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Abstract

Generalized Gradient Flows for Density Prediction, Control and Learning

by

Kenneth Caluya

The need to predict, estimate and control density functions arise across engi-
neering applications such as controlling biological and robotic swarms, vehicle
guidance-control in uncertain dynamic environments, forecasting and demand re-
sponse of loads in power systems, and active shaping of chemical concentrations in
process control. Notwithstanding this recurring theme in practical applications,
there does not exist a systems-control theory of densities. The perspective of this
work is to close this gap by developing the theory and algorithms for prediction

and control of densities subject to trajectory-level stochastic nonlinear dynamics.

We present theory and algorithms that leverage an emerging geometric interpre-
tation of the equations of density propagation and steering. The governing partial
differential equations for density propagation can be viewed as gradient fHow of
certain Lyapunov functionals with respect to the Wasserstein metric arising from
the theory of optimal transport. This metric induces a Riemannian-like geometric
structure on the infnite dimensional manifold of joint probability density functions
(PDFs) supported on the state space. We leverage this geometric structure to de-
sign weighted scattered point cloud-based gradient descent algorithms via recur-
sive evaluation of infinite dimensional proximal operators on the manifold of joint
state PDFs. The resulting numerical algorithms avoid function approximation or

spatial discretization, and enjoy fast computational speed due to certain conic

Xiv



contraction property that we establish. We provide several numerical examples

to elucidate our algorithms.

We show that the Wasserstein proximal recursions can also be leveraged to solve
the minimum energy finite horizon density steering, also known as the Schrodinger
Bridge Problem (SBP), which allows density regulation via feedback synthesis.
This is a problem of minimum effort steering of a given joint state PDF to another
over a finite time horizon, subject to a controlled stochastic differential evolution of
the state vector. The same theory also arises in the study of mean-field dynamics
of neural networks. We leverage the same theory to study second-order algorithms

to prove their consistency and global convergence.
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Chapter 1

Introduction

In this dissertation we develop theory and algorithms for density prediction, den-
sity control, and machine learning. The need to predict and control density func-
tions arises from varying engineering applications such as the control of biological
and robotic swarms, vehicle guidance-control in uncertain dynamic environments,
forecasting and demand response of loads in power systems, and active shaping of
chemical concentrations in process control. In recent years, the study of density
functions has also been used to understand the global convergence and perfor-
mance of neural networks. Despite this recurring theme in practical applications,
there does not exist a unified framework for systems-control of densities. The goal
of this work is to close this gap and develop theories and algorithms for density

prediction, control, and machine learning.

The goal of this chapter is to collect some notation, tools and heuristic arguments
that will be used repeatedly throughout. In this work, the term “density function”

can represent the uncertainty of the state of a single dynamical system modeled



by a stochastic differential equation

da; = f(xy, t)dt + g(xy, t)dw,, T =&, (1.1)

where w; € X is a standard Wiener process, the initial condition &, ~ pg is
subject to a known initial probability density function (PDF) pg, and the vector
fields f : X xRt — X, g : X Xx Rt — Y are the drift and diffusion coefficients,
respectively with X', ) C R". Under mild assumptions on these coefficients, for

instance that f and g are Lipschitz, then the PDF p(x,t) defined by

P(z, € Q) :/Qp(m,t) do (1.2)

exists for any measurable set ). Here, P(x; € 2) denotes the probability of a
state vector being in the set €2 at a fixed time t. Moreover, this density function

satisfies an evolution equation given by

dp
LIRS P

zyl

This second order Partial Differential Equation (PDE) is known as the Fokker-
Planck Equation or Kolmogorov’s Forward equation (FPK) [186]. A derivation of

this equation is provided in Appendix A.1 for the convenience of the reader.

A density function may also well represent the state of a collection of systems

modeled by an interacting particle system given by

i ) (15)

3\H



where i = 1,...,n, and p"(-,t) is the population density function (PDF) of the
state of the n particle system. The population density function gives the total
fraction of particles or the frequency of particles in a desired volume €2 of the
state space. Here, we emphasize that x! are all defined on the same state space
X and f, g are the same for each particle. The arguments of f and g are a state
variable, a probability measure and time. To be more precise, the equations for
each x! are evaluated at the particle’s own state ! and their nonlocal interaction
with other particles denoted by &/, is captured by p"(-,t). The individual Wiener
processes w;,w?, ..., wi are also assumed to be independent of each other and

the initial conditions are assumed to be Eé ~ pp.

This setup is a natural model for many scientific and engineering applications
involving coupled multi-agent interaction such as crowd movement [69], opinion
dynamics [8,90], population biology [45,208] and communication systems. Un-
derstanding the “mean field limit” of these particles, (i.e., when the number of
particles n— — 00) is an important tool in the analysis of the n particle system as
well as the individual particles. It is well-known that given an interacting particle
system (1.4) with independent identically distributed (i.i.d.) initial states and
that the vector fields f and g are sufficiently smooth, the limiting dynamics of
the population density function are described by the Mckean-Vlasov or nonlinear

Fokker-Planck Equation (MVFPK) given by

a n 62
L=V (pf () + ;z G 9@ 08 @ ey (10

where p(-,t) is a suitable mean field limiting measure of p"(-,t). The associated



Mckean-Vlasov SDE is given by

de = f(z, pi,t) dt + g(x, pi, 1) dw,. (1.7)

Notice that the vector fields in this equation depend on the distribution of the
solution itself which is a typical characteristic of Mckean-Vlasov SDEs. Deriving
this limit rigorously involves weak convergence arguments from measure theory,
but an outline of the proof is given in Appendix A.13.

Remark 1. We remark that in either definition of density function, we can ab-
breviate either probability density function or population density function as PDF

and will use it interchangeably depending on context all throughout this work.

The goal of this dissertation is to seek a unified framework using an emerging
geometric viewpoint to develop foundational theory, algorithms and scalable al-

gorithms for

1. predicting the trajectory flow of p(-,t) generated by (1.3) or (1.6) in a fast

and tractable manner

2. shaping and regulating the flow p(-,t) generated by (1.3) or (1.6) subject to
initial and terminal time PDF constraints as well as state space constraints,

and

3. studying the global convergence of neural networks and quantifying their
performance by studying the dynamics of the density p(-,¢) of a population

of neurons in the mean-field limit

Although these problems are seemingly different questions, it turns out they are
intimately linked via metric gradient flows. The core idea is to view the gov-

erning evolution equations (1.3) and (1.6) as gradient flows of certain Lyapunov



functionals w.r.t the Wasserstein metric arising from the theory of Optimal Trans-
port [215]. There has been a burgeoning interest in the connections of optimal
transport theory to density prediction, control, and learning but it is not clear
whether this new viewpoint offers any practical benefits. In the upcoming sub-
sections, we will expound more on the theory of gradient flows and uncover its

connections with each of the three subproblems.

1.1 Introduction: Gradient Flows

In this section, we review the geometric notion of gradient flows. To conceptualize
the main idea, we make an analogy between gradient flow in Euclidean space and
gradient flow in the space of probability measures. The collected results below
are only intended for a simple review of a rapidly evolving subject, but the main
ideas are stated. We refer to the works [6,215] for more detailed accounts of this

topic.

We first review the metric viewpoint of gradient descent in finite dimension. Con-

sider the continuous time gradient flow given by the initial value problem

((i;f =—Vy(x), x(t=0)=x. (1.8)

where , g € R" and ¢ is a continuously differentiable function. Recall that the
fixed points of this dynamical system are just the stationary points of the function
@ since they must satisfy Vo = 0. When ¢ is convex, we have a unique fixed
point &* where ¢ achieves its minima. An interesting feature of this dynamical

system is revealed by writing its discretization in time. Let h be a small time step



and consider its (backward) Euler discretization
Ty = xp_1 — hVo(xy). (1.9)

Rearranging yields

T — Tg—1 |l — wk—1H§

. +Vp(xr) =0=V <2h + go(m))w:wk =0 (1.10)

lz — @ 5
{Zh+go(:v)}. (1.11)

= T = arg min
TeRr

This mapping from x;_, — @) given by

e (1) o= arg min d 1Z = Za=1l3
prox;,” (xr—1) = arg min + p(x) (1.12)
ZeRrr 2h

is called the “proximal operator” [176] of hy w.r.t the standard Euclidean metric
|-]l2. This recursion generates a sequence of vectors {x;}7>, which converges

pointwise to the solution of (1.8) in the sense that
xy — x(t =kh) as h—0. (1.13)
Notice that ¢ also serves as a Lyapunov function since

7% =~ (Vo= Vi) = —lell; < 0. (1.14)
In other words, the value of the function ¢ decreases along the flow x(t) generated
by this ODE and as t — oo we get (t) — «* (see figure (1.1) for an illustration).
Recasting in this form allows interpreting equation (1.8) as the steepest descent
of the function ¢ measured w.r.t the Euclidean Distance [|-||3. We want to extend

this idea of steepest descent to dynamical systems in the space of measures.
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Figure 1.1: This figure depicts gradient flow in M (left) and in P,(M) (right).
Here, we take M = R" and G = I but the idea works for any compact manifold
M with metric tensor G. We see the function decreases along the flow generated
by the sequence of proximal evaluations. In finite dimensions, the flow reaches a
fixed point given by the point where ¢ achieves its minima. Similarly, the flow in
infinite dimensions approaches a fixed point given by the function that minimizes
® which turns out to be given by the Gibbs distribution (1.29)

In the infinite dimensional setting, we are interested in computing p(-,t) generated
by either (1.3) or (1.6) using gradient descent on the manifold of all PDFs with

finite second moments denoted as

Po(R™) = {p .R" > R /pd:c - 1,/||x||2,0 dz < oo}. (1.15)

In other words, we want to design a proximal operator

: .1
proxigp)(pk_l) = arg inf §d2(p, pe—1) + h®(p), (1.16)
pEP2(R™)

where h > 0 is a time step and appropriately chosen distance metric d(-,-) defined
on Py(R™) and functional ® : Py(R") +— R>o. In the seminal work of Jordan,

Kinderlehrer and Otto (JKO) [125], it was shown that if the Ito Stochastic Dif-



ferential Equation (1.1) is in “JKO Canonical Form” given by
de = —VU(x)dt + /257! dw, (1.17)

that is to say, the vector field f = —VU is the gradient of a smooth potential
function U and g = /2571 is a scalar multiple of the identity matrix with g > 0.

Then the associated Fokker-Planck equation

9p _

5=V (pVU)+ B 'Ap, B>0, U:R"+— Ry, (1.18)

is gradient descent of the free energy functional

D(p) := /Up dm—i—ﬁ’l/plogpdw (1.19)

where the distance metric d(-, -) is taken to be the 2-Wasserstein metric given by

2

Wy (my, ma) = < inf ey |z —y |5 dn (w,y)) . (1.20)

dmell(m,m2)

Notice that this metric is the solution of an optimization problem in itself. Here,
dm(x) = p1(x)de and dm(y) = pa(y)dy are two probability measures supported
respectively on X', ) C R™. The Wasserstein Metric denoted as W (7, m2) (equiva-
lently, W (p1, p2) whenever 7y, w5 are absolutely continuous so that the PDFs py, ps
exist) arises in the theory of optimal mass transport [210]. II (71, m2) denotes the
collection of all probability measures on the product space X x ) having finite
second moments, with marginals m; and 7o, respectively. Its square, W?(my, 7)
equals [21] the minimum amount of work required to transport 7 to my (or equiv-
alently, p; to pg). It is well-known [210] that W (m,m5) defines a metric on the
manifold Py(R™).



We consider the JKO scheme which is given by the discrete time sequence defined

recursively by the sequence of optimizations

‘ 1
Pk = arg min §W22(p, pe—1) + h®(p). (1.21)
pEP2(R™)

The sequence of minimizers {px}72, are well-defined (i.e., the optimization (1.21)
has a solution each every step k) and we can define a piecewise, continuous time

interpolation on the interval t € [hk, h(k + 1)) given by
pl = p, fort e [hk,h(k+ 1)), (1.22)

to approximate the solution p(-,t) of (1.18). The following theorem summarizes
the main result in [125]:

Theorem 1 (JKO 1998). Let py € P2(R™) be well-defined. Then, as h — 0,

ol — p; in LY(R™) where p; satisfies the initial value problem

0

This theorem states that the iterative scheme (1.21) converges to the solution
of the Fokker-Planck Equation in the weak L! sense. Furthermore, observe that

(1.18) can be rewritten as

B
o=V (pVU) + 572
=V - (pV(U + 57" log p))
5®

It was shown by Otto in [174] that by formally interpreting P(R"™) as a (infinite



dimensional) Riemannian Manifold and using the dynamical formulation of the
Wasserstein metric W5 as the Riemannian geodesic distance then the induced

gradient operator is given by

)
v .=v. <pV5p> : (1.25)

Therefore, we may formally write (1.24) as

dp W
5 = V"), (1.26)

In our context, (1.26) is the infinite dimensional analogue of (1.8). In addition,

the Free Energy functional ®(-) serves as a Lyapunov functional by computing

—®(p)= [ —(U+p  ogp+ ") de
— [V (VU + 5 g p)p)(U + 5 ogp+ 57) da

= —/IIV(U+6‘1 log p)|[3p dz < 0 (1.27)

along a solution trajectory p(-,t). Here, we used (1.18) in the first line and the

integration by parts formula

/u(V -v)de = — /(Vu,v> da (1.28)

to go from the second to the last line. Moreover, equality is achieved at the

10



stationary density obtained by computing

d _
0= 0= [V + 5 logp)l3p da

= V(U + 7 togp) =0
=U+plogp=0

= e = ;exp(—ﬁU), 7= [esp(-pU)dn,  (120)

where po is the well-known Gibbs distribution and Z is a normalizing constant

known as the partition function.

In the presence of nonlocal interaction given by an interaction potential, one may
consider the sample path dynamics with PDF dependent drift given by Mckean-
Vlasov SDE

de = —VU(x) =V (V *p(x)) dt + /26~ 1dw, (1.30)

where U is as before, the interaction potential V' is symmetric, V(—x) = V(x) for
all £ € R™ and * denotes the convolution operator in R™. Then, the associated

MVFPK equation is given by

o _

5=V (pVU 4+ V(V * p)) + B~ Ap. (1.31)

This PDE is a gradient flow of the generalized Free Energy functional [211]

F(p) = /Updaz+6_1/plogpda:+//V(w —y)p(x)p(y) dedy. (1.32)

As before, the proximal operator with the distance metric d = W5 but now ® = F

where F is given by (1.32) approximates the flow (1.31).

11



In the upcoming, subsections we describe some of the outstanding challenges in
prediction, control, and learning, and how the theory of gradient flow and its

generalizations provides a new perspective in tackling these challenges.

1.2 Contributions of this Work

1.2.1 Density Prediction

The problem of density or belief propagation, i.e., the problem of computing the
transient joint PDF p(x, t) that solves a PDE of the form (1.3) or (1.6) is motivated
by two types of problems. The first is dispersion analysis, where one is interested
in predicting or analyzing the uncertainty evolution over time, e.g., in meteorolog-
ical forecasting [83], spacecraft entry-descent-landing [94,95], orientation density
evolution for liquid crystals in chemical physics [111,126,164], and in motion plan-
ning [105,177,178]. In these applications, the quantity of interest is the joint PDF
p(-,t) and its statistics (e.g., transient moments and marginal PDFs). The second
type of applications require p(-,t) as an intermediate step toward finding other
quantities of interest. For example, in nonlinear filtering [50, 77|, the joint PDF
p(+,t) serves as the prior in calculating the posterior (i.e., conditional state) PDF.
In probabilistic model validation [96-98] and controller verification [103], comput-
ing p(x,t) helps in quantifying the density-level prediction-observation mismatch.
Rather than developing algorithms on a case-by-case basis, these applications re-

quire fast computation of p(-,t) in a scalable and unified manner.

