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A TRANSITION-DENSITY-BASED OPERATOR LEARNING
METHOD FOR FOKKER-PLANCK EQUATIONS WITH VARIOUS
INITIAL CONDITIONS*
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Abstract. Solving Fokker-Planck equations (FPEs) for multiple initial conditions typically re-
quires repeated computations, leading to substantial computational costs. In this work, we propose
a transition-density-based operator learning method to efficiently approximate the solution operator
of FPEs with various initial conditions. The core idea is to learn the transition probability density
function (PDF) of the underlying stochastic differential equation (SDE), from which the solution
associated with a new initial distribution can be obtained through the Chapman—Kolmogorov equa-
tion without retraining the model. A major challenge in learning the transition PDF lies in the
singular behavior induced by the Dirac initial condition. To address it, we introduce a conditional
normalizing flow whose base distribution is given by the explicit transition PDF of a linearized SDE.
This base distribution captures the short-time behavior of the target transition PDF and allows the
normalizing flow to learn a near-identity transformation at small times. We further incorporate a
time-weighted loss function to stabilize training near the initial time and develop an importance-
sampling strategy for evaluating solutions associated with general initial conditions. A variety of
numerical experiments are presented to illustrate the effectiveness and robustness of the proposed
method.
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1. Introduction. The FPE describes the time evolution of the PDF associated
with a stochastic dynamical system of diffusion type, serving as a deterministic repre-
sentation of the stochastic process. Numerically solving the FPE is of high interest in
many fields, such as statistical physics, chemistry, biology, finance, and data science,
as it enables uncertainty quantification and statistical inference. Moreover, in many
of these applications, such as ensemble forecasting [24] and data assimilation [30], the
governing stochastic dynamic is fixed, whereas the initial distribution varies across
scenarios or posterior updates. Solving the FPE repeatedly for each initial condition
can therefore lead to substantial computational costs.

Classical numerical discretization schemes for the FPE include the finite element
method [9], the finite difference method [22], the path integral method [45], and
the Jordan-Kinderlehrer-Otto (JKO) scheme [21], among others. Nevertheless, these
traditional approaches incur high computational cost and suffer from poor scalability
in high-dimensional settings. To overcome these challenges, deep learning methods
[11, 33, 37] bring a new paradigm. In general, deep learning—based methods for solving
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the FPE can be categorized into two main classes: those that directly represent the
solution with neural networks [7, 31, 42, 46, 47, 51|, and those that employ generative
modeling techniques, such as normalizing flows [12, 13, 29, 39, 49, 50] and score-based
approaches [3, 19, 52]. Alternatively, Bruna et al. [6, 46] approximate the solution of
the interacting-particle FPE using a Gaussian mixture model, and numerically solve
the ordinary differential equation (ODE) system for the mixture coefficients using the
Neural Galerkin method, subsequently normalizing the solution at each time step to
enforce the PDF constraints. In parallel, several techniques have been developed for
some special FPEs that exploit the reinterpretation as the L?-Wasserstein gradient
flow of the Kullback-Leibler divergence [23, 26].

While a variety of numerical methods have shown promising performance in solv-
ing FPEs with prescribed initial conditions, there remains a lack of methods capable
of efficiently handling multiple initial conditions. The aforementioned methods have
to solve the FPE anew every time a new initial condition arrives. This challenge can
be viewed from the perspective of operator learning, where the objective is to learn
a mapping from an initial distribution to the corresponding time-dependent solution
of the FPE. Recently, Wang et al. [43] proposed a Gaussian-mixture latent surrogate
that directly learns the evolution from initial to corresponding transient PDF repre-
sentation, while focusing on Gaussian-mixture initial distributions and a truncated
computational domain. Yang et al. [48] proposed a pseudoreversible normalizing flow
and leveraged samples generated from an SDE to learn the terminal solution of the
corresponding transition FPE. In the general data-driven setting, generative models
are also widely used to learn the conditional PDF, such as conditional Glow [28],
monotone generative adversarial networks [2], the gradient of a partially input-convex
neural network, and Neural ODE [44], to name a few. For general parametric PDEs,
some techniques have been proposed to learn the solution operator, such as the deep
operator network (DeepONet) [27], the Fourier neural operator (FNO) [25], and their
variants. Gaby et al. [15] learned the solution operator of the evolution PDEs for
various initial conditions by learning a control vector field in the parameter space and
solving the ODE system of the neural network parameters. There are also works that
learn the Green’s function to construct the solution operator, leveraging the explicit
representation of the solution in terms of the Green’s function [1, 5, 40]. However,
direct application of these methods to FPEs requires additional treatments of bound-
ary conditions and PDF constraints. In this work, we take a different route: rather
than learning the dependence of the FPE solution on the initial distribution directly,
we learn the transition PDF of the underlying stochastic dynamics. Solutions for new
initial distributions are then recovered through the Chapman-Kolmogorov equation.
Our framework is built on the following ideas.

First, we reformulate operator learning for the FPE as the problem of approxi-
mating the transition PDF, i.e., the solution of the FPE starting at initial time from
a Dirac mass at an arbitrary location xg. We develop a conditional normalizing flow
parametric in time and xg to learn the transition PDF. Benefiting from the inherent
property of a normalizing flow, the proposed approach naturally satisfies the PDF
constraints without requiring additional enforcement. We mention that the work
[35, 36] developed in parallel to ours, also proposes a conditional normalizing flow to
approximate the transition PDF, however, in a Neural Galerkin framework.

Second, we propose a time- and initial state-dependent base distribution to im-
prove the conditioning of the conditional normalizing flow. In contrast to the com-
monly used standard normal distribution, our base distribution is given by the explicit
solution of a linearized SDE parametric with respect to the initial state xy. The lin-
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earized SDE is obtained by applying a first-order Taylor expansion to the drift term
and a zero-order expansion to the diffusion term of the target SDE. Using the solution
of the linearized SDE as the base random process not only respects the causality for
evolution PDEs [8] while bypassing the singular initial condition, but also alleviates
training difficulties. We show, in particular, that the total variation distance between
the transition PDF of the linearized process and that of the true process is of order
O(t) while the Kullback-Leibler divergence scales as O(¢?) as t — 0. The correspond-
ing transformation tends to the identity map as ¢ — 0, making it easier to learn than
transformation based on a fixed standard normal base distribution at all times.

Third, we propose a time-weighted loss function to mitigate numerical instabili-
ties arising at small times when the transition PDF approaches a Dirac measure. The
weight function takes the form t4+2 or ¢2+2 depending on the distribution of the train-
ing points. It is designed to capture the temporal scaling of the residual when a small
perturbation around the base PDF is considered. Introducing this weighting strat-
egy can be interpreted as a trade-off between maintaining causality and alleviating
optimization difficulties.

Fourth, we incorporate the learned conditional normalizing flow and an importance-
sampling Monte Carlo estimator to approximate the final solution of the original FPE.

The remainder of this paper is organized as follows. Section 2 formalizes the
operator learning problem for the FPE under different initial conditions. In section 3,
we introduce the conditional normalizing flow with base distribution provided by the
linearized SDE. In section 4, we analyze the behavior of the loss function as t — 0,
and we propose a time-weighted loss and an adaptive sampling algorithm. Importance
sampling is discussed in section 5 to efficiently evaluate p(ax,t). Section 6 presents a
series of numerical experiments that illustrate the effectiveness and robustness of the
proposed method, followed by concluding remarks in section 7. Additional details of
certain proofs and calculations are provided in the Appendix.

2. Problem setup and reformulation. Consider the state variable X; mod-
eled by the following non-degenerate SDE,

(21) dX; = f(Xt) dt —l—g(Xt) dw,, t>0,
where f(X;) : R? — R? and g(X;) : R? — R¥™ m > d denote the drift and

diffusion terms, respectively, and W; is an m-dimensional standard Wiener process.
The PDF p(x,t) for X, satisfies the corresponding time-dependent FPE:

N 1
(2.2) 5 = Lrop =V 0f)+ 5V -V (99" p).
In general, equation (2.2) is defined on R? with the following boundary condition
(2.3) p(x) -0 as x|z — 0.

Meanwhile, the solution as a probability density function should be conservative and
non-negative, i.e.,

(2.4) / p(x,t)de =1, and p(x,t) >0, Vt>D0.
Rd

In this work, we address scenarios with varying initial conditions and develop
a transition-density-based operator learning method that generalizes across them,
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thereby eliminating the need to solve the corresponding FPE repeatedly for different
initial conditions, i.e., we consider the problem

op(x,t .
(2.5) p(at ) Lhgp(x,t),  zeR%t>0,
p(x,0) =po(x), po€g, z € R?

where G is a functional class including all possible initial distributions of interest.

