Uniform-HH.

16



K. Tang, X. Wan and Q. Liao Journal of Computational Physics 457 (2022) 111080

100 —-= ADDA-HH--10° 100 g —-= Uniform-HH--10° 100 g —-= Uniform-KR--10°
) —— ADDA-KR--10° N —— ADDA-HH--10° AN —— ADDA-KR--10°
| S C ADDA-HH--2 x 10° [ C Uniform-HH--2 x 10° [ Uniform-KR--2 x 10°
i --- ADDA-KR-2 x 10° HE N~ --- ADDA-HH--2 x 10° T --- ADDA-KR--2 x 10%
. [ . | . . [ <
£ ! £ ! £ !
| \ \
o i 9] \ 9}
o [ [ | ]
2 } 2 [ 2
b~ [ = \ ]
© i © \ ©
[J] [0} \ [0}
< 3 | <
-1 -1
10 101 10
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Epochs Epochs Epochs
(a) ADDA-KR and ADDA-HH (b) ADDA-HH and Uniform-HH (¢) ADDA-KR and Uniform-KR
Fig. 12. Relative errors, four-dimensional test problem.
i —:= ADDA-HH--3.2 x 10° L
i —— ADDA-KR-3.2 x 10° i
----- ADDA-HH-6.4 x 10° .
--- ADDAKR-64x10° | b el
- P N .
<] o o
<4 < - 2 ;
5 5 —-= Uniform-HH--3.2 x 10° 5 —-= Uniform-KR--3.2 x 10°
o 0 i —— ADDA-HH--32 x 105 v, —— ADDA-KR-3.2 x 10°
2 2 N e Uniform-HH-6.4 x 105 200 NN e Uniform-KR~6.4 x 10°
© o i --- ADDA-HH--6.4 x 10° © --- ADDA-KR-6.4 x 10°
5} TR I [0}
o« « 10 | 4
0 0 4 6 8 100 0 0 40 6 8 100 0 20 40 60 80 100
Epochs Epochs

Epochs

(a) ADDA-KR and ADDA-HH (b) ADDA-HH and Uniform-HH (c) ADDA-KR and Uniform-KR

Fig. 13. Relative errors, eight-dimensional test problem.

Finally, we consider an eight-dimensional bimodal distribution. For this problem, we set

wy=[-1,-1,-03,-0.3,-0.4, —0.4, —1.6, —1.6]", u, =[2,2,0.6,0.6,0.8,0.8,2.3,2.3]"
¥ 0 0 0 ¥ 0 0 0
s _| 0 06% 0 0 s _| 0 06% 0 0 (44)
=1o0 0 08 o0 |” “27| o 0 08 0 |’
0 0 0 123 0 0 0 123,

where X and X, are given in Eq. (41), and ¥ and X, are the covariance matrices of p1 and py for this test problem.

Again, we generate the initial parameters @(()0> with Glorot Gaussian initialization, and then construct the initial KRnet
pE?) (x; @éo)). The number of epochs is set to N =1, and the maximum number of adaptivity iterations conducted for this
problem is set to Nadaptive = 120. The learning rate for Adam optimizer is set to 1 = 0.0001, and the batch size is set to
m = 4000. The initial training set Cp is generated through the uniform distribution with range [—6, 6]%, and two cases of
the collocation sample size are considered: one is 3.2 x 10° and the other is 6.4 x 10°. In addition, we take L = 10 affine
coupling layers for KR, and L = 20 for real NVP. The architecture of NN(;; is the same as that shown in Fig. 2 with w = 160.
For KRnet, we set K = 3. The rotation layer and the nonlinear layer are turned on. We again compute the relative error
Eq. (27) using 3.2 x 10° validation samples drawn from the exact solution.

Fig. 13 shows the relative error between p(x) and px(x; ®) for ADDA-KR and ADDA-HH. From Fig. 13(a), it can be seen
that the relative error of ADDA-KR is smaller than that of ADDA-HH, when the number of epochs is larger than 60. From
Fig. 13(b) and Fig. 13(c), as the number of epochs increases, the relative errors of ADDA-KR and ADDA-HH decrease quickly,
while the relative errors of the uniform sampling strategies (Uniform-KR and Uniform-HH) decrease slowly. In addition, it

can be seen that the relative error decreases as the number of collocation points increases from 3.2 x 10> to 6.4 x 10° for
ADDA-KR, ADDA-HH, Uniform-KR and Uniform-HH.

6. Conclusions

Conducting adaptivity is of fundamental importance for the efficient approximation of high-dimensional Fokker-Planck
equations. With a focus on deep learning methods, we have developed an adaptive deep density approximation strategy
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based on KRnet (ADDA-KR) in this work. Our KRnet, which is built on a block-triangular structure inspired by the Knothe-
Rosenblatt rearrangement, gives an explicit family of probability density functions, which can serve as solution candidates
of the Fokker-Planck equation. We also showed that KRnet is effective for estimating high-dimensional density functions
in general. The fact that KRnet can efficiently generate samples integrates the two main steps in our ADDA-KR strategy to
achieve efficient iterations: train KRnet for the Fokker-Planck equation with current collocation points, and generate new
collocation points using the KRnet for the next iteration. Compared to real NVP, which is a widely used generative model,
numerical results show that our ADDA-KR gives much more accurate numerical solutions for the Fokker-Planck equation.
ADDA-KR in general works very well for Fokker-Planck equations with dimension of O(10). For higher-dimensional cases, the
sparsity of high-dimensional data will induce more severe difficulties, where we may need to consider dimension reduction
to adapt more problem properties into the algorithm.
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