Given its widespread applications, density prediction has received sustained atten-

tion from the scientific computing community, but there remain several technical

12



challenges to achieve scalable computation. The dynamics of realistic systems are
often nonlinear and evolve in high-dimensional state space. This means that we
need algorithms that avoid spatial discretization or meshing of the state space be-
cause the predominant solution approaches like spatial discretization and function
approximation or interpolation suffer from the “curse of dimensionality” [20]. The
purpose of this work is to pursue the variational viewpoint that we discussed for
computing p(-,t) without generating any discretization and/or meshing the state
space. The idea is to seek a representation of p(z,t) as a linear combination of

Dirac distributions

plz,t) ~ > o' (t)d(x — (1)), (1.33)

where the each points z’(t) € X are independently evolved according to the SDE
(1.17)

dz} = —VU(x}) dt + /28~ dw!. (1.34)

The coefficients ¢'(t) are called the particle weights and are obtained by solving a
particle version of the JKO scheme (1.21). These coefficients represent the amount
of mass carried by ith particle located at x‘(t) at time ¢, and N is the total number
of particles. We refer to these types of solutions as particle solutions, and the
Dirac delta distributions introduced above are called the particles. These types
of schemes have several advantages compared to traditional methods like finite-
differences and finite-element methods. Particle schemes are concentrated in the
region of the state space in which we are interested thereby optimizing memory
storage. They are also beneficial for problems with complicated geometries or

problems with changing boundaries due to the dynamic nature of the particles.

13



In Chapter 2, we propose a novel computational framework that solves for the
particle weights. We show that by introducing entropic regularization and taking
the dual of the particle version of the objective (1.21) leads to a cone-preserving
fixed point recursion that is proved to be contractive in an appropriate metric.
A block co-ordinate iteration scheme is proposed to solve the resulting nonlinear
recursions with guaranteed convergence. This approach enables remarkably fast

computation for non-parametric transient joint PDF propagation.

At the same time, the JKO scheme in its original form has limited scope. Many
stochastic systems of interest do not admit state dynamics that are in JKO canon-

ical form. Even the linear-Gaussian setup ubiquitous in systems-control theory
de, = Az, dt + V2B dw,, o~ N (g, o), (1.35)

where the drift coefficient is a Hurwitz linear vector field, and the diffusion coef-
ficient is a constant non-square real matrix seems to fall outside the scope of the
JKO scheme. In many engineering applications, one also usually encounters SDE’s
where the drift vector fields have both a dissipative and conservative structure.

For example, stochastic systems like Kramers’ equation

dq, = p, dt (1.36)

dp, = —-VV(q,) dt — vV F(p,) dt + /274~ dw, (1.37)

arising from Newton’s law in classical mechanics often have this structure. Moti-
vated by the JKO scheme, the authors of [81,117], have established approximation
schemes for Kramer’s equation. The proposed proximal algorithm in Chapter 2
can be used to address problems of this type. The main challenge in the construc-

tion of such a variational scheme for Kramer’s equation is finding the appropriate

14



cost function in the distance metric and a suitable free energy functional. This
difficulty arises from the fact that Kramer’s equation is not uniformly diffusive in
the entire state space. Diffusion is only present in the velocity variables, not in the
position variables and this has to be accounted for in the distance functional. This
means that techniques in [125] cannot be applied directly although the schemes

are the same form as (1.21)

1.2.2 Density Control

Building on our work in Chapter 2, we develop theory and numerical solvers for
the density control problem i.e., the problem of steering the density p(+,t) subject
to trajectory level dynamics while minimizing the control effort with two-point
density constraints. The density control problem arises in modeling and control
of the collective dynamics of an ensemble of physical populations. They arise in
the study of self-organization and behaviors in organisms such as social insects.
This work in biological systems has inspired numerous studies in the collective be-
havior of artificial systems like robotic swarms, [15] which have been increasingly
garnered attention from large scale applications like environmental exploration,
reconnaissance and surveillance and disaster response. Depending on the mission,
it is critical to find the control laws that shape the behavior of the swarm in
response to possibly unknown changes in the environment. In addition, density
control also arises in the study of ensembles of neurons [163], shaping the bulk
magnetization distribution for NMR spectroscopy [146] and density of highway
traffic [63]. In all these applications, the population distribution is actively con-
trolled over time while preserving the physical mass. The conservation of mass

allows us to reformulate the problem as steering a single system with probabilistic
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uncertainty in its initial and terminal state modeled via prescribed initial and
terminal joint state probability instead of steering a large number of systems with

identical dynamics.

Mathematically, this can be set up as non-standard stochastic optimal control

problem of the form

11
nf E{ [ Slu.olia}. (1.384)
subject to  da = f(x,t) dt + B(t)u(x,t) dt + V2eB(t) dw(t),  (1.38b)

x(t=0)~po(xz), x(t=1)~ p(x), (1.38c¢)

where € R", and the set U comprises of all finite energy inputs, as before. Given
f(zx,t), B(t) and €, our objective is to steer the joint state PDF p(x,t) from a
prescribed initial PDF pg at t = 0 to another prescribed terminal PDF p; at t =1

while minimizing the expected control effort.

Define the diffusion tensor D(t) := B(t)B(t)". Problem (1.38) can be formally

recast into a “fluid dynamics” version [21] given by:

. 1/t 9
it 5/0 [ Il 0l pla.t) da dt (1.392)
subject to gﬁ +V-(p(f+B(t)u)) =l'(D(t) ©Hess (p)) 1,  (1.39b)
p(m, 0) - po(w), p(w, 1) - p1(w), (139C)

where the infimum is taken over all pairs (p, u) € Po(R™) x U satisfying (1.39b)-
(1.39¢). We note that (3.15b) is the controlled FPK PDE which governs the flow
of the joint PDF associated with the SDE (1.38b). In 1931-32, Erwin Schrodinger

published two papers [191,192] for the case f = 0 and B = I which we refer to as
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the classical Schridinger Bridge Problem (SBP). Hereafter, we refer to (1.39a) as
the generalized Schrddinger Bridge Problem (SBP). Recently, the classical SBP
has been extended [60] to the case when the prior dynamics is a linear time-varying

(LTV) system, i.e.,
da(t) = A(t)x(t) dt + B(t)u(z, t) dt + v2eB(t) dw(t), (1.40)

where the system matrices A(t) € R™" B(t) € R™™, m < n, and the pair
(A(t), B(t)) is assumed to be controllable for all t. We refer the readers to [60, Sec.
4] for the details.

In Chapter 3, we recap the basics of the SBP and use this as foundation to solve the
SBP with generic nonlinear prior dynamics. The idea is to deduce the necessary
conditions of optimality to obtain the optimal state feedback policy in terms of the
solution of a certain Hamilton-Jacobi-Bellman (HJB) partial differential equation
(PDE) that has a one-way coupling with the optimally PDF given by a controlled
FPK equation. We show that we can transform this nonlinear system into a
system of boundary-coupled linear PDE using a Hopf-Cole transformation which
we refer to as the Schrddinger System whose solutions recover the optimal state
feedback and the optimally controlled joint state PDF. To numerically solve the
Schrodinger System, we will utilize the Wasserstein proximal recursions described
in Chapter 2. We will apply the prior nonlinear dynamics given in (1.38b) to two

different cases: gradient drift, and mixed conservative-dissipative drift.

In Chapter 4, we extend these results to generalized SBP with hard deterministic
state constraints. This containment can be achieved by reflecting the sample
paths from the e-inner boundary layer of 90X for € small enough at all times. We

show that this restriction results in Neumann Boundary conditions in (1.39a). In
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applications, state constraints may encode safety requirements such as obstacle
avoidance. We show how the same algorithms from Chapter 2 can be leveraged

to tackle these challenges.

In Chapter 5, we derive theoretical results for generic SBP’s subject to multi-input
state feedback linearizable dynamics. We show that it is possible to exploit the
structural nonlinearities to derive a Schridinger System via adding an artificial
diffusion coefficient. We show that the diffeomorphism induced by the feedback
linearizable structure can be used to transform into a problem with simplified state
space dynamics. This is at the cost of a modified Lagrangian cost function. We
envision that the theoretical developments in this work will help design algorithms
that solve the feedback density steering over a large class of nonlinear dynamical

systems.

1.3 Machine Learning

In Chapter 6, we study the global convergence of neural networks from the per-
spective of gradient flows. In recent years, neural networks have become a staple
for engineering applications, but despite their empirical success, there remains a
critical gap in understanding their performance and convergence guarantees. The
purpose of this study is to shed some light and explain the empirical success by
exploring the dynamics in the space of distributions supported over the parameter
space. In particular, one can view shallow neural networks as interacting particle
systems that admit a mean-field limit. Under certain assumptions, their training

dynamics can be viewed as gradient flows with global convergence guarantees.

In the case of fully connected networks, universal approximation results such
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as [16,74] explain this empirical success. They demonstrate that a large enough
network can approximate any continuous function on a compact set. The focus
of this work is the dynamical version of the universal approximation theorem
wherein we study whether local search algorithms such as stochastic gradient
descent (SGD) can find global solutions. Recent works [65, 158, 188, 194] have
addressed this question for two-layer networks, showing convergence to global so-
lutions by studying the dynamics in the space of distributions over parameters
that is given by some nonlinear PDE with gradient flow structure w.r.t. Wasser-
stein metric. This work seeks to extend these results to second-order momentum
methods such as Heavy Ball and Nesterov’s methods. A description of the problem

setting is presented first, followed by a summary of the results.

The basic problem of machine learning can be described as follows. We are given
data {(y,,x;)}?_; which are identically distributed from a distribution D. The
data x; € X is a feature vector (one can think of it as a descriptor of an image)
and y;, € ) is a response or label (we can think of this as the object described
by the image). The goal of the learning problem is to find a function § : X — Y
that models the dependency of y, on ;. In most cases, the function §(x; ) is
parameterized by the vector 8 which makes learning this function equivalent to
finding the parameters such that our predictor § is accurate when measured with

respect to a certain loss or metric.

In this work, we consider the simplest case of a single hidden layer where the

predictor is of the form

1 N
g(z,0) = = o0.(z,0), (1.41)
Ni=
where N is the number of neurons (also referred to as the width the network).
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For the sake of convenience, we take X = R? and ) = R (See Figure (1.2)). In

the two-layer case, we set
o.(x,0") = d'o((zx,b")), (1.42)

with 8" = (a’,b") € R x R? and b’,a’ are the the weights of the first and second
layer, respectively, and ¢ : R — R is an activation function. Here, we also
collectively denote @ = (8,67, ...,0™) € R*DN_ Notice that this neural network
is written as an average of activation functions parameterized by 6° and the factor
1/N is introduced for convenience. Although, this is an unusual way to describe
the output of the network, this is a favorable setting to do mean field analysis i.e.,

taking the width N — oo.

For the sake of exposition, we consider the case of quadratic loss

Ry(0) = Ep{(y — )%}
=Ep { (y — Jb;a*(ajﬂig } : (1.43)

but this analysis applies to more general loss functions. The goal of the learning
problem is to make this expected loss as small as possible given a choice of the pa-
rameter 6. In other words, the learning problem can be set up as the optimization

problem
min Rn(0). (1.44)

OER(d+1)N

In practice, we don’t have access to the distribution D so we approximate using
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the samples which gives

Figure 1.2: A neural network with N = 4 number of neurons in the hidden layer
and d = 3 in the input layer.

Despite many advances in learning, a fundamental theory for explaining its ef-
fectiveness (and possible limitations) are only beginning to emerge. We bring to

light some of the major difficulties:

1. Non-Convexity: The dependence on the input weights b’’s is non-linear

because of the activation function. This typically leads to non-convexity.

2. Overparameterization: The number N of hidden units is very large and
exceeds the number of observations. This leads to a very high dimensional

optimization problem since 8 € RN,

Overparametrization of neural networks does not typically result in a degradation

of the network’s performance. In light of this, mean-field analysis is a viable strat-
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egy for analysing optimization dynamics; see [5,7,17]. This overparameterization

actually enables us to obtain some theoretical results for width N — oo.

In practice, Stochastic Gradient Descent (SGD) remains one of the most effective
algorithms for machine learning. The basic idea behind SGD is to obtain the
current iterate by updating the previous iterate in the direction of the gradient. In
mathematical terms, we can think of the parameters of each neurons as “particles”

evolving according to the recursion
?e = 2—1 - aneiRN(OZ—l) (1.46)

forv=1,2,..., N and n is a stepsize. Notice that the scaling N does not affect
the objective and we put it there for convenience. We run this recursion until we
get reasonably close to a minimum. As 1 — 0, this algorithm converges to the

ODE

G}ftt = —NVRN(6)), (1.47)

which is called gradient flow. One other interesting variant of SGD is Noisy SGD
(also referrred to as the Langevin Algorithm in the literature) where in each step

we add a Gaussian Noise wy_1 ~ N (0, In) giving
k=011 — INVRN(0)_) + /208~ wj_,. (1.48)

Similarly, when the time step 7 — 0, we also have a continuous time analogue

given by the Ito Stochastic Differential Equation (SDE)
d@. = —~NVRy(0,)dt + /23" 1dw,. (1.49)
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Here 37! is called the inverse temperature, and we will see this parameter play a
big role in our analysis. Throughout this work, we focus on noisy SGD because
of its nice regularization properties that are useful for the analysis. We will prove
results where we take 57! — 0 to obtain some qualitative results about SGD
which is our main problem of interest. At this point, we can use the theory of
gradient flows and optimal transport to collect the relevant results. We refocus

our attention to the learning problem. We can start by expanding the quadratic

risk (1.43)

Rn(8) = Ep{(y — 9)*}

= Ep{y* — y?f +9°}

1 N N
= Ep{y* }—l— Z]ED{ yo*(z, 0" }+ ZZED{U* z,0"0,(z, o’ )}
— i=1 i=1 j=1 ;
By =V(0") —U(68)
1 N ) 1 N N ~4
=R+ > v(e) + Nz Sy > U6 (1.50)
i=1 =1 j=1

For large N, it makes sense to view (1.50) as an empirical average in the parameter

space so we have
R(p) = Rﬁ+/v<9) d0+//U (6,0)p(0)p(0)d6d8  (1.51)

for some density p € Po(R@*D). To aid our analysis, it is useful to consider the

regularized version

Ra(p) = R(p) + A [ 9(8)(6) a0, (1.52)

where g(8) = ||0]|3 and A > 0 is some regularization parameter. In general, we

can take any ¢(@) > ||0]|3. It was shown in [158] that for some constant C' that
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depends only on U, we have

K
) B ) < B
GGRI(IEI)N By a(9) pep;(%{ﬁi-m) R,\(p)‘ - N’ (1.53)
where
A&
Rya(6) = B(0) + 3" (6). (1.54)

=1

So instead of optimizing a non-convex problem over parameter space we lift the
problem to a problem with a strongly convex objective (since U is positive semi-
definite) over Py(R4*1) which is an infinite dimensional manifold. Recall, that we
are trying to solve the optimization problem (1.44) with quadratic regularization

and we update each particle via the continuous time noisy SGD dynamics given

by
d, = —NV i Ry A(0;)dt + /28~ dw;, (1.55)
where ¢ = 1,2,..., N. Since we want to take N — oo it is intractable to consider

the dynamics of each particle so instead we consider the collective dynamics. We

can formalize this idea by consider the population density function

N
pi(-) = nggoﬁg%g(-), (1.56)
which evolves according to
L v A _ A 1.
ot \Y (V 5p Pt) + 3 Pt (1.57)
0P
S (V) e, (159
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where the free energy @ is the the sum of the terms

Da(p) = Ba(p) + B7'S(p), S(p) = [ plogp, (1.59)

Moreover, this PDE is gradient flow of w.r.t the Wasseretein metric of the func-
tional Ry plus some entropic regularization term. Because of this geometric struc-
ture, all solution trajectories p; of (1.58) with some initial condition py will con-
verge to a unique stationary solution p,, which is also the unique minimizer of R)

which is given by the fixed-point Gibbs density

ol0) =  ex0 (~ 55 (0<(60).) (1.60)

Notice that this is different from the Gibbs distribution in the linear Fokker-Planck
equation because we have an implicit equation, i.e., p,, shows up on both sides of

(1.60).