To achieve this, we turn to the transition PDF p(x,t|xo) given an initial state.
The corresponding transition PDF satisfies the same governing equation as the original
FPE (2.5), but with a Dirac Delta function as the initial condition,

Op(z, t|x .
(2.6) % = L} gp(@, tl@o), xR >0,
p(@,0zo) = 6(z — o), x € R%

Applying the Chapman-Kolmogorov equation yields the solution to the FPE (2.5),
(2.7) p(x,t) = / p(x, t|xo)po(xo)dag.
Qo

This motivates us to solve the FPE for different initial conditions by approximating
the transition PDF p(x|xg,t). In this work, we extend the normalizing flow framework
[13, 49] to handle the transition FPE with Dirac delta functions centered at various
points as initial conditions.

2.1. Notation. For convenience, we introduce here some notations that will be
used throughout the paper. For a vector z € R? |z| denotes its Euclidean norm.
For a matrix A € R¥4 || A| denotes its spectral norm induced by the Euclidean

norm. Likewise, for a bilinear map B : R? x R? — R?, || B|| denotes its operator norm
|B(z)|

1Bl = sup el Tyl -

z,y€RL, 240, y#£0

Given two probability measures v and p on R, v < p, H(v | p) denotes the

relative entropy of v w.r.t. p, and [|v — pflrv denotes the total variation distance
between v and p.

dv
)= [ log(d) v, v—ply = sup [(A)— ()]
R4 H AeB(R%)

Furthermore, if y < p, and dv = p,dp, dp = p, dp, then

pu(z)
pﬂ(:lt)

a0 = [ tanog(25) apia). -l =5 [ | 1nle) - pu@dsta)

Moreover, given a measurable map T : R — R¢, Tyv denotes the pushforward mea-
sure of v through T, i.e., (Tyv)(A) :=v(T~1(A)) = v ({x € R?: T(z) € A}) for any
A € B(RY). By N(-; u, ) we denote the PDF of a multivariate normal distribution

with mean g and covariance matrix 3. For f € L?(R%, v;R™), Il FllL2(r4,;mm) denotes

its L?-norm w.r.t. the measure v, i.e., || fllr2®eprm) = ([za |f(ac)|2dz/(ac))1/2.
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3. The conditional normalizing flow. In this section, we introduce a condi-
tional normalizing flow to approximate the transition PDF p(x, t|xo) given the initial
state xg. Before proceeding to the conditional normalizing flow, we briefly review the
idea of normalizing flows.

A normalizing flow seeks an invertible transformation T from the unknown ran-
dom vector X € R? to a given random vector Z € RY with a well-known and easy
to sample distribution. According to the change of variables formula, the PDF of
X =T~ Z) can be expressed by,

(3.1) px(x) = pz(T(x))|det VT'(x)]|.

Furthermore, by allowing the distribution of the given random variable Z and
the transformation T' to depend on some parameters, the initial state xy and time
t in our setting, we can derive a conditional normalizing flow that maps the current
state X; of (2.1) to a base random variable Z;(x() conditioned on an initial state
Xo = Xy, i.e.,

Xt|X0:w0 = Tﬁl(Zt(wO); 9((170, t))v

(3.2)
PX,|X=a0(T) = Dz, (o) (T(x;0(0,1))) | det Vi T'(x; 0(x0, 1)),

where 6(x,t) represents the parameter set of the invertible transformation 7' condi-
tioned on the initial state g and time ¢. This transformation 7" maps an unknown
stochastic process X; to another stochastic process Z; given the initial state Xy = xg.

3.1. What makes a good base stochastic process for the conditional
normalizing flow? The transition PDF provides a way to approximate the solution
of the FPE under different initial conditions. However, directly approximating the
solution of the FPE with a Dirac delta function as the initial condition is challenging.
The challenge lies in the fact that the Dirac delta function lacks regularity, and there
is no invertible transformation that maps it to a regular distribution (e.g., normal
or uniform distributions) used in normalizing flows. To address this challenge, we
linearize the original SDE and use the solution of the resulting linear SDE as the
base stochastic process of the normalizing flow. The linearization of the original SDE
is based on the assumption that the drift term f and diffusion term g are smooth
functions. This allows us to approximate the original SDE by a linear SDE, which
admits an analytical solution. Specifically, we approximate the original drift term
by the first-order Taylor expansion and the diffusion term by the zero-order Taylor
expansion at the initial state xg, i.e.,

(33 {dﬁ?t = (F(mo) + VF(@o)(X, — m0))dt + g(wo)dW;, >0,
X\O = Xy.

The corresponding solution admits an analytical form,
t ¢
34)  Ki—ap+ [ TN flag)ds 4 [T g(ag)aw,
0 0
which is a multivariate Gaussian process with mean and covariance given by

t
E |:Xt‘X0 = wo} =x _|_/ evf(mO)(t_s)f((EQ)dS,
(3.5) ) 0
2 [Xi[Xo = @0 = [ €7@ g(ay)gan) eV s
0
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The two integrals with respect to time ¢ in equation (3.5) can be effectively approxi-
mated by Gauss-Legendre quadrature, thus,

E P(\JX\O = azo} ~ xg + Zwievf(wo)(t’si)f(mo),
i=1
m

(B6) 2 [XIXo = wo| & D wie I g (o) glwg) TV (1),
=1

t t

51@1‘7 8; = §(§i +1),

where {(w;, §;)} are the weights and nodes associated with the Legendre polynomial
defined on [—1,1]. Moreover, if V f(xo) is invertible, we can rewrite the solution as

w; =

(3.7 X, =m0+ (Vf(x)) ™" (evﬂmo)t - I) f(xo) + / eV @) (t=5) g () AW,
0

The corresponding conditional mean admits the equivalent expression,

E [ X|X0 = 0| = @0+ (VF(20)) " (770" ~I) f(ao).

Thus, instead of approximating the integral, one may compute the inverse of V f (o).

We note that the linear SDE system (3.3) provides a close pathwise approximation
to the original SDE (2.1) for small ¢. The corresponding transition PDF associated
with the linear SDE provides a good approximation of the target transition PDF in
the short-time regime, as verified by Proposition 3.1 below.

PROPOSITION 3.1. Suppose that the drift term f = f, in the SDE (2.1) is dif-
ferentiable, and the diffusion term g is constant, G = (GY); j<q = %gg—r s mon-
degenerate, {pv, };c(0,) is the PDF solution on the time interval [0,tf] to the corre-
sponding FPE with a Dirac delta function 65, as the initial condition, {pot}te[o,tf]
is the PDF solution to the FPE corresponding to the linearized SDE (3.3) with drift
term f, and the same initial condition 65,. Denote vy and o, the probability measures
corresponding to p,, Do, , respectively. If |V £, (z)|| < Cg, Yo € RY for some Cy > 0,
then for any t € (0,t5),

1t
H(O’t | Vt) S 5/ /
0 Rd
1 t
[ve — oty < Z/ /
0 R4

Both the relative entropy H(ot|vi) and the square of total variation |vy — o3,
are O(t?) as t — 0. Moreover, if |V2f,(z)|| < Hg, Yo € R? for some Hy > 0, then
H(o|w), |y — o3y are both O(t3) as t — 0.

Proof. See Appendiz A.

Statistical quantities evaluated under the target measure can be approximated by
those under the approximate measure, with an error bounded by the total variation
distance between the two measures, as established in the next proposition.

GV (f, (@)~ fula))| douds,

G2 (fol@) ~ ful)| dods.

PROPOSITION 3.2. Suppose that v,o are two probability measures on R%. Then
for every function f € L*(R%, v;R™) N L2(R%, 0; R™), we have

<V2[lv — oy (||f||L2(Rd,V;Rm) + ||f||L2(Rd7o;Rm)) .

f@)dv(z) — [ f(x)do(x)
Rd Rd
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Proof. See Appendiz B.

In particular, if we take 0 = Txv for some measurable map 7 : R? — R4 and
f(x) = x, assuming v, o have finite second moments, we have

[ atv@) ~ [ T@avie)| < Vel =l (lelluagomn + 2] om)

We also state that if v; — p in total variation and their second moments converge,
then the Knothe-Rosenblatt (KR) map T; satisfying (T;)xun = v; converges to the
identity map in Lo(u).

PROPOSITION 3.3. Let {v;}52, be a family of absolutely continuous probability
measures on R? w.r.t. the Lebesque measure, each with finite second moments, and
assume that p is an absolutely continuous measure, ||v; — plTv — 0, || L2@e ) —
|| 2(ra , as @ — oo. Then, let T; be the KR map between p and v;. We have
T; — 1d in L?(u) as i — oc.

Proof. See Appendix C.