In Chapter 6, we extend these results to optimization algorithms with second-

order dynamics like the Heavy Ball Method [185] given by

de! = ridt, (1.61)

dr; = =NV Ryx(0,) — yri + \/ny?dwi. (1.62)

We study the distribution dynamics for a two-layer neural network and derive the

distribution evolution given by a nonlinear Kinetic Fokker-Planck equation

Zj = —(r.Vop) + Vo (p (77 + 20 + Vo@'([0]°))) + 187 Arp, (163

where p is now supported over the parameter space and velocity space and [p]?
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denotes the # marginal PDF of the p. Unlike gradient dynamics, we do not
have the luxury of using Wasserstein gradient flow to demonstrate convergence.
The main results of this work are to characterize the convergence of the global
minimum and establish its existence and uniqueness. The approach we take in
this work will involve previous methods from the SGD case combined with tools
from the study of the (linear) Kinetic Fokker-Planck equation. Our goal is to

extend this work beyond second-order algorithms to a larger class of algorithms.

Finally, in Chapter 7 we state the conclusions of this work as well as future di-
rections of research. Hereafter, we present the journal publications, conference

publications and pre-prints that have resulted from this work:

Journal Papers

e K.F. Caluya, and A. Halder. Gradient Flow Algorithms for Density Prop-

agation in Stochastic Systems. IEEE Transactions on Automatic Control

e A. Halder, K.F. Caluya, B. Travacca, and S.J. Moura. Hopfield Neural
Network Flow: A Geometric Viewpoint. IEEE Transactions on Neural Net-

works and Learning Systems

e K.F. Caluya, and A. Halder. Wasserstein Proximal Algorithms for the
Schrodinger Bridge Problem: Density Control with Nonlinear Drift. IEEE

Transactions on Automatic Control

e A Halder, K.F. Caluya, P. Ojaghi, X. Geng. Stochastic Uncertainty Prop-
agation in Power System Dynamics using Measured-value Proximal Recur-

sions. IEEE Transactions on Power Systems arXiv:2108.13405
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https://arxiv.org/pdf/2108.13405.pdf

Conference Papers

e K.F. Caluya, and A. Halder. Proximal Recursion for Solving the Fokker-

Planck Equation. American Control Conference, Philadelphia, 2019.

e K.F. Caluya, and A. Halder. Finite Horizon Density Steering for Multi-
input State Feedback Linearizable Systems. American Control Conference,

Denver, 2020.

e K.F. Caluya, and A. Halder. Reflected Schrédinger Bridge: Density Con-
trol with Path Constraints American Control Conference, New Orleans,

2021.

e S Haddad, K.F. Caluya, A Halder, B Singh. Prediction and Optimal Feed-
back Steering of Probability Density Functions for Safe Automated Driving

American Control Conference, New Orleans, 2021.
Preprints

e W .Krichene, K.F. Caluya, and A. Halder. Global Convergence of Second-

order Dynamics in Two-layer Neural Networks. arXiv:2007.06852

e K.F. Caluya, and A. Halder. Finite Horizon Density Control for Static
State Feedback Linearizable Systems. arXiv:1904.02272
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Chapter 2

Gradient Flow Algorithms for
Density Propagation in

Stochastic Systems

2.1 Introduction

Consider the continuous-time dynamics of the state vector x(t) € R™ governed by

an Ito stochastic differential equation (SDE)
de = f (x,t)dt + g(x,t) dw, x(t=0)=x, (2.1)

where the joint probability density function (PDF) for the initial condition @ is
a known function pg; we use the notation @y ~ pg. The process noise w(t) € R™
is Wiener and satisty E [dw;dw,] = §;;dt for all 4,5 = 1,...,n, where ¢;; = 1 for

i = j, and zero otherwise. Then, the flow of the joint PDF p(x,t) for the state
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vector x(t) (i.e., ® ~ p) is governed by the partial differential equation (PDE)

initial value problem:

8/) -
plx,t =0)=po(x) (given). (2.2b)

The second order transport PDE (2.2a) is known as the Fokker-Planck or Kol-
mogorov’s forward equation [186]. Hereafter, we will refer it as the Fokker-Planck-

Kolmogorov (FPK) PDE.

In this paper, we consider the problem of density or belief propagation, i.e., the
problem of computing the transient joint PDF p(a,t) that solves a PDE ini-
tial value problem of the form (2.2). From an application standpoint, the need
for computing p(x,t) can be motivated by two types of problems. The first is
dispersion analysis, where one is interested in predicting or analyzing the un-
certainty evolution over time, e.g., in meteorological forecasting [83], spacecraft
entry-descent-landing [94, 95], orientation density evolution for liquid crystals in
chemical physics [111,126,164], and in motion planning [105,177,178]. In these
applications, the quantity of interest is the joint PDF p(x,t) and its statistics
(e.g., transient moments and marginal PDFs). The second type of applications
require p(x,t) as an intermediate step toward computing other quantities of in-
terest. For example, in nonlinear filtering [50, 77], the joint PDF p(x,t) serves as
the prior in computing the posterior (i.e., conditional state) PDF. In probabilistic
model validation [96-98] and controller verification [103], computing p(x,t) helps
in quantifying the density-level prediction-observation mismatch. All these appli-
cations require fast computation of p(x,t) in a scalable and unified manner, as

opposed to developing algorithms in a case-by-case basis.
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Given its widespread applications, problem (2.2) has received sustained atten-
tion from the scientific computing community where the predominant solution
approaches have been spatial discretization and function approximation — both of
which, in general, suffer from the “curse of dimensionality" [20]. The purpose of
this paper is to pursue a systems-theoretic variational viewpoint for computing
p(x,t) that breaks away from the “solve PDE as a PDE" philosophy, and instead
solves (2.2) as a gradient descent on the manifold of joint PDFs. This emerging
geometric viewpoint for uncertainty propagation and filtering has been reported
in our recent work [100, 101], but it remained unclear whether this viewpoint can
offer computational benefit over the standard PDE solvers. It is not at all obvious
whether and how an infinite-dimensional gradient descent can numerically obviate
function approximation or spatial discretization. The contribution of this paper
is to demonstrate that not only this is possible, but also that the same enables

fast computation.

To conceptualize the main idea, we appeal to the metric viewpoint of gradient
descent, where a continuous-time gradient flow is realized by small time-step re-
cursions of a proximal operator with respect to (w.r.t.) a suitable metric. For

example, consider the finite dimensional gradient flow

dx
Z = Vola), @(0) =2, (23)

where o,y € R”, and the continuously differentiable function ¢ : R" — Ry.

The flow x(t) generated by (2.3) can be realized via variational recursion

1
x, =argmin - || x — zx_1 |5 +ho(x) +o(h), keN, (2.4)
Terr 2

in the sense that as the step-size h | 0, we have &, — x(t = kh), i.e., the sequence
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{x}} converges pointwise to the flow «(¢). This can be verified by rewriting the

Euler discretization of (2.3), given by
L — L1 — —thp(mk_l),
as

1
xp = argmin = || & — (zx_1 — hVp(x1-1)) |3
XeRn

o1
=argmin - |z —xp_1 |5 + (& — T4_1, WV o(x)_ 1))
Terr 2

+ ho(xgp—1), (2.5)

where we used the fact that adding and omitting constant terms do not change the
arg min. From (2.5), one can arrive at (2.4) by invoking first order approximation

of p(x) at © = x. In (2.4), the mapping x,_; — x given by

: 1
proxMQ(:vk_l) =argmin = || ® —xp_y1 ||3 +h o(x), (2.6)
ZTern 2

is called the “proximal operator' [176, p. 142] of hy w.r.t. the standard Euclidean

metric || - ||o. Notice that ¢(-) serves as a Lyapunov function since the quantity
d 2
7= Ve, =Ve) == [ Ve (2.7)

equals 0 at the stationary point of (2.3), and < 0 otherwise.

In the infinite dimensional setting, we are interested in computing the flow gener-

ated by (2.2) via gradient descent on the manifold of joint PDFs with finite second
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Figure 2.1: The gradient descent on the manifold of PDFs can be described by
successive evaluation of proximal operators to recursively update PDFs from time
t =(k—1)h tot=kh for k € N, and time-step h > 0.

(raw) moments, denoted as*
Dy :z{p:R”»—)R|p20,/ p=1,E,[z"x] < co}.
R

Specifically, let d(-,-) be a distance metric on the manifold %,, and let the func-
tional ® : 4, — R>(. Then, for some chosen step-size h > 0, the infinite dimen-

sional proximal operator of h® w.r.t. the distance metric d(-,-), given by

. .1
prong)(gk_l) = arginf =d (0, 0k-1)" + h ®(0), (2.8)
0€D2 2

can be used to define a proximal recursion (Fig. 2.1):

oK = proxig)(gk_l), kEeN, o(x):= po(x). (2.9)

Just as the proximal recursion (2.4) approximates the finite dimensional flow (2.3),

similarly it is possible to design d(-,-) and ®(-) in (2.8) as function of the drift

*We denote the expectation operator w.r.t. the measure p(x)dx as E, [-].
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f and diffusion g in (2.2a) such that the proximal recursion (2.9) approximates
the infinite dimensional flow (2.2). This idea was first proposed in [125], showing
that when f is a gradient vector field and g is a scalar multiple of identity matrix,
then the distance d(-,-) can be taken as the Wasserstein-2 metric [210] with ®(-)
as the free energy functional. In particular, the solution of (2.9) was shown to
converge to the flow of (2.2), i.e., gr(x) — p(x,t = kh) in strong L, (R") sense,
as h | 0. The resulting variational recursion (2.9) has since been known as the
Jordan-Kinderlehrer-Otto (JKO) scheme [6], and we will refer to the FPK operator
(2.2a) with such assumptions on f and g to be in “JKO canonical form". Similar
gradient descent schemes have been derived for many other PDEs; see e.g., [190]

for a recent survey.

The remaining of this paper is organized as follows. Section 2.2 explains the JKO
canonical form and the corresponding free energy functional ®(-). Our algorithms
and convergence results are presented in Section 2.3, followed by numerical simu-
lation results in Section 2.4. Section 2.5 provides various extensions of the basic
algorithm showing how the framework proposed here can be applied to systems

not in JKO canonical form. Section 2.6 concludes the paper.

We remark here that a preliminary version [42] of this work appeared in the 2019
American Control Conference. This paper significantly expands [42] by incorpo-
rating additional results for the so-called McKean-Vlasov flow (Sections 2.2.2 and

2.4.3), and by providing various extensions of the basic algorithm (Section 2.5).

Preliminaries

We next collect definitions and some properties of the 2-Wasserstein metric and

the Kullback-Leibler divergence, which will be useful in the development below.
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Definition 1. (2- Wasserstein metric) The 2-Wasserstein metric between two
probability measures dmy(x) := pi(x)dx and dma(y) = p2(y)dy, supported respec-
tively on X, C R™, is denoted as W (my,m) (equivalently, W(p1, pa) whenever
the measures my,m are absolutely continuous so that the respective PDFs py, po

exist); it is defined as

D=

Wy, 72) :_< inf /Xxys(a:;y)dw(w,y)> , (2.10)

drell(ny,m2)

where s(x;y) :=|| ©—y ||3 is the squared Euclidean distance in R™, and 11 (y, )
denotes the collection of all joint probability measures on X X Y having finite

second moments, with marginals m and o, respectively.

The existence and uniqueness of the minimizer in (2.10) is guaranteed. It is well-
known [210, Ch. 7] that W (m,m2) defines a metric on the manifold %,. This
means that W(my,m) > 0 with equality if and only if m; = w9, the symmetry:
W (my,mg) = W{(ma,m), and that W (m, m) satisfies the triangle inequality. Its
square, W?2(my, m3) equals [21] the minimum amount of work required to transport
71 to my (or equivalently, p; to p2), and vice versa. For any PDF v, the function

p > W?2(p,v) is convex on %, i.e., for any pi, ps € P, and 0 < 7 < 1, we have
W2(v,(1 —1)p1 +7p2) < (1—7)W3(v,p1) + TW23(v, pa). (2.11)

Definition 2. (Kullback-Leibler divergence) The Kullback-Leibler divergence,

also known as relative entropy, between two probability measures dm (x) := p;(x)dx
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and dmy(y) := p2(y)dy, denoted as Dxy(m1||m2), is defined as

d d
DKL<7T1||7T2) = / (d;::) 10g (d:;) d’ﬂ'g

- /R" p1(x)log Z;Ei;dw, (2.12)

where % denotes the Radon-Nikodym derivative. Henceforth, we use the nota-

tional equivalence Dgy (m1||m2) = Dxw(p1l|p2)-

From Jensen’s inequality, Dk, (p1]/p2) > 0; however, Dy, is not a metric since it
is neither symmetric, nor does it satisfy the triangle inequality. The Kullback-

Leibler divergence (2.12) is jointly convex in p; and ps.

2.2 JKO Canonical Form

The JKO canonical form refers to a continuous-time stochastic dynamics where
the drift vector field is the gradient of a potential function. The potential can be
state dependent, or can depend on both the state x(¢) and its joint PDF p(x,t).
In the former case, the associated flow of the joint state PDF is governed by a
FPK PDE of the form (2.2a) whereas in the latter case, the same is governed by
the McKean-Vlasov integro-PDE. For both cases, the proposed gradient flow algo-
rithms (Section 2.3) will be able to compute the transient state PDFs p(«,t). We
next describe these canonical forms; generalization of our framework to systems

not in JKO canonical form will be given in Sections 2.4 and 2.5.
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2.2.1 FPK Gradient Flow
Consider the It6 SDE
de = -V (x)dt + /267 dw, x(0)= x, (2.13)

where the the drift potential ¢ : R™ — (0, 00), the diffusion coefficient 5 > 0, and
the initial condition &y ~ po(x). For the sample path x(t) dynamics given by the
SDE (2.13), the flow of the joint PDF p (x,t) is governed by the FPK PDE initial

value problem

dp

5 =V (V) + 57 pl.0) = pol@). (2.14)

It is easy to verify that the unique stationary solution of (2.14) is the Gibbs
PDF poo(x) = kexp (—p¢(x)), where the normalizing constant « is known as the

partition function.

A Lyapunov functional associated with (2.14) is the free energy

F(p) = E,[¢+ B "logp|

= B7' Dk (p || exp (=B¥(x))) = 0, (2.15)
that decays [125] along the solution trajectory of (2.14). This follows from re-
writing (2.14) as

o _

2% V- (pV(), where (:=p"(1+logp)+1, (2.16)
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and consequently

d
oF="E[IVCIs], (2.17)

which is < 0 for the transient solution p(x,t), and = 0 at the stationary so-
lution peo(x) = Kexp(—pY(x)). In our context, (2.17) is an analogue of (2.7).
Notice that the free energy (2.15) can be seen as the sum of the potential en-
ergy Jan ¥(x)p dz and the internal energy ' [gn plog p de. If 1 = 0, the PDE
(2.14) reduces to the heat equation, which by (2.15), can then be interpreted as

an entropy maximizing flow.

The seminal result of [125] was that the transient solution of (2.14) can be com-
puted via the proximal recursion (2.9) with the distance metric d = W (i.e., the
2-Wasserstein metric in (2.10)) and the functional ® = F (i.e., the free energy
(2.15)). Just as (2.3) and (2.4) form a gradient flow-proximal recursion pair, like-
wise (2.14) and (2.9) form the same with the stated choices of d and ®. From
(2.10), notice that the distance metric W itself is defined as the solution of an
optimization problem, hence it is not apparent how to numerically implement the

recursion (2.9) in a scalable manner.

2.2.2 McKean-Vlasov Gradient Flow

In addition to the drift and diffusion, if one has non-local interaction, then the

corresponding PDF evolution equation becomes the McKean-Vlasov integro-PDE

o _

ot V- (pv (¢ + p* Qb)) + 571Ap, p(w, O) = PO(CU), (2.18)
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where % denotes the convolution in R™, the interaction potential ¢ : R™ +— (0, 00)
and is symmetric, i.e., ¢(—v) = ¢(v) for v € R". The associated sample path

x(t) dynamics has PDF-dependent drift:
de = — (Vi () + V(p*¢))dt + /287 dw, x(0)= x. (2.19)

As an example, when ¢(v) := 3 || v ||?, then V(p * ¢)(x) = @ — E,[x]. Clearly,
(2.18) reduces to (2.14) in the absence of interaction (¢ = 0). The McKean-Vlasov
equation serves as a model for coupled multi-agent interaction in applications such

as crowd movement [69], opinion dynamics [8,90], population biology [45,208] and

communication systems.

A Lyapunov functional for (2.18) can be obtained [211] by generalizing the free

energy (2.15) as

F(p):=E,[¢ + 8 logp + px 9|, (2.20)

which is a sum of the potential energy (as before), the internal energy (as before),
and the interaction energy 5 [gn ¢(x—y)p(x)p(y)dedy. In this case, (2.17) holds
with

(=B (1+logp)+v+px*o, (2.21)

which is often referred to as the entropy dissipation functional [46]. As before,
the proximal recursion (2.9) with d = W and ® = F (now F given by (2.20)),

approximates the flow (2.18).
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2.3 Framework

We now describe our computational framework to solve the proximal recursion

0k = Proxpycy(0k-1) (2.22a)
1
=arginf §W2(Qk,1, o) +hF(p), keN, (2.22b)
0€D;

with g9 = po() (the initial joint PDF) for some small step-size h. For maximal
clarity, we develop the framework with the free energy F(-) as in (2.15), i.e., for
FPK gradient flow. In Section 2.4.C, we will show how the same can be generalized
when F(+) is of the form (2.20). As per the convexity properties mentioned in
Section 3.1.2, problem (2.22) involves (recursively) minimizing sum of two convex

functionals, and hence is a convex problem for each k € N.

We discretize time as t = 0, h,2h, ..., and develop an algorithm to solve (2.22)
without making any spatial discretization. Specifically, we would like to perform
the recursion (2.22) on weighted scattered point cloud {x%, 0l }¥, of cardinality
N at t, = kh, k € N, where the location of the i® point i € R" denotes its
state-space coordinate, and the corresponding weight o}, € Rsq denotes the value
of the joint PDF evaluated at that point at time ;. Such weighted point cloud

representation of (2.22) results in the following problem:

1
0, =arg mz’n{ min = (Cg, M)+ h (¢,_,
o \Mene, 0?2

+57loge.0)}, keN, (223)
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where the drift potential vector 1, _; € R¥ is given by

Ppa(i) = (xf ), i=1,...,N. (2.24)

Here, the probability vectors g, 0, ; € Sny_1, the probability simplex in RY.

Furthermore, for each k& € N, the matrix C}, € RY*¥ is given by
Cr(i, ) = s(@ii @) =ll @ — @i |3, 6.5 = 1,..., N, (2.25)
and I1(g,_;, @) stands for the set of all matrices M € R¥*¥ such that
M>0, Ml=g, ,, M'l=op. (2.26)

Notice that the inner minimization in (2.23) is a standard linear programming
problem if it were to be solved for a given g € Sy_1, as in the Monge-Kantorovich
optimal mass transport [210]. However, the outer minimization in (2.23) precludes

a direct numerical approach.

To circumvent the aforesaid issues, following [130], we first regularize and then du-
alize (2.23). Specifically, adding an entropic regularization H(M) := (M, log M)
in (2.23) yields

1
g, = arg mz’n{ min  —(Cy, M)+ ecH(M)

Men(g, ,.0)2

+h (), + 5 log o, Q>}, (2.27)

where € > 0 is a regularization parameter. The entropic regularization is stan-
dard in optimal mass transport literature [22,73] and leads to efficient Sinkhorn

iteration for the inner minimization. Here we point out that there has been par-
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allel work [53,59] on the connection between optimal mass transport and the
so called Schrodinger bridge problem which is a dynamic version of this type of

regularization.

In our context, the entropic regularization “algebrizes" the inner minimization in
the sense if Ao, \; € RY are Lagrange multipliers associated with the equality
constraints in (2.26), then the optimal coupling matrix M := [m*(i, j)|N,_,

in (2.27) has the Sinkhorn form

M (i, j) = exp (Ao(i)h/€) exp (—Ci(i, 1)/ (2€))

exp (A1 (j)h/e) . (2.28)

Since the objective in (2.27) is proper convex and lower semi-continuous in g, the

strong duality holds, and we consider the Lagrange dual of (2.27) given by:

()\Spt, Xl’pt> = arg max{()\o, 0,_1) — F*(=X\1)

Ao, A1€RN
—% ( exp(XAg h/€) exp(—C'/2¢) exp()\lh/e)) }, (2.29)
where
P = swp {(,0) ~ F) (2:30)

is the Legendre-Fenchel conjugate of the free energy F in (2.15). Next, we derive
the first order optimality conditions for (2.29) resulting in the proximal updates,

and then provide an algorithm to solve the same.
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2.3.1 Proximal Recursions

Given the vectors g,_1,%;_;, the matrix C}, and the positive scalars (3, h, € in

(2.29), let

y = exp(Agh/e), z = exp(Aih/e), (2.31)

Ly = exp(=Cy/2€), &y = exp(—Pp,_; —1). (2.32)

The following result establishes a system of nonlinear equations for computing
AP AP in (2.29), and consequently g, in (2.27).
Theorem 1. The vectors AJ™', A" in (2.29) can be found by solving fory, z € RN

from the following system of equations:

YO (I'wz) = ppy; (2.33a)

FZ0) (F;jy) =£,.,0 z’%, (2.33b)

and then inverting the maps (2.31). Let (y°P, z°P*) be the solution of (2.33). The

vector gy, in (2.27), i.e., the proximal update (Fig. 2.1) can then be obtained as
o, = 2" @ (T y™). (2.34)
Proof. From (2.15), the “discrete free energy" is

F(o) = (¢ + 5" log 0, 0).
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Its Legendre-Fenchel conjugate, by (2.30), is given by
F*(A) = sup{A"e —¢ o — 3" 0" log o}. (2.35)
o

Setting the gradient of the objective function in (2.35) w.r.t. g to zero, and solving

for g yields

Omax = XD(S(A — ) — 1). (2.36)

Substituting (2.36) back into (2.35), results

F*(A) = 8717 exp(B(A — ) — 1). (2.37)

Fixing A;, and taking the gradient of the objective in (2.29) w.r.t. Xy, gives
(2.33a). Likewise, fixing Ag, and taking the gradient of the objective in (2.29)

w.r.t. Ay gives
VaF (A1) =20 (T y). (2.38)

Using (2.37) to simplify the left-hand-side of (2.38) results in (2.33b). To derive
(2.34), notice that combining the last equality constraint in (2.26) with (2.28),
(2.31) and (2.32) gives

o = (M1 =3 m™(j,i) = 2(i) ;Fk(% )y (),

j=1

which is equal to z ® I‘gy, as claimed. [

In the following (Section 2.3.2), we propose an algorithm to solve (2.33) and (2.34),

43



and then outline the overall implementation of our computational framework. The

convergence results for the proposed algorithm are given in Section 2.3.3.

2.3.2 Algorithm

Proximal algorithm

We now propose a block co-ordinate iteration scheme to solve (2.33). The proposed
procedure, which we call PROXRECUR, and detail in Algortihm 1, takes g,_; as
input and returns the proximal update g, as output for £ € N. In addition to
the data 9,_q,%,_1,Ck, B, h,e, N, the Algorithm 1 requires two parameters as
user input: numerical tolerance §, and maximum number of iterations L. The
computation in Algorithm 1, as presented, involves making an initial guess for the
vector z and then updating y and z until convergence. The iteration over index

¢ < L is performed while keeping the physical time “frozen".

We next outline the overall algorithmic setup to implement the proximal recursion

over probability weighted scattered data.

Overall algorithm

Samples from the known initial joint PDF p, are generated as point cloud {xf, 0§}, .
Then for k € N, the point clouds {x%, 0}, are updated as shown in Fig. 2.2.
Specifically, the state vectors are updated via Euler-Maruyama scheme applied to

the underlying SDE (2.13) or (2.19). Explicitly, the Euler-Maruyama update for
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Algorithm 1 Proximal recursion to compute g, from g,_,

1: procedure PROXRECUR(g;_1, ¥)_1, Cy, B, h, ¢, N, 0, L)

2: Ty « exp(—Cly/2¢)

3 £« exp(—fp_ — 1)

4 zo < randyy > initialize
5: zZ [ZO,ONx(Lq)}

6 Y [Qkfl @ (Trzo) 7ON><(L—1)}

7 (=1 > iteration index
8 while / < L do )

9

2,0+ 1) (&0 (Tiy(,0)) 77

10: Yy, l+1) <0, @ (Tpz(, 0 +1))

11: if |y, 0+1)—y(,0)|<d & || z:,0+1)—2(,¢) ||<d then >
error within tolerance

12: break

13: else

14: (+—1+1

15: end if

16: end while

17: return g, < z(:,() © (I‘;y(:, €)> > proximal update

18: end procedure

45



xr_1 | 1 step delay D

; ”| Euler-Maruyama,
scheme

\4

A

d2
prOXh(I)(-)

Y VY

Ok

A

1 step delay

Figure 2.2: Schematic of the proposed algorithmic setup for propagating the joint
state PDF as probability weighted scattered point cloud {z}, 0} }~ ;. The location
of the points {xi } | are updated via Euler-Maruyama scheme; the corresponding
probability weights are updated via Algorithm 1. The dashed arrow shown above
is present only when the state dynamics is density dependent, as in (2.19).

(2.19) is

x), = f_, — hV (Y@ ) +w() )

+y/2671 ('wz - wzq) ; (2.39)

where w(+) := [¢(- — y)p(y)dy, and wi := w'(t = kh), k € N. The same for
(2.13) is obtained by setting ¢ = w = 0 in (2.39).

The corresponding probability weights { %}, are updated via Algorithm 1. No-
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______

0.4

Figure 2.3: Comparison of the analytical and proximal solutions of the FPK
PDE for (2.45) with time step h = 1073, and with parameters a = 1, 8 = 1,
€ =5 x 1072 Shown above are the time evolution of the (left) PDFs, (middle)
means, and (right) variances.

tice that computing C}, requires both {x! }¥, and {zi}Y,, and that C} needs
to be passed as input to Algorithm 1. Thus, the execution of Euler-Maruyama
scheme precedes that of Algorithm 1.

Remark 2. Our choice of the (explicit) Euler-Maruyama scheme for updating
the location of the points in state space was motivated by its simplicity and ease
of implementation. Since the diffusion coefficient of (2.13) or (2.19) is con-
stant, the Euler-Maruyama scheme is guaranteed to converge strongly to the true
solution of the corresponding SDE provided the drift coefficient is globally Lip-
schitz; see e.g., [133, Ch. 10.2]. If the drift coefficient —V1 in (2.13), or
— (VY +V(pxo@)) in (2.19), is non-globally Lipschitz with superlinear growth,
then the Euler-Maruyama scheme is known [119] to diverge in mean-squared er-
ror sense. In such cases, one could replace the explicit Fuler-Maruyama scheme
with the “tamed" Euler-Maruyama scheme [120], or with the partially implicit
Euler scheme [118], or with the split-step backward Euler scheme [112].
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2.3.3 Convergence

Next, we will prove the convergence properties for Algorithm 1. To this end, the
Definition 3 and Proposition 2 given below will be useful in establishing Theorem
3 that follows.

Definition 3. (Thompson metric) Consider z,z € K, where K is a non-
empty open convex cone. Further, suppose that K is a normal cone, i.e., there
exists constant « such that || z ||< a || 2 || for z < z. Thompson [207] proved

that KC is a complete metric space w.r.t. the so-called Thompson metric given by

dr (z,z) == max{logv(z/z),logv(z/2)},

where v(z/z) == inf{c > 0| z < cz}. In particular, if K = RY, (positive orthant
of RY), then

dr (z,%)zlogmax{_max (f"),imax <E> } (2.40)

ZZl,...,N Z,L :1,---7N ZZ

Proposition 2. [149, Proposition 3.2], [167] Let KC be an open, normal, convex
cone, and let p : KC — IC be an order preserving homogeneous map of degree r > 0,

i.e., p(cz) = "'p(z) for any ¢ >0 and z € K. Then, for all z,z € K, we have

dr (p(2),p(2)) < rdr (2,2).

In particular, if r € [0,1), then the map p(-) is strictly contractive in the Thomp-

son metric dt, and admits unique fixed point in K.

Using (2.40) and Proposition 2, we establish the convergence result below.

Theorem 3. Consider the notations in (2.31)-(2.32), and those in Algorithm 1.
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The iteration

z(:04+1) = (5k_1 @ (I‘gy(:,ﬁ)))W

= (812 (Tl @er @ Tz, 5))))m (2.41)

for € =1,2,..., is strictly contractive in the Thompson metric (2.40) on RY;, and

admits unique fized point z°P* € RY.

Proof. Rewriting (2.41) as

2(50+1) = ((@—1 @ (F;qu)) © (sz(i,f)))m ,

and letting p =1, :=§,,0 (I‘ggk_o, we notice that iteration (2.41) can be
expressed as a cone preserving composite map 0 := 6; 0 0, 0 03, where 6 : RY; —

RY,, given by
z(:,0+1)=0(z(:,0)) =0,005003 (2(:,0)), (2.42)

and 6,(z) := z1+56/h, 05(z) :=n© z, 03 := I'yz. Our strategy is to prove that

the composite map @ is contractive on Révo w.r.t. the metric dr.

From (2.25) and (2.32), C(i, ) € [0, 00) which implies T'x(7, 7) € (0, 1]; therefore,
I'; is a positive linear map for each k& = 1,2,.... Thus, by (linear) Perron-
Frobenius theorem, the map 63 is contractive on RY;) w.r.t. dr. The map 60,
is an isometry by Definition 3. As for the map 6,, notice that the quantity
r = 1/(1 + PBe/h) € (0,1) since Be/h > 0. Therefore, the map 6,(z) := 2z’
(element-wise exponentiation) is monotone (order preserving) and homogeneous

of degree r € (0,1) on RY,. By Proposition 2, the map 6 (z) is strictly contractive.
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Thus, the composition

0= 01 o) 02 o) 03
~~ ~~ ~~~
strictly contractive isometry contractive

is strictly contractive w.r.t. dr, and (by Banach contraction mapping theorem)

admits unique fixed point z°P* in RY. [ |

Corollary 4. The Algorithm 1 converges to unique fized point (y°P*, z°P*) € RY; x

N
R>O .