Proposition 3.1 shows that, for small ¢, the transition PDF of the linearized SDE
is close to that of the original SDE in total variation. Proposition 3.3 implies that,
under certain conditions, KR maps associated with a sequence of measures and its
limiting measure converge to the identity map. This observation motivates our design
choice: the conditional normalizing flow is constrained to be the identity at ¢ = 0 and
to deform gradually as t increases. In this way, we avoid directly mapping from a
Dirac delta initial condition and reduce the training difficulty near ¢ = 0.

3.2. Architecture of the conditional normalizing flow. The transition-
density-based method reformulates the original problem of finding p(x,t|xy) as the
task of identifying an invertible transformation T'(;60(xg,t)), mapping a stochastic
process X; to Z; given initial state Xy = xg. In practice, we can construct such a
complex invertible mapping by stacking a sequence of simple bijections, i.e.,

Zi| zo=zZo(z0) = T(Xt| xo=w0; (0, 1)) = Tixy 0 Tig—1y 0 - - - © Tii) (Xt | X =0 )

where Tj;; = Ty (+; 0pj (0, ) is based on shallow neural networks. The inverse and
Jacobian determinant are given as

Xt|X0ifE0 =7 (Zt|Zo:zo50(m07 t)) = T[I]l OO0 T[}lfl] ° T[;(l](Zt|Zo=Zo(wo))a
L
| det (Vo T (5 0(z0, 1)) | = [ |det (Vay,_,y Tj () |,

=1

which motivates the use of techniques that enable efficient computation of both the
inverse and the Jacobian matrix of 7j;(-). In this work, we adopt the structure with
descending active transformation dimensions in the standard KRnet [38], which is
inspired by the KR rearrangement [34] and affine coupling layers [10], to enhance
accuracy and reduce model complexity in high-dimensional settings.

Let 27 = ((a:(l))—r , (sc(Q))T ey (zc(K))T) be a partition of ', where (¥ =
, N T B
(xgw,...,zg?) with 1 < K < d, 1 <d; <dand 2% d; = d. Denote a() =

-
((w(i))T , (:c(”l))T e (w(j))T> . Our conditional normalizing flow Tc.KRnet 1S
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defined as follows,

. Treaq
Toy =Tk, Tw= """ ), k=2 K,
Idxyo—r:K

T Tw_ 5
Zy| zy=2y = Te-KRnet (Xt| xo=20; 0(0,1)) = ! o0---0 A Tr(Xt|xo=20)s
Id2.x) Id g

where Id;. J)( x) = z(9) denotes the projection operator, Ty : [—1,1]Zimdi —
-1 1}27 19 i an invertible mapping of (%) that is constructed by the compo-
sition of conditional affine coupling layers defined in the Section 3.2.1.

The conditional normalizing flow Tc.kRrnet is primarily constructed using two
nested loops: an outer loop and an inner loop. The outer loop consists of K stages,
each corresponding to a mapping T},. The inner loop T} contains 1 stages, represent-
ing the number of coupling layers. Following the application of T}, the kth partition
is kept fixed in the subsequent outer stages. As the outer loop progresses, the active
dimension gradually decreases, which motivates reducing the depth [; for later stages.

3.2.1. Conditional affine coupling layer. In this section, we focus on the
construction of the inner loop T, = Tk’lk <0 Tk 50 Tk 1. To this end, we first
introduce a conditional affine coupling layer, given some information € and time t,
applied to a vector y = (y1,y2) € R™, where y; € R™!, and yo € R™™ ™ as follows:

:_01 = Y1,
(3.8) A ¢
92 =92 ® (Ly—m, + Btanh(t-s)) + e © tanh(t - q),

where 8 € (0,1) is user defined, ¢ is trainable and s and g are outputs of a neural
network that takes as input the unchanged portion y;, the given information & and
time ¢, i.e.,

(3.9) (s,q) = NN(y1,&,t).

To emphasize the influence of the initial state, we adopt the approach proposed in
[18], applying a random Fourier feature transformation [41] before the fully connected
layers of the neural network used in equation (3.9). The resulting neural network is

T
1 1
hy = [yl,ﬁ,t]T , hy= {sin (etho + bo) , COS <e’YFhO + bo) , h0:| ,

hj = SiLU(Wj_lhj_l + bj_l), for j=2,..., M, (S,q) = Wyhy + by,

(3.10)

where F € R™/2xdim(ho) ' e R™/2 are sampled from a standard normal distribution
and a uniform distribution over [0, 271']7"h/ 2. respectively and rj, denotes the dimension
of the random features. Both F and by are fixed after initialization. ~, {W}, b; }Jle
are trainable parameters, and the sigmoid linear unit (SiLU) function is used as the
activation function.

Since the conditional affine coupling layer (3.8) updates only y2, we alternate the
roles of y; and y- in subsequent layers to ensure a full update of y. Note that the
transformation defined by the conditional affine coupling layer (3.8) reduces to the
identity when ¢t = 0, which is consistent with using the PDF corresponding to the
linearized SDE as the base distribution of the conditional normalizing flow.
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Now we are ready to construct Ty, which consists of [;, conditional affine coupling
layers. Denote xjg) = @, xy) = Tik)(T—11), § = To, and yp = :BE;]:K_IC) the active
part of x) for k=1,..., K — 1. We apply a sequence of conditional affine coupling

transformations (3.8) to y) using a half-half split.

4. Deep adaptive algorithm. Given an SDE, we solve the corresponding tran-
sition FPE with Dirac delta functions centered at various points as initial conditions,
which is considered as offline training. Let p(x,t|xg) be a conditional probability
density function defined on R x [0,¢7] x 2. It satisfies the transition FPE (2.6). By
using the solution of the linearized SDE as the base stochastic process and enforc-
ing the transformation to be the identity mapping at ¢ = 0, the initial condition is
naturally satisfied. Applying PINNs yields
(4.1)

opo ..
£(0) = Ir(2, @0, po)[2dp(m, To, 1), (2, @0, p0) = 22 — L5, [pel,
R % (0,t5]x Q0 ot

where p(x, xo,t) = p(x|xo,t)p(t|xo)p(x0) is the sampling measure to be used in the
training process. For the case where x( lies within a bounded domain €y and %
is finite, we define p(t|@o)p(xo) to be the uniform measure over Qy x [0,¢f]. For
the remaining term, p(x|xo,t), we employ an adaptive sampling strategy similar to
that used for specific FPEs in our previous work [13, 49]. The only difference is that,
instead of sampling solely from the uniform distribution at the start, we are motivated
to sample from the base stochastic process, as it approximates the target transition
PDF particularly well when the time ¢ is small. After some training epochs, we obtain
a conditional normalizing flow that approximates the target solution and can be used
to generate samples from it. These samples are then used to update the collocation
points. The procedure offers an adaptive strategy for designing the sampling measure
pr(x|xo,t) at stage k, by combining the uniform measure, the measure from the
previous stage, and the one induced by the current normalizing flow, i.e.,

71
po(x|zo,t) = p(x)
(4.2) 7+ 73 7+ 3

Pr+1(x|xo,t) = vp() + Yopr(®|xo,t) + Y300-KRnes,0 (X|T0, T),

pZ(m|m07t)a it + 72 +’Y3 = 17

where p denotes the uniform measure over a user-defined bounded domain, pz(x, t|zo)
denotes the measure induced by the base random process, pc-kRnet,o (T, t|Zo) denotes
the measure induced by the current conditional normalizing flow and 71, 79,73 are
hyperparameters used to tune the sampling measure.

The transition PDF of the base stochastic process serves as a good approximation
of the target transition PDF when ¢ is small. However, as ¢ — 0, the target solution
approaches a Dirac delta function, and even small perturbations may lead to the
divergence of the residual. To illustrate this, we consider a small perturbation around
the transition PDF of the linearized SDE and analyze the asymptotic behavior of the
corresponding residual as t — 0.

PROPOSITION 4.1. Suppose the drift term f in the SDE (2.1) is differentiable,
and the diffusion term g is constant, G = (GY); j<q = %ggT is mon-degenerate.
Assume that |Vf(z)|| < Cf, Ve € R? for some Cy > 0. Given an initial state
xo and time t, let p(x,tlxy) = N(x;m(t),X(t)) where (i) ~ tG, and %m(t) is
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bounded. Then,
~\ 12 —(d49
@) [ el = 0 )
R

(4.4) oy [Ir(z, 2o, t:p)[?] = /Rd r(, xo, t; P)|2p(x, txo)dz = Ot~ 4+2),

Proof. See Appendix D.

According to Proposition 4.1, although the approximation may be close to the
target transition PDF for small ¢, the integral of the residual over the spatial domain
can scale as t~(4+2) or t=(5+2) a5 ¢ — 0 depending on the sampling measure p(x|xo, t),
which potentially leads to a blow-up. This motivates us to define a time-weighted loss
function. Incorporating the adaptive sampling strategy, we rewrite the loss function
at the k—th stage as a sum of three parts:

c*(o) =%/ r(z, o, t; po)|*dp(a)dp(t|zo)dp(z0)
QXQ()X(O,tf]
+’72/ r(z, @0, t; pe)| *dpr—1 (|0, t)dp(t|@o ) dp(x0)
QxQox(0,tr]
+’Y3/ r(x, T, t; po) 2dpc-Kruet,0 (T, t|To)dp(t|To ) dp(xo).
QxQox(0,tf]

We apply weighting functions w (t) = 512 to the first part, and wo (t) = t4+2 to
the last two parts. The resulting weighted loss function is then defined as

£ho) = [ (.o, t:p0) 2 due)dp(tlen)dp(ao)
QxQox(0,tf]

T / (@, @0 £; po) 2D d g1 (wlo, £)dp(t|z0)dp(o)
QxQox(0,tf]

+ 73 / r(z, @0, t; o) |t T2 dpokrnes (2|0, t)dp(t|20)dp(0 ).
QX Qo X(O,tf]

We emphasize that the usage of the linearized SDE respects the causality, and
the weighting functions introduced here not only help prevent blow-up but also assign
greater weight to more challenging training regions, making our method well-suited
for the transition FPE.

We introduce an indicator variable to distinguish samples drawn from differ-
ent distributions. Specifically, let N = N; + Ns + N3 with proportions Nj : Ny :
N3 = 1 : 72 : 3. Define S; = {(wi,wé,ti,ni = O)}N1

=1’

pled from p(x)p(t|xo)p(xo). Similarly, define Sy = {(x*, @}, t',n" = 1)}

where (x',z§,t') are sam-
Ni1+Na

=Ny 41 where

{ (=", @}, t") } are drawn from pj,_1 (x|xo, t)p(t|To)p(xo). Define S5 = {(x’, ), t',n’' =1)}

where {(x’,z},t")} are sampled from pc-krnet(€|To,t)p(t|zo)p(z0). Let S = Sy U
S5 U S3. The empirical time-weighted loss function is then defined as:

N
~ 1 S ; i, d
(45)  L5(6:8) = 1 > (@ @b tpe) 2 (n'1H2 + (1 n)ed ).
i=1

The optimal parameter 8* can be obtained via solving the optimization problem:

(4.6) 0" € arg meinfw(ng).

N
i=N1+Na+1
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The adaptive training process is summarized in Algorithm 4.1. The training set
is divided into several mini-batches, and the Adam optimizer is used to update the
parameters 6. The training set S is updated according to the strategy (4.2).

Algorithm 4.1 Solving the transition FPE with various initial states

Input: maximum epoch number N., maximum iteration number N,gaptive, rate
1,72, 73, initial learning rate [, decay rate 7, step size ng, the number of the
training bampleb N.

for k = O wdaptIVe do
if k=0 then
N1:|-’Yl+’Y3*NJ Nd:N Nl,

Generate Sy = {(z',xf,t',0)};y with (2, z),1") ~ u(x)p(t|zo)p(w0),
Sz = {(a", @, ', 1)}y, 1y with (2,2, t") ~ pcKRnet,0 (@, t[T0) p(t[T0) p(0)-
Initialize the training set S = 57 U Ss.
else
N1 I_’}/l *NJ NQ L’YQ*NJ N3 N — Nl NQ,
Generate S; = {(x', =, 1, 0)}N1 with (z, &}, t') ~ p(x)p(t|xo)p(ao),
S consists of Ny random samples drawn from S.
Sz = {(a", &h, t', )} N, nyp1s (8520, 1) ~ pokrues,0 (@, tzo) p(t|2o) p(@0).-
Update the training set: S = S; U .S; U S3.
end if
for j=1,--- N, do
if ((k—1)Ne + j)%ns == 0 then
l-=n%l.
end if
Divide S into n mini-batches {S®}% _ randomly.
forib=1,--- ,ndo R
Compute the loss function (4.5) £, (8; S™).
Update @ by using the Adam optimizer.
end for
end for
end for
Output: The predicted solution pc-kRrnet,6 (€, t|xo).

5. Importance sampling-based approximation of p(-,¢). Once the transi-
tion PDF is available, a natural way to approximate the solution of equation (2.5) is
by approximating the integral (2.7) through the Monte Carlo method,

M
1 . .
i=1

where {z}}M, are samples from the initial distribution pg. However, the transition
PDF approximates the Dirac delta function as ¢ — 0. Consequently, a direct Monte
Carlo method may incur large errors due to high variance. Alternatively, we apply
importance sampling, leveraging the knowledge of the transition PDF.

_ [ p@tzo)po(zo)
p<w,t>—/ﬂg —@O\m Sy 1)

(5.2)

R p(x, t|zh)po(x) i
~ , ~q(-|x,t).
o §j IR g~ gl )
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Recall that given an initial state xy and time ¢,  concentrates around the initial
state g for small time. The corresponding base distribution used in our conditional
normalizing flow is

t
s (@ tlen) = N (i + [ <TI0 fan)ds, B Ko = ).
0

Let

(5.3) q1(zo|z, t) = N(xo; m(z, t), B(x, 1)),

where m(z,t) = ¢ — fg eVI@s f()ds, X(x,t) = fot eVE@sg(x)g(z)TeVF@ 5.
The distribution ¢; is primarily designed to capture the local concentration of the
transition PDF and to mitigate the effect of large variance when ¢ is small. How-
ever, the approximation accuracy of ¢q; deteriorates as ¢ increases. As t grows, the
transition PDF becomes increasingly smooth and therefore does not hinder the ap-
proximation of p(x,t). This motivates incorporating the initial distribution into the
proposal. Accordingly, we propose to use a mixture of ¢;(-|x,t) and po(-) as the
proposal distribution in the importance sampling scheme. Define

(5.4) @2(xolz, 1) = at)qr(@ole, 1) + (1 — a(t))po(@o),

where «(t) € (0,1) is decreasing with respect to ¢, e.g., a(t) = exp(—at),a > 0. The
set of samples {x{}M, ~ qo(xo|z,t) can be generated by drawing «(t)M samples
from ¢ and (1 — «(t))M samples from po.

6. Numerical experiments. In this section, we present three numerical exper-
iments to demonstrate the effectiveness of the proposed approach. The conditional
normalizing flow is applied to solve the transition FPE under various initial states.
Once obtained, the importance sampling method is used to evaluate p(x,t) given
an initial distribution. We first consider a benchmark problem where the analytical
solution of the transition PDF is available. We next apply our method to an SDE
with nonlinear drift and constant diffusion. To further demonstrate the robustness,
we investigate the case of state-dependent diffusion.

The experiments are implemented in PyTorch with an initial learning rate of
0.001. The number of quadrature points in the equation (3.6) is set to 10. To quantify
the effectiveness of the proposed method, we consider several metrics. For some time
t, we compute the relative L? error of the approximation for the transition PDF
p(x, tlag) if the exact transition PDF is known via

N, ) 3 i )
Zi:l(p(mla t|.’1}7(‘)) B pC—KRnet(mzy t‘mz)))Q
N, i i
Zi=1 P(wﬂtlmé)Q

(61) REI(pC—KRnet(Wﬂ.)) =

)

where {(z},z")}Y", C Qp x Q denotes the validation dataset. When approximating
the solution of the FPE given an initial distribution pg(x), we consider the relative
L? error of the approximation pg(x,t) of p(x,t), as well as the maximum mean dis-
crepancy (MMD) [17]. The relative L? error reads

St (1) — po(a',1))?
Y@ 1)

(6.2) Rel(po(-,t)) =

9
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where {z’}1*, C Q denotes the validation dataset. When the analytical form of the
transition PDF is available, we employ Gauss—Kronrod quadrature rule to obtain the
reference solution p(x, t) for a given initial distribution. In the absence of an analytical
solution, the alternating-direction implicit (ADI) finite difference scheme [32] with a
time step of 0.001 and a spatial discretization size of 0.01 is used to compute the
reference solution for cases where the initial distributions are continuous over the
entire domain R?. An MMD is introduced in particular to assess the effectiveness of
the proposed method for discontinuous initial distributions.

1 My 9 My, M> 1 Mo
2 _ i a0 i o J i,
(6.3) MMD*(t) = M12 ijZZIK(wtaxt)*MlM2 ijZ:1 K(x, y;)+ M22 ijZZI K(y;,yl),

1 Ale -yl | 1 lz —y[*) | 1 |z — y|?
K(m,y):gexp (6’2 +§exp 7T +§exp 7? .

{zi} and {y!} are samples at time ¢ obtained using the Euler-Maruyama scheme with
a time step of 0.001 and generated by the normalizing flow, respectively, with initial
distribution po(x). ¢ is the median distance between {z}} and {y;}.