Proof. Since y(:,0+1) = g,_; @ (Trz(:, £+ 1)), the z iterates converge to unique
fixed point 2°P* € RY) (by Theorem 3), and the linear maps I'; are contractive
(by Perron-Frebenius theory, as before), consequently the y iterates also converge

to unique fixed point y°P* € RY,. Hence the statement. |

2.4 Numerical Results

We now illustrate the computational framework proposed in Section 2.3 via nu-
merical examples. Our examples involve systems already in JKO canonical form
(Section 2.2), as well as those which can be transformed to such form by non-

obvious change of coordinates.

2.4.1 Linear Gaussian Systems
For an It6 SDE of the form
dex = Ax dt + B dw, (2.43)
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it is well known that if &y := x(t = 0) ~ N(pg, Xo), then the transient joint
PDFs p(x,t) = N(w(t),X(t)) where the vector-matrix pair (w(t), 3(t)) evolve
according to the ODEs

p(t) = Ap,  p(0) = py, (2.44a)

3(t) = AX(t) + AX(t)" + BB, X(0) =X,. (2.44D)

We benchmark the numerical results produced by the proposed proximal algo-
rithm vis-a-vis the solutions of (2.44). We consider the following two sub-cases of

(2.43).

Ornstein-Uhlenbeck Process

We consider the univariate system
dr = —ax dt + /28~ 1dw, a,B >0, (2.45)

which is in JKO form (2.13) with ¢(z) = faz®. We generate N = 400 samples
from the initial PDF py = N (0, 02) with pg = 5 and 02 = 4 x 1072, and apply
the proposed proximal recursion for (2.45) with time step A = 1073, and with
parameters a = 1, 3 = 1, € = 5 x 1072, For implementing Algorithm 1, we set
the tolerance § = 1072, and the maximum number of iterations L = 100. Fig. 2.3
shows that the PDF point clouds generated by the proximal recursion match with
the analytical PDFs A/ (ug exp(—at), (07 — .5) exp(—2at) + %), and the mean-

variance trajectories (computed from the numerical integration of the weighted

scattered point cloud data) match with the corresponding analytical solutions.
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Multivariate LTI

We next consider the multivariate case (2.43) where the pair (A, B) is assumed
to be controllable, and the matrix A is Hurwitz (not necessarily symmetric). Un-
der these assumptions, the stationary PDF is N (0, X.,) where X, is the unique
stationary solution of (2.44b) that is guaranteed to be symmetric positive defi-
nite. However, it is not apparent whether (2.43) can be expressed in the form
(2.13), since for non-symmetric A, there does not exist constant symmetric posi-
tive definite matrix ¥ such that Ax = —Vz "Wz, i.e., the drift vector field does
not admit a natural potential. Thus, implementing the JKO scheme for (2.43) is

non-trivial in general.

In our recent work [100], two successive time-varying co-ordinate transformations
were proposed which can bring (2.43) in the form (2.13), thus making it amenable

to the JKO scheme. We apply these change-of-coordinates to (2.43) with

—-10 5 2
A: B:

30 0] 25)
which satisfy the stated assumptions for the pair (A, B), and implement the pro-
posed proximal recursion on this transformed co-ordinates with N = 400 samples
generated from the initial PDF py = N (g, Xo), where py = (4,4) " and 3y = 41,.
As before, we set § = 1073, L = 100,h = 1073,8 = 1,e = 5 x 1072, Once the
proximal updates are done, we transform back the probability weighted scattered
point cloud to the original state space co-ordinates via change-of-measure for-
mula associated with the known co-ordinate transforms [100, Section III.B]. Fig.
2.4 shows the resulting point clouds superimposed with the contour plots for the

analytical solutions N (u(t),3(t)) given by (2.44). Figs. 2.5 and 2.6 compare
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the respective mean and covariance evolution. We point out that the change of
co-ordinates in [100] requires implementing the JKO scheme in a time-varying
rotating frame (defined via exponential of certain time varying skew-symmetric
matrix) that depends on the stationary covariance 3,,. As a consequence, the
stationary covariance resulting from the proximal recursion oscillates about the

true stationary value.

—  Panalytical Pproximal

Figure 2.4: Compa?ison of the 1a0nalytical (cgntour plotsQ)Oand proxian?il (weighted
scattered point cloud) joint PDFs of the FPK PDE for (2.43) with time step
h = 1073, and with parameters 8 = 1,e = 5 x 1072, Simulation details are given
in Section 2.4.1. The color (red = high, blue = low) denotes the joint PDF value
obtained via proximal recursion at a point at that time (see colorbar).
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Figure 2.5: Comparison of the components of the mean vectors from analytical
(dashed) and proximal (solid) computation of the joint PDFs for (2.43) with time
step h = 1073, and with parameters 3 = 1,e = 5 x 1072. Simulation details are
given in Section 2.4.1.

2.4.2 Nonlinear Non-Gaussian System

Next we consider a planar nonlinear system of the form (2.13) with ¢(z1,22) =
i(l +a1) + ;(:Bg —2?) (see Fig. 2.7). As mentioned in Section 2.2, the stationary
PDF is pe(x) = kexp (—f1(x)), which for our choice of ¢, is bimodal. In this
case, the transient PDFs have no known analytical solution but can be computed
using the proposed proximal recursion. For doing so, we generate N = 400 samples
from the initial PDF py = N (pg, Xo) with py = (2,2)7 and ¥y = 415, and set
§=10"3,L =100,h = 10738 = 1,e = 5x 1072, as before. The resulting weighted

point clouds are shown in Fig. 2.8; it can be seen that as time progresses, the
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—_——— Pllanalytical

— P 11proximal

- PlQanalytical

_— Pl 2proximal
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—_——— P22analytical

— P 22proximal

Figure 2.6: Comparison of the components of the covariance matrices from
analytical (dashed) and proximal (solid) computation of the joint PDFs for (2.43)
with time step h = 1073, and with parameters 3 = 1,e = 5 x 1072, Simulation
details are given in Section 2.4.1.

joint PDFs computed via the proximal recursion, tend to the known stationary

solution p., (contour plots in the right bottom sub-figure in Fig. 2.8).

Fig. 2.9 shows the computational times for the proposed proximal recursions ap-
plied to the above nonlinear non-Gaussian system. Since the proposed algorithm
involves sub-iterations (“while loop" in Algorithm 1 over index ¢ < L) while keep-
ing the physical time “frozen", the convergence reported in Section 2.3.3 must be
achieved at “sub-physical time step" level, i.e., must incur smaller than h (here,
h = 1072 s) computational time. Indeed, Fig. 2.9 shows that each proximal up-
date takes approx. 107% s, or 1073h computational time, which demonstrates the

efficacy of the proposed framework.
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1 1
Figure 2.7: The drift potential ¥(x1,z,) = Z(l + 1) + 5(:1:% — 2?) used in the

numerical example given in Section 2.4.2.
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——  Pooanalytical = % exp (_ﬁ'(/) (Il ) 'TQ) ) Pproximal

t=20.0 t=20.5 t=1.0

10 20 30 40 50

Figure 2.8: The proximal (weighted scattered point cloud) joint PDFs of the
FPK PDE (2.14) with the drift potential shown in Fig. 2.7, time step h = 1073,
and with parameters 8 = 1,e = 5 x 1072, Simulation details are given in Section
2.4.2. The color (red = high, blue = low) denotes the joint PDF value obtained
via proximal recursion at a point at that time (see colorbar). In the bottom right
plot, the contour lines correspond to the analytical solution for the stationary
PDF po.
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1076 4

Computational time (seconds)

1 2 3 4
Physical time t;, = kh (seconds)

Figure 2.9: The computational times for proximal updates for the simulation in
Section 2.4.2. Here, the physical time-step h = 1073 s, and k£ € N.
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Figure 2.10: Comparison of the analytical and proximal solutions of the
McKean-Vlasov flow for (2.46) with time step h = 1072, py = N (5,9), and with
parameters a = b =1, 3 =1, e = 5 x 1072, Shown above are the time evolution
of the transient (left) PDFs, (middle) means, and (right) variances.

2.4.3 Non-local Interactions

We now consider a numerical example demonstrating our gradient flow framework
for computing the transient PDFs generated by the McKean-Vlasov integro-PDE
(2.18) associated with the density-dependent sample path dynamics (2.19). If both
the potentials ¢ and ¢ are convex functions, then (2.18) admits unique stationary
density poo(x) (see e.g., [46], [154, Section 5.2]). To keep the exposition simple,
we consider the univariate case ¢(z) = 1az?, ¢(z) = 1ba?, a,b > 0. Performing

the integration appearing in the convolution allows us to rewrite (2.19) as the

mean-reverting process:
de = —((a +b)x — bu(t)) dt + /2671 dw, x(0) = z, (2.46)

where p(t) is the mean of the transient PDF p(z,t). Assuming zg ~ N (g, 03),
and applying expectation operator to both sides of (2.46) yields u(t) = po exp(—at).
Consequently, the transient PDF for (2.46) at time ¢ is p(x,t) = N (u(t), o%(t)),
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with

wu(t) = poexp(—at), (2.47a)

2 = 2 # exX —zla !
0 = (= (ot ) o0 2a o+

T B (2.47D)

Clearly, the stationary PDF is py(z) = N (0,1/(a + b)f).

To benchmark our algorithm with the analytical solution (2.47), we implement
the proximal recursion for (2.46) with free energy (2.20). Following [23, Section 4],
we replace the non-convex bilinear term [gn g ¢(x —y)o(x)o(y)dedy in (2.22Db),
with the linear term [p. ¢(x — y)o(x)or_1(y)dedy, k € N, resulting in a semi-

implicit variant of (2.22), given by

. 1
o = arginf §W2(Qk_1, 0)+h F(ok—1,0), k€N, (2.48)

0€D2

with g9 = po(x) (the initial PDF). The proof for the fact that such a semi-
implicit scheme guarantees o(x) — p(x,t = kh) for h | 0, where p(x,t) is the
flow generated by (2.18), can be found in [138, Section 12.3]. Notice that for
the FPK gradient flow, the “discrete free energy' in (2.23) was F(@) = (¢¥,_, +
B711og @, 0). The scheme (2.48) allows us to write a similar expression in the
McKean-Vlasov gradient flow case, as F(@) = (¥,_; + Di_10,_, + 3 'log 0, @),

where the symmetric matrix Dy_; is given by

D_1(i,j) = gzs(a:;;_l —xi_l), i,j=1,...,N, keN.

For the particular choice ¢(x) = 1ba?, notice that Dj_; is a (scaled) Euclidean

distance matrix on the Euler-Maruyama update. In this case, the associated
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Euler-Maruyama scheme (2.39) is

@, = x_ —h (CLCBZ_I +b (az};_l - 1T9k—1))

+ 287 (w—wi ), keNi=1,. N, (2.49)

i.e., the dashed arrow in Fig. 2.2 becomes active. Fig. 2.10 shows that the
weighted scattered point cloud solutions for (2.46) with a = b = 1, computed
through our proximal algorithm match with the analytical solutions N (u(t), o(t))
given by (2.47). For Fig. 2.10, the parameter values used in our simulation are

h=1038=1e=5x10"2 =5, 02 =9, N =400, § = 1073, L = 100.

2.5 Extensions

In Section 2.4.1, we have already seen that systems not in JKO canonical form
may be transformed to the same via suitable change-of-coordinates, thus making
density propagation for such systems amenable via our framework. In this Section,
we provide two extensions along these lines. First, we consider a case of state-
dependent diffusion; thereafter, we consider a system with mixed conservative-
dissipative drift. In both cases, we use specific examples (instead of general re-
marks) to help illustrate the extensions of the basic framework. These examples

point out the broad scope of the algorithms proposed herein.
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2.5.1 Multiplicative Noise

We consider the It6 SDE for the Cox-Ingersoll-Ross (CIR) model [72], given by
dr =a(f —2)dt + by/zdw, 2a>0b0*>0 6>0. (2.50)

Due to multiplicative noise, (2.50) is not in JKO canonical form (2.13). If the
initial PDF p, is Dirac delta at zp, then the FPK PDE for (2.50) admits closed

form solution:

q/2
) cexp(—(u +v)) (u> I, 2yaw), >0, s

0, otherwise,

where I,(-) is the modified Bessel function of order ¢, and

2a0 2a
— = 2.52
1= — 5 TR exp(—at))’ (2.52a)
u = cxrgexp(—at), V= cx. (2.52Db)

The transient solutions (2.51) are non-central chi-squared PDFs. The stationary
solution is a Gamma PDF p,.(z) o 27 exp (—2ax/b?), x > 0. We will benchmark

our proximal algorithm against (2.51).

In order to transcribe (2.50) in the JKO canonical form, we employ the Lamperti

transform [153,162], where the idea is to find a change of variable y = ¢(x) such

that the SDE for new variable y has unity diffusion coefficient. From It6’s lemma,
2

it follows that the requisite transformation for (2.50) is y = ¢(z) := 7/, and the
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— Panalytical

©  Pproximal

40 10

Figure 2.11: Comparison of the analytical and proximal transient PDFs of the
FPK PDE for (2.50) with time step h = 1073, and with parameters a = 3, b = 2,
0 =2 290=05,e=>5x 1072, To approximate the analytical PDFs resulting from
po(z) = 6(xz — 5), the proximal recursions were performed with the initial PDF

N(5,1074).

resulting SDE in y becomes

200 1\ 1 «a

Clearly, (2.53) is in the JKO canonical form (2.13) with 5 = 2, and

U(y) = ay®/4 — (¢ +1/2)logy. (2.54)

So the proposed proximal algorithm (Algorithm 1) can be applied to (2.53), and
at each time ¢, the resulting PDF py(y,t) can be transformed back to the PDF
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px (z,t) via the change-of-measure formula for the push-forward map z = ¢~ !(y) =
by?/4. Fig. 2.11 shows the comparison of the analytical and proximal transient
PDFs for (2.50) resulting from py = §(x —5) witha =3,b=2,0 =2, h = 1073,
e=5x10"2, N =400, § = 10, and L = 100.

2.5.2 Mixed Conservative-Dissipative Drift

In many engineering applications, one encounters [t6 SDEs where the drift vector
fields have both dissipative (gradient) and conservative (Hamiltonian) compo-
nents. For example, stochastic systems arising from Newton’s law in mechanics
often have mixed conservative-dissipative structure. Our intent here is to illus-
trate that such SDEs are amenable to the proposed proximal recursion framework.
As an example, we will work out the details for a perturbed two-body problem in

celestial mechanics similar to the one treated in [205].

We consider the relative motion of a satellite in geocentric orbit, given by the

second order Langevin equation

. nq .
q=— 3 _fyq—’_fpert(q)
I all
+ /2671y x stochastic forcing, (2.55)
where q := (z,y,2)" € R? is the relative position vector for the satellite, y is

a constant (product of the Gavitational constant and the mass of Earth), —vq
models linear drag', f..(q) models (deterministic) perturbative force due to the

oblateness of Earth, and the stochastic forcing is due to solar radiation pressure,

TMore generally, for nonlinear drag of the form —WVQV((]), the term —+p in (2.59) will be-
come —yVV (p). This will entail modifying the functional Fin (2.61) asE, V(p) + B 'logpl.

The linear drag illustrated here corresponds to the special case V(p) =|| p ||2 /2.
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free-molecular aerodynamic forcing etc. Using the shorthands for sines and cosines

as cT := cos T, ST := sin 7, and recalling the relations among spherical coordinates
(r,0,¢) and cartesian coordinates (x,y, z), given by r = /22 + y? + 22, cp = z/r,

s¢ = /1 —(co)?, c = z/r, s0 = /1 — (cf)?, we can write f ..(q) in spherical

coordinates as [205, eqn. (12)-(13)]

k 2
1. 5 (31239) - 1)
fo = ——s0 cf , k:=3JREu = constant, (2.56)
,
f¢ pert O

and the same in cartesian coordinates as

fz sOcop chcp —so) [ fr
Foert(@) =1 f, = |s8sp cbsp co || fo|l - (2.57)
) cd —s6 0O fo .