6.1. Benes SDE. We start with demonstrating the performance of our method
on the Benes SDE,

dX, = tanh X,dt + I,dW;,
(6.4)

Xo = To, X €< [—1, 1]d,

for which the corresponding transition PDF admits an analytical solution,

1 d 1 4 coshz

2 i
tag) = — ——t —= |- [
Pl tlzo) (2mt)d/2 xp ( 2 ) P ( 2t I = @l ) i—1 Coshao,i

6.1.1. Two-dimensional case. We first consider the two-dimensional case.
The conditional normalizing flow is composed of eight coupling layers. The parame-
ters of each coupling layer are generated by a neural network with 32 random Fourier
features and two hidden layers with 32 neurons. Training is performed for 10 adaptive
iterations, each with 300 epochs. The Adam optimizer is used with an initial learning
rate of 0.001, which is halved every 2000 epochs. 2 x 10° training points are employed
with a batch size of 10 each epoch. A validation dataset of 10° samples is used to
compute relative errors throughout the training process.

We first investigate the approximation performance of the transition PDF for
various initial states, using the following five types of loss functions:

1. Vanilla PINN, ¢ € (0,1.5), v1 = 0.2,72 = 0.6,v3 = 0.2;
2. Vanilla PINN, ¢ € (0.1,1.5), 71 = 0.2,v2 = 0.6,v3 = 0.2;
3. Time-weighted loss function, ¢ € (0,1.5), v1 = 0.2,72 = 0.6,v3 = 0.2.

We present the Rel(pc-krnet (+, ) (6.1) in Figure 1a, where the validation dataset
{zo,x} consists of 10° samples drawn uniformly from [—1,1]? x [-5,5]2. The blue
curve, which overlaps with the orange one, represents the relative error of the base
distribution. While it achieves high accuracy as ¢ — 0, its approximation quality
deteriorates as t increases. A similar trend is observed when applying vanilla PINN.
Although the base distribution stays close to the ground truth and the conditional
normalizing flow remains close to the identity at small times, the corresponding resid-
ual at small times may still dominate, so the approximation accuracy is nearly the
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1071 e ol 107
102 7
10734 ¢/ —e— Ada 0 epoch 300
, o pTE— Ada 2 epoch 300
4] d —e— base distribution —e— Ada 4 epoch 300
07 Vanilla PINN, t (0, 1.5) 1073 —— Ada G eSoch 300
10-5 | —— \{anil\a P.INN, t€(0.1,1.5) —e— Ada 8 epoch 300
l —e— time-weighted loss, t € (0,1.5) —e— Ada 10 epoch 300
0.0 0.2 04 06 08 1.0 1.2 14 0.0 0.2 04 06 08 1.0 1.2 14
Time Time
(a) The relative L? error. (b) Time-weighted loss.

Fig. 1: Left: Rel(pckrnes(:,t|")) for different loss functions. Right: the decay of
Rel(po.krnet (+, t|-)) against the adaptive iterations for time-weighted loss.

same as that of the base distribution. If we exclude small times by setting the min-
imum training time to ¢ = 0.1, the PDE constraints are no longer imposed near the
initial condition. In this case, the approximation relies primarily on the continuity of
the flow, and the accuracy improves for ¢ > 0.1. By contrast, our method exploits the
information from the base distribution and provides accurate approximations even
as t increases, owing to the expressiveness of the conditional normalizing flow and
the more balanced PINN’s loss. Notably, we do not observe the typical error growth
with time that often occurs in time-dependent problems. This highlights the effec-
tiveness of the time-weighted loss function in mitigating error accumulation over time.
Figure 1b further illustrates the decay of the Rel(pc.krnet (-, £]-)) across adaptive iter-
ations for the time-weighted loss function. Leveraging samples from the solution itself
allows the model to capture the local behavior of the solution and enhances training

efficiency.
5 Truth lel

Base 1e1

PINN, tE€(0,1.5)1el

. 5 15 5 15

: 1.0 1.0
0 0

05 05
00 -53 -5 -5

Abserror 19 4 Abserror le 4 Abserror le 2 Abserror 1e 2

15
2
1.0
! 0.5
-5 0 0.0

PINN, t€(0.1,1.5) el Ours 1e1

5

=5 0 5

Fig. 2: Solutions (top row) and the absolute eIrors bottom row) at t = 0 01 The

first column shows the ground-truth solution. Columns 2-5 display numerical ap-

proximations obtained by, from left to right, the base distribution, Vanilla PINN

with ¢ € (0,1.5), Vanilla PINN with ¢ € (0.1,1.5), time-weighted loss function with
€ (0,1.5).

Figure 2, Figure 3, and Figure 4 present the solutions at different times with the
initial state g = (0,0) computed with the different loss functions. They all align
closely to the ground truth except for the vanilla PINN’s loss for ¢ € (0,1.5). While
the base distribution and vanilla PINNs yield much more accurate approximations for
small ¢, their performance degrades progressively as t increases. Especially, Figure 4
demonstrates that the conditional normalizing flow is capable of capturing multi-
modal solutions. These results confirm the effectiveness of the proposed approach.

We next assess how well the solution of the FPE p(x, t) can be approximated under
various initial conditions. To this end, we employ a variety of Beta distributions on
[~1,1]? as initial conditions, thereby evaluating the effectiveness of the conditional
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i

Truth Base le— PINN, tE€(0,1.5 [ PINN, tE€(0.1,1.5)le—1 le—

0
Abs error 1e 4

15

Abserror le 2 Absermr 1e 4

0.0 —55

Flg. 3: Same as Figure 2 for t = 0.5.
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| OUH
-5 -3

Abserror 1e 2

Abs error _le—2

0 1.0
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5
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1.0 0
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Fig. 4: Same as Figure 2 for t= 1 5

-5 -5} 0.0

=5 0 5

normalizing flow for operator learning problems. More precisely,

d N G-l RN
Beta(IE,Cﬂ?) = H B(C:rI; 771) (1 —;ml> (1 2$Z> , L € [_171}d7

i=1

where B((;,n;) denotes a beta function. We first explore the uniform case where ¢ =

= (1,1). We use the conditional normalizing flow trained with the time-weighted
loss as an approximation of the transition PDF. Figure 5 reports the Rel(pg(-,t)) (6.2)
with a validation data set consisting 10* grid points over [—5, 5] for different numbers
of Monte Carlo samples used in evaluating pg(x,t) (5.2). Using ¢; as the proposal
distribution yields the most accurate approximation for ¢ < 0.3, whereas drawing
samples directly from the initial distribution py provides more reliable approximations
for t > 0.4. By contrast, adopting ¢z, a mixture of ¢; and py with «a(t) = exp(—6t),
offers a balanced compromise, delivering acceptable accuracy across both small and
large times. Figure 6 further illustrates the error decay with respect to the number of
Monte Carlo samples. The relative error follows the Monte Carlo error scaling for M <
10°. For a larger Monte Carlo sample size, however, the error in approximating the
transition PDF becomes dominant. We also present the variance of the importance-
sampling Monte Carlo estimator pg(x,t) in (5.2) as a function of ¢ in Figure 7 using 10%
samples. The proposal ¢; substantially reduces the variance as t — 0, but its variance
increases as t grows. However, go with different «(t), which combines ¢; with the
initial distribution pq, yields a more balanced variance behavior over time. We note
that traditional methods lose accuracy when the initial distribution is uniform, owing
to the discontinuity of the initial distribution over the entire domain, if no special
treatment of the discontinuity is taken. In contrast, our proposed methods remain
unaffected by this discontinuity, thereby demonstrating their robustness in handling
discontinuous initial data.
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100 MC=1le4 100 MC=1e5 100 MC=1e6
—— g=po —e— g=po —*= 4=po
107 : Z;Z{qul +(1—e%)p, 107 : Z;zl’ﬁ'qlﬂl—e’af)po 107 : Z;Z{qul +(1—e%)p,
102 e asasil ™1 102
1073 1073
-a -4

1074 10
0.0 0.2 04 06 0.8 1.0 1.2 14 00 0.2 04 06 0.8 1.0 1.2 14 0.0 0.2 04 06 0.8 1.0 1.2 14
Time Time Time

Fig. 5: Uniform case: Evolution of Rel(pg(,t)) over time. The subplots are arranged
from left to right with M = 10%, 105, 10°.

10° 10° 10°
—e— t=0.001 —e— t=0.001
—e— t=0.1 —e— t=0.1
-1 -1 —e— t=1 -1 —— t=1
10 10 t=1.5 10 —— t=15
- WN
1072 1072 1072
1073 1073 1073
-4 -4 104
ETH 104 10° TR 104 10° 10° 10° 104 10° 10°
MC number MC number MC number
—6t —6t
(a) ¢ =po (b)a=aq1 () g=e"%q + (1 —e")po

Fig. 6: Uniform case: The decay of Rel(pg(-,t)) with respect to the number of Monte
Carlo samples at different times. Left: Draw samples from pg; Middle: Draw samples
from ¢p; Right: Draw samples from the mixture of py and ¢ .

= L 0
10! e 1 Db
e g=q
100 —— g=e*q+(1-e o o e = ety + (1-e-H)pq
—— g=e~qi+(1-epo g 107! —t -t
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1075 | - g0
1076 |
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Time Time

Fig. 7: The variance of pg(x,t) over time. Left: & = (0,0). Right: Average variance
of the set {z'} consisting 10* grid points in [—5, 5]2.

Moreover, we report in Figure 8 the time evolution of the Rel(pg(-,t)) for other
Beta distributions chosen as initial conditions using ¢a with a(t) = exp(—6t) as
the proposal distribution. The numbers of Monte Carlo samples used in evaluat-
ing pg(x,t) are set to be 10* and 10. The results confirm that the proposed method
yields reliable approximations.

MC=1e4 MC=1e6
1072 1072
1073 1073
? —— ¢=(1,1),n=(1,1) | —— {=(1,1),n=(1,1)
—— 7=(2,2,n=(2,2) —— {=(2,2,n=(2,2)
—— {=(2,5),n=(5,2) —— {=(2,5),n=(5,2)
107 —— ¢=(5,5,1=(5,5) 10744 2 —— ¢=(5,5,1=(5,5)
0.0 02 0.4 06 08 1.0 12 1.4 0.0 02 0.4 06 08 1.0 12 1.4
Time Time

Fig. 8: Time evolution of the Rel(pg(-,t)) for various initial distributions. Left: M =
10%; Right: M = 106.
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6.1.2. Four-dimensional case. We then solve the four-dimensional FPE with
various initial distributions using the proposed time-weighted loss function. Moreover,
when evaluating the interior residual, we scale the solution by a constant factor, set
to 1000 in the four-dimensional case, to avoid numerical underflow, since the solution
of the FPE becomes very small in higher dimensions. The conditional normalizing
flow follows the KRnet structure with descending active transformation dimensions.
It consists of three stages with I; = 10, = 8, and I3 = 6. The parameters of each
coupling layer are determined by a neural network with the same structure as in the
two-dimensional case. We apply 20 adaptive iterations, each comprising 300 epochs.
The updating rates are set to v = 0.2, v9 = 0.4, and 3 = 0.4. The initial learning
rate is set to 0.001 and is halved every 4000 epochs. 2 x 10° training samples are
employed with a batch size of 2 x 10* per epoch.

107t

1072
1072

—— (=(1,1),n=1,1)

1073 107 t=2.2.0=2,2)
—e— base distribution —— {=(2,5),n=(5,2)
Multi-weight —— (=(5,5),n=(5,5)
1o~ 107
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time Time
(a) p(=, t|zo) (b) p(z, 1)

Fig. 9: The relative L? errors in the four-dimensional case. Left: Rel(pc.kruet (" t|*));
Right: Rel(pg(-,t)) for various initial distributions with M = 10%.

Figure 9a reports the Rel(pc-krnet (, |+)), where the validation dataset {xo,x} is
uniformly sampled from [—1,1]* x [—5,5]* with a total of 2 x 105 samples. It shows
that the conditional normalizing flow achieves close agreement with the ground truth.
Figure 9b presents Rel(pg(-,t)) for different Beta distributions as initial conditions.
For each initial condition, the numerical solution is obtained using the equation (5.2),
where ¢ = ¢ is defined in the equation (5.4) with a(t) = e~ and M = 10*. A total of
10° test points are uniformly drawn from [—5, 5]*. Together, these results demonstrate
the effectiveness of the proposed method for moderately high-dimensional FPEs.

6.2. SDE with nonlinear drift and constant diffusion. In this section, we
consider the following SDE with various initial distributions over [—1,1]?,

() Jos (7 o

Both the structure of the conditional normalizing flow and the training setting are the
same as in the two-dimensional Bene§ equation. After obtaining the transition PDF,
we approximate the PDF corresponding to various Beta initial distributions using the
importance sampling (5.2) where ¢ = g2 (5.4) with a(t) = exp(—6t) and M = 10%.

Figure 10a presents the Rel(pg(-,t)) (6.2) for different initial conditions, which
is evaluated using a validation dataset consisting of 10* uniformly distributed grid
points over [—6,6]2. We also report the MMD (6.3) with a sample size of 5 x 10* in
Figure 10b. These results demonstrate that the conditional normalizing flow yields
highly accurate approximations for small ¢, as the base distribution is quite close to
the ground truth. It also provides reliable approximations as ¢ increases.

2Xy

(6.5) 2X; — 0.8X3 — 0.2X3

6.3. SDE with nonlinear drift and state-dependent diffusion. For our
final example, we validate the robustness of the proposed method in approximating
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Fig. 10: Errors for various initial distributions in the nonlinear-drift, constant-
diffusion case. Left: Rel(pg(-,t)). Right: MMD.

the PDF of the following SDE with a state-dependent diffusion,

X Xo 0.5+ 0.3X,

Xo=x9, xo € [—1, 1]2.

The conditional normalizing flow adopts the same structure as in the two-dimensional
Benes equation. Training is conducted over 4 adaptive iterations, each consisting of
1000 epochs. 4 x 10° training points are used, with a batch size of 5 x 10* per epoch.

10-1 MC=1e4 Sample Size = 5e4

5

7]

N a)

2 s

2 = —— (=L D=1

§ 1072 e 7=(22,0=(2,2) e 7=(2,2,7=(2,2)
—— (=(2,5),n=(5,2) —— (=(2,5),n=(5,2)
—o— (=(5,5),n=(5,5) —— (=(5,5),n=(5,5)

1073
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Time Time
(a) (b)

Fig. 11: Errors for various initial distributions in the nonlinear-drift, state-dependent-
diffusion case. Left: Rel(pg(-,t)). Right: MMD.

Figure 11la shows the Rel(pg(-,t)) (6.2) for some initial conditions. The PDF
Do(-,t) is evaluated using the importance sampling estimator (5.2) where ¢ = g2 with
a(t) = exp(—6t) and 10* Monte Carlo samples, while the Rel(pg(,t)) is computed on
a validation dataset consisting of 10* uniformly distributed grid points over [—5, 52,
with the solution obtained by the ADI scheme used as the reference. We report the
MMD (6.3) computed using 5 x 10* samples, as a function of time in the Figure 11b.

7. Conclusion. In this work, we proposed a transition-density-based operator
learning method for solving the FPE under various initial conditions. The condi-
tional normalizing flow is employed to approximate the transition PDF given any
initial state, effectively constructing a mapping from the target stochastic process to
a simple base process. The solution of the linearized SDE serves as a suitable can-
didate for the base stochastic process. We quantified the discrepancy between the
PDFs of the linearized and original SDEs, which is characterized by differences in
their drift and diffusion terms. By employing the solution of the linearized SDE and
enforcing the identity mapping at ¢ = 0, the initial condition is naturally satisfied
by our conditional normalizing flow, thereby bypassing the explicit handling of the
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Dirac delta initial condition. In addition, we designed a time-weighted loss function to
alleviate numerical instabilities, ensuring that the proposed method respects causal-
ity in evolution PDEs while accounting for the increasing training difficulty as time
progresses. To evaluate p(-,t) for arbitrary initial conditions over bounded domains,
we used an importance sampling strategy to enhance accuracy. A series of numerical
experiments validated the effectiveness and robustness. The four-dimensional Benes
SDE test demonstrated that the proposed method has the potential for solving mod-
erately high-dimensional FPEs. This research contributes to the numerical solution
of complex FPEs by combining the approximation capability of the base model (the
linearized SDE) with the expressive power of the conditional normalizing flow. In fu-
ture work, we will further refine this framework by improving the accuracy of the base
stochastic process and exploring its potential applications. Another promising direc-
tion is to generalize the proposed method to a broader class of evolutionary partial
differential equations.

Appendix A. Proof of Proposition 3.1.