In (2.56), the Earth oblateness coefficient Jo, = 1.082 x 1072, the radius of Earth
Rp = 6.3781 x 10° m, and the Earth standard Gravitational parameter p =

3.9859x 10 m3/s?. Modeling the stochastic forcing in (2.55) as standard Gaussian
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white noise (as in [205]), (2.55) can then be expressed as an Itd6 SDE in RS:

Uy
Uy
dz 0
(%
dy 0
dz nT 1 0
ol =3 + (fo)pert — YUz | At + /2871y , (2.58)
do,, dw;
dvy, dw,
ny
——5 (fy)pert — YUy
dv, r dws
Wz
_F + (fz)pcrt - ’YFUZ

or more succinctly,

(d)( P )dw() 250)
dp ~VV(q) —vp dwsy

where p := (v,,v,,v,)" € R? is the velocity vector, and

V(q) = ‘/gravitational(q) + Vpert(q)a (260&)
fo
uq
Vq‘/gravitationaul(q) = m, —Vquert(q) = fy . (260b)
z pert

Introducing a “Hamiltonian-like function' H(q,p) :=|| p |2 /2 + V(q), one can
verify that the stationary PDF for (2.59) is p. x exp(—FH(g,p)), and that

the “total free energy" F(p) := E,[H + 5~ 'log p] serves as Lyapunov functional
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for the associated FPK PDE, i.e., % < 0. However, the proximal recursion

(2.22b) does not apply as is, instead needs to be modified to account the joint

conservative-dissipative effect as

. 1~ ~
or = arginf §Wf(gk,1, o)+ hy F(o), keN. (2.61)

0€D2

We implement a recursion from [81, Scheme 2b] where

_ 1 -
Flo) =B, |5 lIp 5 + 5 logp|, (2.62)

and Wf(gk,l, 0) is the optimal mass transport cost (as in squared 2-Wasserstein

metric (2.10)) with modified cost function (modified integrand in (2.10)), i.e.,

W}%(ﬂl, pg) = an §h (q,p, (Nlaﬁ) dm (q7p) (NL 13) ) (263)
drell(my,me) J XXV

where (q,p)" and (q,p)" are two realizations of the state vector governed by

(2.59)-(2.60); the integrand in (2.63) is

$h(g.p;a.p) == || pP—p+hVV(q) |5
a-q p+p|

12 — . 2.64

- H h 2 2 ( 6 )

That the proximal recursion (2.61) with the above choices of functionals F and
Wi, guarantees ox(q,p, h) — p(q,p,t = kh) for k € N as h | 0, where p(q, p,t) is
the joint PDF generated by the FPK flow for (2.59) at time ¢, was proved in [81].

Our proximal algorithm in Section 2.3.2 applies by simply modifying (2.24)-(2.25)
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as

1

Y1) = SP) Py i=1 N, (2.65)

Ci(i,j) = (d.piidl 1, pl_1), 4j=1,...,N, (2.66)

respectively. Notice that 5, in (2.64) (and consequently, W, in (2.63)) is not a
metric (in particular, non-symmetric). Thus, the matrices C}, in (2.66) for k € N

are not symmetric.

To apply the proposed framework, we first non-dimensionalize the variables g (m),

p (m/s), t (s), w (1/8) in (2.59) as
¢=a/R, P =p/(RIT), {=t/T, w=wNT (2.67)

where R := 4.2164 x 107 m is the radius of the nominal geostationary orbit, and
T = 86164 s is its period. In (2.67), the primed variables are non-dimensionalized.
Using (2.67) and 1t6’s lemma on (2.59), the non-dimensional SDE in (¢’,p’)" € R®

becomes

dq' = p' dt’, (2.68a)

Tu ¢ T?
dp’ = {  R3 I q |3 + ffpert(Rq,) - VTp'}dt’

3/2

T
+ /267 dw, (2.68D)

To avoid numerical conditioning issues, we will apply our algorithm for recursion
(2.61) associated with the non-dimensional SDE (2.68), and then transform the
)T

PDF in (¢’,p)" to the same in original variables (g, p) " via change-of-measure for-

mula. Such a computational pipeline, i.e., density propagation in non-dimensional
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SDE and then transforming the density back in dimensional variables, is standard

in celestial mechanics due to different orders of magnitude in different state vari-

ables (see e.g., [205, Sec. II1.B]).
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Figure 2.12: Univariate marginal PDFs at ¢ = 0.005 s for (2.59)-(2.60) computed
from the joint PDF at that time obtained via the proposed proximal algorithm
for recursion (2.61) with time step h = 107°, and with parameters 3 = 1 m?/s?,
v=1s"1 e=5x10"2 § =103, L = 100, and N = 400.

Figs. 2.12 and 2.13 show the univariate marginal PDFs at ¢ = 0.005s and ¢t =

0.010s respectively, associated with the joint PDFs supported on R® at those

times, computed through the proposed proximal algorithm. For this simulation,

the initial joint PDF po(q’,p') = N (g, Xo), where p, = (1,0,0,0,0,0)", and
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Figure 2.13: Univariate marginal PDFs at ¢ = 0.01 s for (2.59)-(2.60) computed
from the joint PDF at that time obtained via the proposed proximal algorithm
for recursion (2.61) with time step h = 1075, and with parameters 3 = 1 m?/s?,
vy=1s1e=5x10"2 6§ =10"3, L = 100, and N = 400.
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Figure 2.14: The computational times needed for proximal updates in the 6-

state numerical example reported in Section 2.5.2. Here, the physical time-step
h=10""s, and k € N.
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3o = 107* x diag (3.335,6.133,3.933, 6.562,9.246, 5.761). The parameter values
used in the simulation are: h = 107°, = 1 m?/s*, vy = 157! ¢ =5 x 1072,
§ = 1073, L = 100, and N = 400. The computational times for this 6-state
example reported in Fig. 2.14 reveal that the proximal recursions run remarkably

fast (indeed, faster than the runtime for the 2-state example in Section 2.4.2; cf.

Fig. 2.9).

2.6 Conclusions

In this paper, novel uncertainty propagation algorithms are presented for comput-
ing the flow of the joint PDFs associated with continuous-time stochastic nonlin-
ear systems. By interpreting the PDF flow as gradient descent on the manifold
of joint PDFs w.r.t. a suitable metric, the proposed computational framework
implements proximal algorithms which are proved to be convergent due to cer-
tain contraction properties established herein. Numerical examples are provided
to demonstrate the practical use of the proposed algorithm and its efficiency in
terms of computational runtime. In contrast to the conventional function approxi-
mation algorithms for this problem, the proposed non-parametric framework does
not make any spatial discretization, instead performs finite sample probability-
weighted scattered data computation in the form of temporal recursion. The
location of the atomic measures is delegated to a Euler-Maruyama scheme, thus
avoiding spatial discretization. The results of this paper provide computational
teeth to the emerging systems-theoretic viewpoint [100,101] that the PDF flows

in uncertainty propagation can be seen as gradient flow.

72



Chapter 3

Wasserstein Proximal Algorithms
for the Schrodinger Bridge
Problem: Density Control with

Nonlinear Drift

We study the Schrodinger bridge problem (SBP) with nonlinear prior dynamics.
In control-theoretic language, this is a problem of minimum effort steering of a
given joint state probability density function (PDF) to another over a finite time
horizon, subject to a controlled stochastic differential evolution of the state vector.
As such, it can be seen as a stochastic optimal control problem in continuous time
with endpoint density constraints — a topic that originated in the physics literature
in 1930s, and in the recent years, has garnered burgeoning interest in the systems-

control community.
For generic nonlinear drift, we reduce the SBP to solving a system of forward
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and backward Kolmogorov partial differential equations (PDEs) that are coupled
through the boundary conditions, with unknowns being the “Schrodinger factors"
— so named since their product at any time yields the optimal controlled joint
state PDF at that time. We show that if the drift is a gradient vector field, or
is of mixed conservative-dissipative nature, then it is possible to transform these
PDEs into a pair of initial value problems (IVPs) involving the same forward Kol-
mogorov operator. Combined with a recently proposed fixed point recursion that
is contractive in the Hilbert metric, this opens up the possibility to numerically
solve the SBPs in these cases by computing the Schrédinger factors via a single
IVP solver for the corresponding (uncontrolled) forward Kolmogorov PDE. The
flows generated by such forward Kolmogorov PDEs, for the two aforementioned
types of drift, in turn, enjoy gradient descent structures on the manifold of joint
PDFs with respect to suitable distance functionals. We employ a proximal al-
gorithm developed in our prior work, that exploits this geometric viewpoint, to
solve these IVPs and compute the Schrodinger factors via weighted scattered point
cloud evolution in the state space. We provide the algorithmic details and illus-
trate the proposed framework of solving the SBPs with nonlinear prior dynamics

by numerical examples.

3.1 Introduction

The Schrodinger bridge problem (SBP) is a non-standard finite horizon stochastic

“non-standard" aspect stems

optimal control problem in continuous time. The
from the fact that the SBP concerns with steering the flow of the joint state
probability density function (PDF), and not the state trajectory per se, in a

controlled stochastic dynamical system while minimizing the expected control
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effort to do so. In other words, the SBP is a two-point density control problem

subject to controlled trajectory-level dynamics. Fig. 3.1 shows a schematic of the

SBP.

Solving the SBP amounts to feedback synthesis for ensemble shaping. The problem
is of broad contemporary interest due to its potential applications in controlling
a physical population such as robotic swarm [15], ensemble of neurons [163], and
density of highway traffic [63]. From a probabilistic perspective, one can alterna-
tively interpret controlling the joint state PDF as that of dynamically reshaping
uncertainties in a feedback loop — a viewpoint that promotes “control of uncer-
tainties" in lieu of the usual “control with uncertainties'. That the role of feedback
could be strategically synthesizing, instead of simply mitigating the uncertainties,

is a recent line of thought [33,34, 157].

During 1931-32, the SBP was introduced by Erwin Schrodinger in the two arti-
cles [191,192]. Schrodinger’s original motivation was to come up with a classical
reformulation of quantum mechanics via diffusion processes; see e.g., [221,222].
Early mathematical treatment [25,86,124] of the subject considered the case of no
prior dynamics, which is what we refer to as the “classical SBP". The stochastic
optimal control interpretation for the same emerged in [75,159]. We point the read-
ers to [145,216] for survey of the classical SBP. More recent works [38,39,54,55,59]
have considered SBP with prior dynamics. Except the case of linear prior dy-
namics with Gaussian endpoint PDFs, the SBP with prior dynamics—while most
relevant in control applications—remains computationally challenging in general.
The computational difficulty is particularly evident in the case of nonlinear prior
dynamics, since then, solving the SBP reduces to solving a system of coupled
nonlinear partial differential equations (PDEs). Numerical algorithms for solving

the SBP are only beginning to appear now [147,182]. The purpose of this paper
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is to show that if the nonlinear prior dynamics is either a gradient vector field, or
has both dissipative (gradient) and conservative (Hamiltonian) components, then
we can design scalable point cloud algorithms based on the recursive evaluation
of certain proximal operators with respect to (w.r.t.) the Wasserstein metric,
that solves the associated SBPs. The types of nonlinearities considered in this
paper subsume well-known stochastic models in practical applications such as the
Nyquist-Johnson resistors [35,148], rotational diffusions for describing the orienta-
tion in liquid crystals [64, Ch. 16.5], and statistical mechanics of polymers [64, Ch.
17,

The Wasserstein proximal recursions we employ, solve the forward-backward infinite-
dimensional flows in the space of the Schridinger factors (see Section 3.2.1), de-
fined as functions of the state vector and time, whose product at any given time
equals the optimal controlled joint state PDF at that time. These factors satisfy
a system of boundary-coupled PDEs, which we solve via the proximal recursions.
An intriguing aspect of our proposed framework is that the Wasserstein proximal
recursions originate in the theory of optimal mass transport (OMT) [210], and two
connections between the OMT and the SBP are well-known: first, the dynamic
version [21] of the OMT can be recovered as the zero-noise limit [143,160] of the
classical SBP; second, the classical SBP can be recovered as the solution of the dy-
namic OMT problem with Fisher information regularization [59, Sec. 5], [70, Sec.
4]. The use of Wasserstein gradient flows to solve the SBP with prior nonlinear
drift, as proposed here, offers a third connection between the OMT and the SBP.

This can be of independent interest.

The remaining of this paper is structured as follows. In Section 3.2, we recap
the basics of the SBP. Section 3.3 considers the SBP with generic nonlinear prior

dynamics, deduces the necessary conditions of optimality for the same, and derives
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an associated Schrodinger system via the Hopf-Cole transform. In Section 3.4,
we specialize the development in Section 3.3 for two important types of prior
nonlinear dynamics: gradient drift, and mixed conservative-dissipative drift. We
show how to reformulate the corresponding Schrodinger systems to make the same
algorithmically amenable. In Section 3.5, we show that the reformulations derived
in Section 3.4 can be solved via Wasserstein proximal recursions. Section 3.6
provides numerical examples to illustrate the proposed algorithmic framework.

Section 3.7 concludes the paper.

3.2 Background

Notation

We use bold-faced capital letters for matrices, and bold-faced lower-case letters
for column vectors. The Euclidean gradient, divergence, Laplacian and Hessian
operators are denoted by V, V-, A, and Hess(+), respectively. We will sometimes
put subscript to these differential operators to clarify that the operator is w.r.t. the
subscripted variable (e.g, V, to mean that the gradient is w.r.t. vector x); we will
drop the subscript when there is no scope for confusion. We use (-, -) to denote the
standard Euclidean inner product. For vectors &,y € R", we have (z,y) := 'y,
and that the squared Euclidean 2-norm || « |2 := (x,x). For matrices A, B
of appropriate dimensions, (A, B) := trace(A' B) denotes the Frobenius inner
product. The symbol 0 denotes either a column vector or a matrix (depending on

context), with all entries equal to zeros; the symbol 1 denotes the column vector
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containing all ones; d(x — y) denotes the Dirac delta located at y.

Py (R") = {p :R" — Ry

/pdw=1,/|]m||§pda:<oo}.
R R™

We use the shorthand & ~ p to mean that the random vector x has the joint
PDF p. The notation N (u,X) stands for a joint Gaussian PDF with mean
p and covariance 3. The symbol I denotes an identity matrix of appropriate
dimension. We use the the notations ® and @ for element-wise (i.e., Hadamard)
multiplication and division, respectively. The operands log(:) and > are to be

understood element-wise. The set of natural numbers is denoted by N.

In the following, we briefly review the classical SBP, i.e., the case of no prior
dynamics. We then point out a recent extension: the SBP with linear prior dy-
namics. Along the way, we introduce the Schrédinger system, and the Schrodinger

factors, which will be important in our development.

3.2.1 Classical SBP and the Schrodinger System

Let the state space be R™. The classical SBP is a stochastic optimal control

problem of the form

. 1 ,
P { [ Slut@nlide}. (3.1a)
subject to da(t) = u(x, t) dt + v/2e dw(t), (3.1b)

x(t =0) ~ po(x), x(t=1)~ p(z), (3.1¢c)

where the set of feasible controls U comprises of finite energy inputs, i.e., U :=

{u:R"x[0,1] = R™ | (u,u) < co}. Here, w(t) denotes the standard Wiener
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process in R”, the diffusion coefficient € > 0 (not necessarily small), the prescribed
initial and terminal joint state PDFs are py and p;, respectively. The expectation

operator in (3.1a) is taken w.r.t. the controlled joint state PDF p(x,t).