Proof. Notice that the solution to the linearized SDE at time ¢ is a Gaussian
process, with PDF p,, (x) = N (x; E,, [)/C|5(\0 = x], Et[)/(\t|5(\0 = xg]) given the ini-
tial state xy. For notation simplicity, we omit the dependence on the initial state
xo and write p,, () = N(x; E,, [)/Et], Et[)/ft]) Moreover, the linearized SDE and
the original SDE share the same constant diffusion matrix, and Vf, is bounded
by assumption. In particular, if C¢y = 0, then f,(x) = f,(x) and consequently
o¢ = v, which completes the proof. It remains to consider the case Cy¢ > 0.
It is easy to check that (1 + |x|)~ A+ |z L], A+ |2) 7Y — fo] €
L' (R* x [0, tg], {ot}o<t<t, ) for some finite t‘f where ”fHLl(Rdx[oif],{m}oa@f) = Otf Jga | f(@)]o¢(dee)dt
Thus, according to Theorem 1.1 in [4], we have

(A1) H(oy | ) < = //R

Combining this result with the Pinsker—Csiszdr—Kullback inequality [16] yields

(A.2) e = o3y < / /R

Notice that G, = G, = G is a constant, non-degenerate matrix,
1
- )\mln(G)

2
“12(f (z) — fy(w))‘ do.ds.

2 (fy (@)~ ful))| dods.

:(.fa_.fu)TG_l(.f fl/) |.fa_.fu‘2a

a3 e - 5|

where Apin(G) is the smallest eigenvalue of G. Meanwhile, for any s > 0, we have

/ (@) — ful@)2do, <2 / 1Fol@) — Fol@o)? + |fo(@0) — Fu(@) do
Rd ]Rd

/0 V. (xo+ 7(x — x0))(x — 2o)d7| dog

_ 2/Rd V£, (o) (z — mo)| +

9

2
< 40;/ @ — @ol* do, = 4C}tr (B,[X,]) +4CF [E,, [X,] - o
Rd

where the second inequality holds because |V f,(z)|| < Cf, Vx € R? and the last
equality holds because o5 is a Gaussian measure with mean E,_[X,] and covariance
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—

3, [Xs]. We give upper bounds for the two terms tr (ES[X\SD and |E,, [ s) — xo|%
tr (EQ[X\Q]) = /S tr(evf(mo)(sfr)ggTe(Vf(a:o))T(sf'r))dT
0

< 2tr(G) /S o2 ( Vs m0)7> dr
0

s 2 s 2Cfs _ 1
< 2:(@) / (ermT5@0) 4 < 212(@) / 2017 dr — (@) L
0 0 Cf

where oyax(A) is the spectral norm of the matrix A. Meanwhile, equation (3.5) gives

2 Cgs _ 2
< |F(o)? (1)

B, [X] — @of* =
[Eq, [Xs] — 2ol o

S
/ evf(w“)Tf(a:O)dT
0

Therefore, given x, tr (Z [3(\ ]) = O(s), |E,, [3(\8} — g

(o) € g //m ~ fo(@) doyds,

202 t 2Cys _ 1 Crs _1q 2
f € o f €
< — G)—M—

02
- )\rjn(fg) (tr(G) (82 +O(t%)) + | £ (zo)|? <§t3 + O(t4))) = O(t?) as t — 0.

‘ 2

= O(s?). Moreover,

Hence, ||(v: — O't)HTV < 1H (04 | 1) = O(t?) as t — 0. Furthermore, if the Hessian of
the drift f, is uniformly bounded by Hg, then

[ V@)= (@) e
/(1—h)(:1: o) Hess(wo + h(@ — o)) (@ — x0)dh

Ll
/ |z — x| d05<8/ |z — Eq,| |4d05+8/ |Egs o] — xo|*dos

< 24tr? (23[5(\5]) —|—8/Rd / evf(mO)Tf(wo)dT

0

(€2Cfs _ 1)2
2
Cf

2
do,s < —/ |& — xo|*dos.

dog

efrs —1 4

< 24tr*(Q) c; ) = 96tr*(G)s* + O(s®), s —0,

=sifl
having used that [, [—Eq, (X,][*do, = tr2 (ES[X\S])-HU" (25(5{\5)2) and tr (23[}@]) <

tr? (ES[X\SD. Hence, fg Joa |£5(2) — fo(2))? doyds < HT’%IJ Jga I — zo|*dods =

8H;tr?(G)t* + O(t*), as t — 0. Therefore, H (o1 | v1) = O(t?), |l — Ut||2TV = O(t3)
ast — 0. O

Appendix B. Proof of Proposition 3.2.



OPERATOR LEARNING FOR FOKKER-PLANCK EQUATIONS 21

Proof. Let p =v+o0, thenv < p, 0 < p. Define p, = Z—Z,pa = 3—, thus v = p,p,
o0 =p,p,and p, +p, = 1. For f = (f',..., f™) € LR, v;R™) N L2(RY, o; R™),

o) - / po(@))dp(@)

[ r@aivta) -
pv(T) — po(x) do(z
/. (ul@) + o >>% e

+p
3 2 3
< ([ @)+ patepasta) ) ([ LI gy )
< (||f||L2(Rd,V;Rm) + ||f||L2(Rd,0';Rm)) V QHV - UHTV' O

Appendix C. Proof of Proposition 3.3.

Nl=

f(@)(py(2) + po(z))

Proof. Let II;, : RY — RF denote the canonical projection onto the first k co-

ordinates, that is, Ig(z1,xa, - ,24) = (21,29, - ,xk). The KR map T; admits

Ti(z) = (THx1), T? (21, 22), -+ , T (x1,...,24)). For 1 < k < d, denote its k-

dimensional truncation by T( )(as(1 )Y =TIy o Tj(x) where (1'% = (z1,..., ). We
(k) .

denote by p*) = = Ipxp and v, = Iyxv; the k-dimensional marginal d1str1but10n

(k )andpl(,i). By

of p and v;, respectively. Their correspondlng PDFs are denoted by py
the definition of total variation distance, we have ||1/z — By < [lvi — pllrv — 0.
We now prove T;(x) — @ in p-probability as ¢ — oo by induction.
We first show that T!(x1) — z1 in p-probability as i — oo. Let F} and F*

be the cumulative distribution functions of Vfl)

and (M, respectively. Let 5t =
sup, g |FiH(z) — F'(x)|. Since ||1/i(1) — uW||lpy — 0, we have lim; ., 6} = 0. Notice
that T} (zy) = (FH)Y o F(21), and (F})"Y(s) = inf{y € R : F}(y) > s}. For
any € > 0, if T}(x1) > 21 + ¢, then Fl(z; +¢) < Fl(x1). Hence, F*(z1 + €) —
Fl(z1) < Fl(x1 +¢€) — F} (21 +€) < J}. On the other hand, if T}!(z1) < 1 — ¢, then
Fl(xq —€) > F'(z1). Hence, Fl(z1) — Fl(x1 —¢) < Fl(z1 —¢) — Fl (21 —¢) < 6}
Therefore, we have {|T}(z1) — z1| > €} C {Fl(z1) — Fl(z1 —¢€) < 8!} U {F (21 +
€) — Fl(x1) < 4!} Let Q7(6) = {x1 | F(z1) — F(z1 — €) < 6}, and QF(0) =
{z1 | F(z1 +€) — F(z1) < 6} Thus, p® (|T}Hz1) — 21| =€) < pM (Q(6})) +
pM(QF(6})) , where u™M (Q7(8})) = [ 1o (s1)(w1)dpV (@1), and pO) ((QF(5}))) =

Ik 1Q+(5i1)(x1)du(1)(x1). According to the dominated convergence theorem, we have

lim O (2 (81)) = / Lo (o (21)dp® (1) = = 3 k@ (0)N((-1)e, jel).

1—00
JEZL

We note that z; € Q7 (0) implies F(z1) — F(z1 —e€) = 0. For any j € Z, let
7j = sup{z; € Q7(0) N ((j — e, je])}, then Q7(0) N ((j — e, je] € ((j —1)e, ;] and

pD(Q7(0) <> uV (G - Dezy)) < - pV((@5 - e75)) = 0.
JEL JEZ
Thus, lim;_o p® (Q7(6})) = 0. Similarly, we have lim;_o ¥ (Q*+(5})) = 0.
Hence, lim;_,o0 t ({|T} (z1) — #1| > €}) =0, and T} (z1) 12 21 in p-probability.
Suppose that for any 1 < k < d — 1, TF(z1*)) 1290 2k in p-probability. We

next prove that T+ (x(1#+1) 129 i1 in p-probability. For notation simplicity,
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we write ¢, .0 (k1) = vi(dogir | T (@), Gdapg) = vi(dagsy | 20P),

Cpoo (ATpq1) = p(dzpyr | TZ-(k)(ar:(l:k)))7 C(dzpyq) = p(dzpyr | 2F)). We show that

(C.1) / 1€, vy — Cllryvdu® (21R)) -0, as i — oco.