The SBP (3.1) can be transcribed into the following equivalent variational prob-

lem:

| Ll ,
inf L[ Slu@ ke naza, o (3:20)
subject to gi) + V- (pu) = eAp, (3.2b)
p(m, 0) = pﬂ(w)v p(ac, 1) = pl(m)u (3'2C)

where (3.2b) is the Fokker-Planck or Kolmogorov’s forward PDE, hereafter ab-
breviated as the FPK PDE, associated with the controlled stochastic differential
equation (SDE) (3.1b). Let P(R™) denote the collection of all joint PDFs sup-
ported on R™. Notice that the decision variable in problem (4.3) is the pair
(p,u) € P(R™) x U.

From the first order conditions of optimality for (4.3), it is easy to verify that the

optimal pair (pPOpt, 'u,popt) satisfies the following system of PDEs:

0 1
% L Lioue = —eay,

gt (¢} t2 opt opt (33)
5 V(YY) =A™

and the optimal control w”” (x,t) = Vi(x, t).

Furthermore, (3.3) can be transformed into a system of linear PDEs via the
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mapping (o, 1) - (¢, %) given by

oz, 1) = exp (1/’(;"6’ ”) , (3.4a)
B, 1) = ™ (1) exp (W(;’l’ ”) | (3.4b)

Specifically, the transformed variables (¢, ¢) satisfy the following pair of forward-

backward heat equations

d¢
X A .
5 = €A, (3.5a)
0P
TF  AG )
5 = €09 (3.5b)
with coupled boundary conditions
px,t =0)p(x,t =0) = po(x), (3.6a)
oz, t =1)p(x,t =1) = p1(x). (3.6Db)
To ease notation, let
pi(x) =@, t =1), Po(x) = H(x,t =0). (3.7)

Then, the solution of (3.5) can be formally written as

pl@t)= [ Kt lyply)dy, t<1, (3.82)
ox,t) = /n K0,y,t,x)po(y)dy, t>0, (3.8b)

where
K(t,z,s,y) = (dre(t — s)) "% exp (—M) (3.9)

80



is the heat kernel or the Markov kernel associated with the pure diffusion SDE

dx(t) = v2e dw(t).

Combining (3.6) and (3.8), it becomes clear that finding the minimizer for the
classical SBP amounts to solving for the pair (1, ¢¢) which satisfies the following
system of nonlinear integral equations, referred to as the Schrddinger system,

given by

po(@) = 2o(@) [ K(0.2,1.y)01(y) dy, (3.10a)

p(@) = ei(@) [ K.y, 1L2)0(y) dy. (3.10b)

The existence and uniqueness of solutions to the Schrodinger system (3.10) were
established in [25,86,124]. To compute the pair (1, ¢o) from (3.10), a fixed point
recursion was proposed in [53]. Such a recursion was also proved [53, Sec. III] to
be contractive in Hilbert’s projective metric [36,113]. Once the pair (¢1, @) is
obtained from (3.10), then using (3.8) one can compute the pair (¢, $). Finally,

from (5.50), the original decision variables (p”*", u#™") can be recovered via the

mapping (¢, §) = (p”°p°, up) given by

PP (x,t) = @ (x,t) § (x, 1), (3.11a)

u®P (x,t) = 2¢Vlog p(x, t). (3.11b)

From (3.11a), the optimal controlled joint state PDF at any time is a product of
the factors ¢ and ¢ at that time, and hence we refer to (p, @) as the Schridinger
factors. Notice that the factors solve the boundary-coupled PDE system (3.5)-
(3.6).

The computational steps outlined in the preceding paragraph were used to solve
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the classical SBP in Fig. 3.1 with € = 0.5. Using the optimal control computed
from (3.11b), 100 sample paths (shown in the (z,t) plane in Fig. 3.1) of the
optimal closed-loop SDE were simulated via the Euler-Maruyama scheme with

time step-size 1073,

3.2.2 SBP with Linear Prior Dynamics

Recently, the classical SBP has been extended [60] to the case when the prior
dynamics is a linear time-varying (LTV) system, i.e., (3.1b) is replaced with the

more general controlled SDE

dx(t) = A(t)x(t) dt + B(t)u(x,t) dt + V2eB(t) dw(t), (3.12)

where the system matrices A(t) € R™" B(t) € R™™, m < n, and the pair
(A(t), B(t)) is assumed to be controllable for all . When A(t) is identically zero,
and B(t) is identity, then the setup reduces to the classical SBP. A Schridinger
system for the LTV case can be established wherein the heat kernel (3.9) is to be

replaced by the Markov kernel associated with the uncontrolled SDE

da(t) = A(t)x(t) dt + V2eB(t) dw(t). (3.13)

We refer the readers to [60, Sec. 4] for the details.

Thanks to the availability of the Markov kernel associated with (3.13), the fixed
point recursion idea and the contraction results mentioned in Section 3.2.1 carry
through in this case, making the computation tractable as in the classical SBP.
We note that in (3.12), the noise and the control act through the same channels,

i.e., the same matrix B(t) appears as the coefficient of both. This is the case we
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will focus in this paper. The more general case of different coefficient matrices

was treated in [57].

3.3 Problem Formulation

In this Section, we consider a much less investigated version of the SBP: a general-
ization of problem (3.1) with nonlinear prior dynamics given by a (deterministic)
vector field f : R” x Ryg — R™. In particular, we address the following minimum
energy stochastic optimal control problem:

. 1 ,
it E{[ Slu.olia}. (3.14)

subject to  da = f(x,t) dt + B(t)u(x,t) dt + V2eB(t) dw(t), (3.14Db)

x(t=0)~po(x), z(t=1)~p(x), (3.14c¢)

where * € R”, and the set U comprises of all finite energy inputs, as before.
Clearly, (3.12) corresponds to the special case f(x,t) = A(t)x(t) in (3.14b).
Given f(x,t), B(t) and €, our objective is to steer the joint state PDF p(x,t)
from a prescribed initial PDF py at t = 0 to another prescribed terminal PDF
p1 at t = 1 while minimizing the expected control effort. A schematic for the

problem is shown in Fig. 3.2.

Define the diffusion tensor D(t) := B(t)B(t)". Problem (3.14) can be formally
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recast into a “fluid dynamics” version [21] given by:

. 1t
it 5 [ et 0l 1) de di

subject to gf +V-(p(f+B(t)u)) = el'(D(t) © Hess (p)) 1,

p(,0) = po(x), p(z,1) = pi(x),

where the infimum is taken over all pairs (p,u) € P(R") x U satisfying (3.15b)-

(3.15¢). We note that (3.15b) is the controlled FPK PDE which governs the flow

of the joint PDF associated with the SDE (3.14b). Conceptually, problem (3.15)

is to problem (3.14) what problem (4.3) is to problem (3.1).

3.3.1 Existence and Uniqueness

To establish the existence and uniqueness of minimizer for (3.15), we consider the

convexity of the cost functional (3.15a). For this purpose, we perform a change of

variable (p,u) — (p, m) by setting m := pu. By direct substitution, we obtain

the following reformulation of (3.15):
L J dz d
T ’ y
minimize 2/0 /Rn (p,m) dx

subject to ZIZ + V- (pf + B(t)ym) — el'(D(t) © Hess (p)) 1 = 0,

p(w,O) :po(w), p(w,l) :pl(w)ﬂ
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where

Im|3/p it p>0,
J(p,m) =10 it (m,p) = (0,0),

400 otherwise.

Since J(p, m) is the perspective function of the strictly convex map m — ||m/|3,
hence J is jointly strictly convex in (p,m). The constraints (3.16b)-(3.16¢) are
linear in (p,m). Thus, the convex optimization problem (3.16), and therefore

problem (3.15), admits a unique minimizing pair (p°P*, u°P").

3.3.2 Conditions for Optimality

In this Section, we show that the first order optimality conditions for (3.15) corre-

spond to a coupled system of nonlinear PDEs. Consider the Lagrangian associated

with (3.15):

Lo )= [ [ S lut@ 0l pla.t) +via 0 x (2

(3.17)
V- ((f + B(t)u) p(z, 1)) — e1'(D(t) ® Hess (p )} dz dt,
where 9(z, t) is a C' (R";R.o) Lagrange multiplier. Let
Po @) = {pla.t) |p> 0. [ pde =1,
K (3.18)

p(iIZ,O) = po,p(iB, 1) = pl}

Performing the unconstrained minimization of the Lagrangian £ over Py; (R™) xU
yields the following result (proof in Appendix A.3).
Proposition 5. The pair (p°**(x,t), uP (x,t)) that solves (3.15), must satisfy
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the system of coupled PDFEs

85? +SIBOT VIR + (Yo, £) = (D), Hess (), (3.19)
£ (5 B)TVE) = T (Dl) © Hess (7)1, (3:19b)

with boundary conditions

popt(wa O) = p0<.’13), popt(w7 1) = p1<.’13), (320)

and

u(x,t) = B(t)"Vip(x, t).

Remark 3. Notice that the system of coupled PDEs (3.19) is the same as that ap-
pearing in classical mean field games, but instead of the usual boundary conditions

(see e.g., [139, equation (2)])

P (@, 0) = po(@) (given), (x,1) =1hi(x) (given), (3.21)

our boundary conditions are given by (5.20).

The PDE (3.19a) is the Hamilton-Jacobi-Bellman (HJB) equation while the PDE
(3.19b) is the controlled FPK equation. Computing the optimal pair (p*", u”™"),
or equivalently (p”™", ) form (3.19)-(3.20) calls for solving a system of coupled

nonlinear PDEs with atypical boundary conditions, and is challenging in general.

To tackle the issues of coupling and nonlinearity, we resort to the Hopf-Cole
transform [68,114] given by (5.50). The geometric interpretation of this transform

for optimal control problems were investigated in [140, 141]. Similar ideas have
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also appeared in the stochastic control literature [76,85]. In our context, this
transform allows to convert the HJB-FPK system of coupled nonlinear PDEs
(3.19)-(3.20) into a system of boundary-coupled linear PDEs. We summarize this
in the following Theorem (proof in Appendix A.4).

Theorem 6. (Hopf-Cole transform) Given f, €, po, p1, consider the Hopf-
Cole transform (p°**,v) — (p, ) defined via (5.50), applied to the system of
nonlinear PDEs (3.19)-(3.20). Then the pair (, $) satisfies the system of linear

PDEs
%: =—(Ve. f) — e(D(t), Hess (¢)), (3.22a)
aaf ==V (¢f) + 1'(D(t) © Hess (¢)) 1, (3.22D)

with boundary conditions (borrowing notations (3.7))

wo(®)Po(®) = po(x),  wr(®)dr(x) = pr(). (3.23)

Moreover, the optimal controlled state PDF p°P*(x,t) solving (3.15) is given by

(8.11a). The optimal control for the same is given by

u’(z,t) = 2¢B(t)" Vlog .

We note that (3.22a) is the backward Kolmogorov equation in variable ¢, and
(4.4a) is the forward Kolmogorov or the FPK equation in variable ¢, associated

with the uncontrolled nonlinear SDE

dx(t) = f(x,t) dt + v2e B(t) dw(t). (3.24)
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Indeed, (3.22) generalizes the forward-backward heat equations (3.5). As ex-
pected, setting f = 0 and B(t) = I in (3.22) recovers (3.5). Following the
nomenclature in Section 3.2.1, the pair (¢, @) solving (3.22)-(3.23) defines the

Schréodinger factors for problem (3.15).

The essence of Theorem 6 is that instead of solving the system of coupled nonlinear
PDEs (3.19), we can solve the system of linear PDEs (3.22) provided that we

compute the pair (1, ¢o) which serves as the endpoint data for

dp

%2 (V. )~ {D(1), Hess (¢), pla,1) = pu(x) (3.25)
02 V() + (D) © Hess (§) 1, 9(a.0) = o). (3.25D)

Denoting the forward and backward Kolmogorov operators in (3.25) as Lyk and
Lpk respectively, we can write (3.25) succinctly as an infinite dimensional two
point boundary value problem

o [ _ Lk O @ o(x,1) _ e1(x) ‘ (3.26)

M) N0 ) \8) \v@0) \e@)
Solving (3.25) or (3.26) will yield (¢(x,t), ¢(x,t)) for all £ € [0, 1], which in turn
can be used to determine (p*” (,t), u?™ (x,t)) via (3.11). Notice that this com-
putational pipeline hinges on the ability to first compute the pair (¢1, @) using
(3.23) and (3.25), and then utilize (1, o) to solve (3.25) or (3.26). However,
unlike the situation in Section 3.2, the difficulty now is that the closed-form ex-
pression of the Markov kernel associated with (3.24) is not available in general.

This prevents us from setting up a Schridinger system like (3.10) to solve for the

pair (9017 @0)
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In the following Section 3.4, we will reformulate the Schrédinger system for two
cases: when f is gradient of a potential, and when the prior drift has mixed
conservative-dissipative structure, i.e., a degenerate diffusion of the form (3.14b)
with uw, w € R™, the state space dimension n = 2m, and a constant input matrix
B € R"™™, In Section 3.5, we will then show how these reformulations can har-
ness the recently-introduced proximal recursions [41,42] for computing the pair
(1, Po), and consequently the pair (p(x,t), $(x,t)). This is appealing since these
proximal algorithms do not require spatial discretization or function approxima-
tion, and instead evolve weighted scattered point cloud data. Therefore, such
algorithms hold the promise for solving the SBP with nonlinear prior dynamics

in high dimensions when no analytical handle on the Markov kernel is available.

3.4 Reformulation of the Schrodinger Systems

Next, we provide algorithmically tractable reformulations of the Schrédinger sys-
tems for two important types of prior nonlinear dynamics: gradient drift in Sec-
tion 3.4.1, and mixed conservative-dissipative drift (i.e., degenerate diffusion, see
e.g., [32, Sec. 7, 8]) in Section 3.4.2. For clarity of exposition, in Section 3.4.1, we

consider B(t) = I. In Section 3.4.2; the matrix B will be non-identity.

3.4.1 The Case of Gradient Drift

We now consider f to be a gradient vector field, i.e., f = —VV(x) for some

C? (R™) function V : R™ + Rsg, and B(¢t) = I. This reduces (3.15) to the
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following;:

: I 5
inf S| @0l ol t) de (3.27a)
subject to g? + V- (p(u—VV)) =eAp, (3.27Db)
p(x,0) = po(x), pl(x,1) = pi(x). (3.27c)

Applying Proposition 5 and Theorem 6 to (3.27), we arrive at the system of linear

PDEs for (¢, ) given by

%0 - (Vo VV) ey, (3.280)
op A \
Fri V- (pVV) +eAgp, (3.28Db)
with boundary conditions
wo(x)Po(x) = po(x), wi(x)Pi(x) = pi(). (3:29)

As expected, (3.28a) is a backward Kolmogorov PDE, and (3.28b) is a forward
Kolmogorov or FPK* PDE.

We would like to exploit the structure of (3.28) to develop an algorithm that
computes the pair (¢, Pg) which can then serve as the terminal and initial data

for the following system solving for the pair (p(x,t), p(x,t)):

9,
87;0 = (Vp, VV) —eAp, oz, 1) = ¢1(x), (3.30a)
95

*This particular instance of the FPK PDE (3.28b) is also known as the “Smoluchowski
equation" [51, Ch. IL.4.(vi)].
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After having (¢(z,t), §(x,t)) from (3.30), we can obtain the pair (p*", u?™")
via (3.11). To this end, the following result (proof in Appendix A.5) will be an
important step.