Notice that HC T = CH <
ZER) TV

Cir® — Gp . HCT;;@) — CHTv’ and
/”Q‘,T}’“) — G | pvdp® (2(R)) = / 16 = ¢llrvdr® (@)
1 4 | | |

=2 / [P (22 [200) = p#(xk+1|w(l'k))|pz(zlf) () day,,  daeP)

1 . 1 .
§§/ p,(,’fﬂ) _pgc+1) de(TF+D) 4 3 / ‘pgk) _Pl(ff)‘ dze (10

k
+1) N(k+l)|

k .
=|v! lrv + [ = 1@ ry < 2||v; — pllry — 0, as i — oo

Therefore, to prove (C.1), we only need to show [ [[{, m — Cllrvdp® goes to 0 as

i — 00. Since u is absolutely continuous and [ p,(zg+1|z%))dag; = 1 for pk)-
a.e. * 1R p (vp11]x1*) can be regarded as a L'(R) function for p*-a.e. x(:k),
According to Lemma 1.2.31 in [20], for any € > 0, there exists a bounded continuous
L'(R) function (g1, 2"*) with [|¢]oc = supeps [|6(, 2) ]| 1(=) such that

Hy = / [P (@rs1|z) = dlapsr, 29| 11y du® (M) < e

Thus,

16500 = Clrvan® @)

1 k . . .
=3 / 2 | T (@) = pu(p |20 21y da® (@)
©2 1 (k) (o (1 (k) [ (1:k R) (. (1h
<3 / Ipu(@rs | T @) = plarsn, T @) 1y du®™ (209)

1 . . . 1
+3 / l¢(@rsn, T @OH) = o1, @)l @y dn® @) + S Hy.

Since Ti(k)#,u(k) = Vi(k) and ||V1v(k) — u® ||y — 0, there exists ip € N such that

™ — J )|y < T for any @ > do. Then for i > 4o, we have

/ Hpﬂ(mk-ﬁ-1|Ti(k)(a:(1ik))) _ ¢(30k+1,Ti(k)(w(l:k)))HLl(R)dM(k)(w(l:k))
(C.3) :/ Hpu($k+1|$(1:k))) - ¢($k+1,w(lzk))||L1(R)d1/i(k)(m(1:k))

. . k .
=H, + / Py (@p 1 |2T0)) = d(apsr, 259)| 1 gy d () — p @) (21R)

<e+ 21+ [[9loo) I — 1™ v < 3e.
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Meanwhile, Ti(k)(ac(l:k)) — (%) in p-probability as i — oo and ¢(zpy1, 2(1F))
is a bounded continuous function. Hence, ¢(zp1, T\ (21))) = ¢(zpy1, 1P in
pF)-probability with respect to the L' norm as i — co. Since ¢ is bounded, hence inte-
grable, according to the Vitali convergence theorem [14], we have [ ||é(-, Ti(k) (k) —
o(-, )| 1 mydp® (%) — 0 as ¢ — co. Thus, there exists i1 € N such that

(C.4) / o T @) = o @ )| @y du® (@) < e, for any i > i1,

Substituting equations (C.3)-(C.4) into equation (C.2) gives [[|¢; o) — Cllrvdp® <
Se as i > max{ip,i1}. Hence, lim;_,o [ ||C7I.,T‘(k) — (|lrvdp™ = 0 and equation (C.1)

holds. For p®-a.e. %) TF (%) 2, 1) is a one-dimensional KR map from ¢ to
C; pm - Let Ff“ and F**! be the cumulative distribution functions of ¢ and G

respectively. Denote 671 (z(1F) = Sup,, ., |EF T (2141) — F**Y(@g41)]. Then
/5f+1(w(1:k))dlu(k)(w(uc)) < Q/HC' - _CH dp™® (2(1:R)) iz
bt TV
We want to show that p+D (|Tf ! (@D — ) 4] > €) 2% 0 or equivalently,
v >0, 3i, € N: gkt (|Ek+1(w(1:k+1)) — Tpy1| > e) <, Vi > iy.
Let Rs(x19) = ¢ (FF+ Y (gq1) — FF Y (g1 — €) < 6)+C (FM Y (g1 + €) — FF4 Y (ap44) < 6).
Following the same argument as for 7} and since 0 < Rs; < 2, we have for any
€ >0, [Rsdu® — 0 as § — 0. Let here &, be s.t. [ Rsdu® < 5/2. Since
lim;_ oo [OF T (2(R))du® = 0, there exists i, s.t. [6FT(xR)du® < 6§, - n/2,
Vi > i,. Using that {|TFT (x®@F+0)) — 2| > e} 0 {oFT! < 6,} € {FF (vp41) —
FFl(zgq —€) <8, U{F* (2341 +€) — F*H(z41) < 6, }, we have
P40 (ITF @OR40) ] > o)
zu(kH) <|Tik+1(w(1:k+1)) _ -fk+1| > 6,5f+1($(1:k)) < 517)
+ pk+D) <mk+1(w(1;k+1)) — app] > €, 68 (z1R)) > 577)
S/C(|Tik+1(w(1:k+1)) — $k+1| > 6)15f+1(ﬂ3<1‘k))§6ndﬂ(k) + N(k+1)(6z]'€+l > (577)
S/R5n<m(1:k))du(k)(m(1:k)) b > 6,) < g+ %/(%Hl(w(l:k))du(k) < Vi > i,
"

which shows that T (241 — 244 in p*+D-probability.
We now prove that lim; fRd |T;(z) — x|?>du(x) = 0. Since T, p = v,

/Rd T (z)|*dp(x) = /Rd || *d;(x) — /Rd z)2du(z), asi— oo.

That is to say, lim; e || T3 || 2(ra ) = [lid|| L2 (Ra ). Meanwhile, 2|T; (z)-x| < |T;(x)|*+
||, and {T;};>1 are uniformly integrable in L' (x). Thus, according to the Vitali con-
vergence theorem [14], we have lim;_,o0 [ T;(2) - ®dp(x) = [p. |2[*dp(x). Hence,

1—00

IT; = il a =T g+ i,y =2 | i) -oduta) 250
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Therefore, ||T; — id||7.,) — 0 as i — . 0

Appendix D. Proof of Proposition 4.1.
Proof. For any p(x, t|zg) = N(x;m(t),2(t)), 3(t) ~ tG, we have,
I - —_ B N
% =7 (—%tr (1) 4 dm sz —m)+ Lz —m) = 1S (2 - m)) ,
Vp=p(-E" e —-m)), V-V-(g9'p)=p(g = (x-—m))’—-pg'T'g.
Hence, r(x, xo,t;p) = pr(x, xo, t; D),

. - 1 _,dX dm’ __ 1 dX
r(az,:co,t;p):—itr (E 1dt>+ Z; b 1(:c—m)+§(a:—m)TE 152 Yz —m)
1 1
+V-f— 12 (@ —m) - Q(QTzfl(x -m))® + §9T2719-

Thus, |F(x, 2, t; )| < Co+ Cit ™' 4 Colx —mt—! + Cs|z — m|*t ' + Cylx — m|?t2.
|7(, @0, ;9)[> <(Co + Crt ™! 4 Cat ™) + (Cst ™" + Cat™?)|x — m)|
+ (Cst™  + Cst ™2 + Crt ™) | — m|?> + (Cst ™2 + Cot ) |x — m|?
+ (Clotiz =+ 011t73 =+ 012t74>|.’13 — m|4.
. 2
Notice that (Exn(zim,s) [|[X —m|])” < Exn(@m,s) [|X —m|?].

EXNN(w;m,E) [|X - mIQ] = tr(2)7 E’XNN(w;m,E) UX - m|4} = tTZ(E) + 2tr(22)a
Ex A (zim,5) [|X — m|6] = tr3(2) + 6tr(X)tr(X?) + 8tr(X?). Thus,

/R (@, o, t:p) Pde = (4m) % (det(2) B xy(aim, 3 (7@ 0. 1:7)|°]

()

<(47)" % (det(X)) "2 (co + Ot Cot T 4 (Cat ™+ Cat )y [ =

+%(C5t’1 + Ot ™2 4+ Ot )tr(T) + (Cgt 2 + Cgt?’)\/;tr?’(z) + %tr(E)tr(EQ) + tr(33)
1

1
+(Crot ™2 4+ Ot ™3 + Crat ™) <4tr2(2) + 2tr(22))> =0t > ) ast — 0.

Similarly,

/Rd r(z, @0, t; p)*pda = (2‘/§7T)_d(det(z))_lEwa(m;m =) [|F(z, o, t; )]

? 3

tr(X)
3

<(2v/37) " 4(det(x))7? (CO + Ot + Ot ™2 + (Cat ™ + Cyt™2)

1 1 2
+§(C5t_1 + Ot ™2 4+ Ot *)tr() + (Cgt ™2 + Cgt—3)\/tr3(2) + Ztr(Z)tr(X2) + %tr(zﬁ)

27 9
1 2
+(Clot72 + 011t73 + 012t74) <9tr2(2) + 9tr(22))> = O(ti(d+2)) ast — 0. O
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