Theorem 7. Given V(x), ¢, ¢1(x), consider the terminal value problem (TVP)
(3.30a) in unknown o(x,t). Let s :==1—t, and q(x,s) = ¢(x,t) = p(x,1 — s).
Then q satisfies the initial value problem (IVP)

dq

95 —(Vq,VV) +eAq, q(x,0) = ¢1(x). (3.31)
Further, p(x, s) := q(x, s)exp (—V(x)/e€) satisfies the IVP

dp

95 V- (pVV)+eAp, p(x,0)=q(x,0)exp(—V(x)/e), (3.32)

where q is a smooth solution of (3.31), and V is such that
/ q(x,0)exp (—=V(x)/e) de < oo, for alle > 0.
R

Thanks to Theorem 7, solving (3.30) amounts to solving the system

9% _

Y V- (eVV) +eAp,  @(x,0) = @o(x), (3.33a)
PV V)t edn p@.0) = pi(@)esp (V@) (333))

Notice that (3.33a) and (3.33b) involve the exact same PDE with different initial
conditions, to be integrated in different time coordinates ¢ and s, where t = 1 —s.
This implies that availability of a single FPK IVP solver is enough to set up a

fixed point recursion for the pair (¢1, @) via (3.33). Once p is computed from
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(3.33b), we can recover ¢ by the relation

p(,t) = o(x, 1 —s) = p(x, s)[exp (=V(z)/€) (3.34)

3.4.2 The Case of Mixed Conservative-Dissipative Drift

We now consider a degenerate diffusion of the form (3.14b) with uw,w € R™.
The state 2 consists of two sub-vectors &€, € R™, ie., @ := (£,n) € R with

n = 2m. The controlled SDE is given by

d Om m
€ _ { n . X u}dt
f(z) B
Ome
+V2ek dw, k>0, (3.35)
Ime
———
B

i.e., we consider the SBP (3.14) with the constraint (3.14b) replaced by (3.35).
Here, we assume that V € C*(R™), inf V > —o0, and that Hess (V) is uniformly
lower bounded. To glean physical motivation, one may consider m = 3 and think
of € and 1 as three-dimensional position and velocity vectors, respectively [41, Sec.
V.BJ; see also [148, Examples 2,3]. So, (3.35) is a controlled Langevin equation.
We are thus led to solve an instance of (3.15) wherein for the constraint (3.15b),

we use the vector field f and the matrix B as shown above, and set the diffusion

tensor as D := kBB' € R™<",

Using Proposition 5, the first order conditions of optimality for this variant of
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SBP yields the coupled HJIB-FPK system:

0
(;f = —(n, Ve) + (VeV (&) + kn, Vi) — exAyt)
1
5 1w I 5,360
a opt
gtp ==, Vep™) + Vo (0 (VeV (&) + 1n — Vi)

+ ey p°P, (3.36b)

with boundary conditions p°* (x,0) = po(x) and p°P* (x,1) = pi(x), and the

optimal control u®(z,t) = V¢ (x,t).

Following Theorem 6, we now apply the Hopf-Cole transform (¢, p°**) — (¢, p)
given by (5.50), to the system (3.36). This results in the following system of linear
PDEs for (¢, ®):

9 _

5r = 1 Vew) +(VeV (€) + wm, Vi) — enlyp, (3.37a)
a p ~ ~ A
o = {0, Ve + Vo (2 (VeV (€) + km)) + ewldy, (3.37b)

with boundary conditions (3.29). In particular, (3.37a) is a backward Kolmogorov
PDE, and (3.37b) is a forward Kolmogorov or FPK' PDE.

Next, we establish a result (proof in Appendix A.6) for (3.37) that is similar in
flavor to Theorem 7, and will be useful for designing proximal algorithm in Section
3.9.

Theorem 8. Given ¢, p1(€,m), consider the TVP comprising of the PDE (3.37a)

in variable @ together with the boundary condition p(€,m,1) = ¢1(&€,m). Let

T'This particular instance of the FPK PDE (3.37b) is also known as the “kinetic Fokker-Planck
equation” [212].
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s:=1—1, and q(€,m,s) == (&, n,t) = p(&,n,1—s). Then q satisfies the IVP

dq

95 (M, Veq) — (VeV (&) + 1, Viyq) + ek Ay, (3.38a)

Further, let ¥ :== —n, and

BE. . ) = a(€ o) v~ (Sl + V(©)))

Then, p(€,9,s) := p(&, —n, s) satisfies the IVP

W (0. Yep) + Vo (0 (VeV (€) + rD)) +en A (3.39)
p(£,9,0) = a(&m, 0) exp (—1 (;HnH% + V(ﬁ))) : (3.39h)

where q is a smooth solution of (3.38), and V is such that

L atenojesn (== (Slnli +v(©)) dedn <,

for all e > 0.

Thanks to Theorem 8, solving the system (3.37) with boundary conditions

(&, 1) =wi1(&n), $(&n,0) =o€ m),

reduces to solving the system

96
a*f = — (1, Ved) + V- (2(VeV (§) + km)) + exln@, (3.40a)
g]; = —(0,Vep) + Vo - (p(VeV (§) + £0)) + ex Ayp, (3.40D)
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with initial conditions

P(&:m,0) = ¢o(€,m), (3.41a)
p(€,9,0) = a(¢m,0) exp (== (51l + V()
69 e (—= (GIB+V©)). @)

Similar to Section 3.4.1, notice that (3.40a) and (3.40b) involve the exact same
kinetic Fokker-Planck PDE with different initial conditions, to be integrated in
different time coordinates ¢t and s, where t = 1 — s. This implies that availability
of a single kinetic FPK IVP solver is enough to set up a fixed point recursion
for the pair (@1, $o) via (3.40). Once p(€, 1, s) is computed from (3.40b), we can

recover ¢(&,m,t) using the relation

p€m0) = pl&n.1 =) = pl&0,5) fexp (— (FImB+V(©)).  (342)

€

Remark 4. While both Theorem 7 and Theorem 8 reduce the respective Schrédinger
systems—which are two point forward-backward Kolmogorov systems—to forward-
forward Kolmogorov IVPs, it is important to recognize the subtle difference be-
tween the transformations employed in these two theorems. Unlike (3.28), the
Schrodinger system (3.37) is not reversible (see e.g., [180, Ch. 6.1]). To ac-
count this, Theorem 8 used a spatial transform (€,m) — (&€,19), in addition to
the time transform t — s. This resulted in a sequence of change-of-variables
o = q+— p+— pin Theorem 8. To put the matter in perspective, Theorem 7

involved the change-of-variables ¢ — q — p.
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3.5 Wasserstein Proximal Algorithms

In this Section, we will design variational recursions to solve the SBP with gradient
or mixed conservative-dissipative drift. For the case of the gradient drift, the vari-
ational recursions will iteratively solve the system of IVPs (3.33). For the case of
the mixed conservative-dissipative drift, the variational recursions will iteratively
solve the system of IVPs (3.40)-(3.41). The main idea here is to design certain
Lyapunov functionals (usually referred to as the ‘free energy functionals’) such
that the FPK PDEs in (3.33) and (3.40) can be recast as the gradient flow of the
respective Lyapunov functionals w.r.t. suitable metric on the manifold P, (R"),
which is the space of all PDFs supported on R™ with finite second moment. For
theoretical developments along this line, we refer the readers to [6]. Our recent
works [41,42] showed that such infinite dimensional gradient flow structure can
be exploited for designing grid-less recursive algorithms to solve for the transient

solutions of the FPK PDE. We collect the key conceptual ingredients next.

3.5.1 Proximal Operators for Infinite Dimensional Gradi-

ent Flows

First, we introduce the 2-Wasserstein metric W, that will play an important role
in the development that follows.
Definition 4. (2- Wasserstein metric) The 2- Wasserstein metric between two

probability measures pg, pi1, each supported on R™, is

[

W (i 11) = ( inf e -yl dm(a, y>)2 S 3a)

mEM(,U,(),Ml) R XR™
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where M (o, p1) is the set of all joint probability measures (i.e., couplings) sup-
ported on the product space R™ x R™ whose marginals are py and py, respectively.
Whenever pg and py are absolutely continuous, their respective PDFs py and py

exist (i.e., dug = po(x)de, duy = p1(y)dy), and we use the equivalent notation

W(PO,PJ

Although Definition 4 introduces the 2-Wasserstein metric W as a static varia-
tional problem, Brenier and Benamou [21] pointed out that W2 admits the fol-

lowing equivalent dynamic reformulation:

. Lr 1
W2 (o0, ) = inf /0 /R 5@, )13 p(, 1) dadt, (3.44a)
subject to g’; + V- (pu) =0, (3.44b)
p(w, 0) = p()(iL'), p(w, 1) = pl(“’.)? (344C)

which can be interpreted as the minimum energy control problem to steer the
PDF po to p; over the time interval [0, 1] subject to the deterministic dynamics
& = u. Formally, the classical SBP (4.3) can be viewed as a dynamic stochastic
regularization of (3.44), and this regularization is captured by the diffusion term
eAp in (3.2b). These ideas can be made rigorous by proving weak convergence of
measures (143,144,160, 161] in the € | 0 limit, i.e., the solution of (4.3) converges

to that of (3.44) in the said limit.

Now the idea is to compute the flows generated by the IVPs (3.33) or (3.40), via

variational recursions over discrete time index pair (tx_1, k1) := ((k — D)7, (k —
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1)o), k € N, given by the following map

3 3 arginf 3d& (¢, ¢) +7F(9)
tp_1 t L dePy(R") ’ (345>
@y, Ws, arginf %dz (wskfl,w) +oF (@)
wePy(R™)

where 7,0 > 0 are time-step sizes, and the functionals (d, F') are chosen such that

Gty (x) = Szt = (k= 1)7) in L'(R") as 710, (3.46a)

ws,_,(®) = p(x,s = (k—1)o) in L'(R") as o 0. (3.46b)

In words, the variational recursions (3.45) are designed to approximate the flows

generated by (3.33) or (3.40) in the small time-step limit.

The variational maps appearing in (3.45) resemble prozimal operators [19, 176]
well-known in the Euclidean and general Hilbert space optimization literature. In
our setting too, d will be a distance metric on Py (R™), and F' will be a Lyapunov
functional, i.e., non-negative and decreasing along the flows generated by the IVPs

(3.33) or (3.40), and thus motivate defining the proximal operators

R 1 .
prox?. (gbtk_l) = arginf —d* (¢tk_1v ¢) +7F(¢), (3.47a)
pEPs(R™)
d e L
prox; (wsk_l) = arginf =d (wsk_l,w) + oF(w), (3.47Db)
wePy(R™)

which respectively read as the proximal operator of 7F and o F', w.r.t. the metric
d. This metric viewpoint allows clear geometric interpretation of the proximal
recursions (3.45): they define gradient descent of the functionals 7F and oF,

measured w.r.t. the distance metric d; see e.g., [41,100-102]. For (3.33), the
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distance d will turn out to be the 2-Wasserstein metric W. For (3.40), the distance

metric d will be a variant of W.

3.5.2 Proximal Recursions

We now outline how the proximal recursions (3.47) can be constructed for the two

nonlinear drifts of our interest: gradient and mixed conservative-dissipative.

Gradient drift

The seminal paper [125] showed that the flows generated by the FPK PDEs of

the form (3.33) can be seen as the gradient descent of the Lyapunov functional

Fyadion (") i= [ V(@)()da+e [ ()log(") da, (3.48)

n n

w.r.t. the distance metric W in Py(R™). Here, () is a placeholder for either ¢
or p in (3.33). From (3.45) and (3.47), the solutions of the IVPs (3.33), denoted
by (¢(x,t),p(x,s)), can then be approximated (as in (3.46)) by the following

proximal recursions:

~ W ~
gbtk _ prOXTFgradient (¢tk_1) L eN (349)
Wy proxg'[%gradient (wSk* 1 )

where Fyadient 1S given by (3.48), and the initial conditions:
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In other words, for the IVPs (3.33), the pair (d, F') = (W, Fyradient)-

To numerically implement the proximal recursions (3.49), we will use the weighted
scattered point cloud algorithm developed in our previous work [41, Sec. III].
Since the metric W (see Definition 4) is itself defined as a variational problem,
evaluating proximal operators w.r.t. W, requires solving nested functional mini-
mization problems. The algorithm in [41, Sec. III.B] uses an entropic or Sinkhorn
regularization followed by block coordinate ascent in the dual space, and provides

convergence guarantees via contraction mapping [41, Sec. II1.C].

Mixed conservative-dissipative drift

For FPK PDEs of the form (3.40), recall that x := (E,n)T e R y:= (5719)T €
R", and let the “Hamiltonian-like' function H (x) := 3|[n||3+V (&) = 5[9]3+V (&) =
H(y). It can be verified that

Faea (9) = [ H@)p(@.t) de+e | o(@1) o5 (@.1) da.

and

Frisea (p) = /nH(y)p (y,5) dy+e/Rnp (y,5)logp(y,s) dy,

are Lyapunov functionals along the flows of (3.40a) and (3.40b), respectively.
However, since the degenerate diffusions do not allow statistical reversibility, the
flows for (3.40) cannot be recast as the gradient descent of the above functionals

w.r.t. W. To circumvent this, consider instead the functionals

~ R 1 R R R
Frea (9) = [ 52 @.0) dz+ ¢ ¢(@,0)log (@.0) dz,  (3.500)

~ 1
Fhea ®) = [ SI913p (y.) dy +¢f ply.s)logp(y.s) dy.  (3.500)
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Also, consider the following distance functionals which are modified versions of

(3.43):

1

2
(o, 1) == ( s, (x,T) dm(m,m> , (3.51a)
mEM uo p1) RnXRn
3
:uOu,ul = ( So (yuy) dm(y7y> 9 (351b)
€M (ko 1) R"XR"

where £ = (£,m)" and = (£,m)" are two realizations of the state vector in
= (&

(3.35); similarly, y = (¢,9)7, 9)", and
sy (@, ) :=|In—n+7VV(E ||2+12‘ £-¢ "7‘12‘"7 , (3.52a)
2
— — 9+ 9
o (9.9) = [T -9 +ovvig3r2 € - PEP (3.52D)
2
Following [81, Scheme 2b|, we then set up the proximal recursions
~ w. n
prox’ - Oty
¢t’“ — ;/TFmixed ( * ) , keN, (353)
e) "\ (=)

with initial conditions (3.41). For the above recursions, the results from [81,
Theorem 2.4] provide the consistency guarantees (3.46) for the flows generated by
(3.40).

The weighted scattered point cloud algorithm from [41] that we mentioned in
Section 3.5.2, can be applied to this case too (see [41, Section V.B]), and we will

use the same to solve (3.40) by numerically performing the proximal recursion

(3.53).
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3.5.3 Sinkhorn Proximal Algorithms for Solving (3.49) and
(3.53)

Our development so far have reduced solving the SBPs with gradient and mixed
conservative-dissipative drifts to that of solving the proximal recursions (3.49)
and (3.53), respectively. For numerical computation, we perform these proximal
recursions over weighted scattered point clouds with sample size N. Specifically,
let z'(t) be the state vector for the i-th sample at time ¢, and for i = 1,..., N,

k € N, define the N x 1 vectors

9?)271 =y, (afi(tk—l)) ) (3.54a)
@y = we, (@ (s01)) (3.54b)

wherein the superscript ¢ in the left-hand-side denotes the “i-th component of".

The recursions (3.49) and (3.53) are performed over the point clouds

N N

e (s1), @i ) (3.55)

{mi(tk—l)’ 9?’2—1}i_1 i

respectively, following the algorithm given in [41,42]. To do so, the state vectors
are updated by applying the Euler-Maruyama* scheme to the appropriate version
of the uncontrolled SDE (3.24). For instance, in the gradient drift case, the

uncontrolled SDE associated with (3.33) is

de = —VV(z) dt + V2¢ dw. (3.56)

For k € N, we suppose that {x(t;_1)}¥, — {zi(tx)}Y, and {x'(sp_1)}Y, —

tHere, we use the Euler-Maruyama scheme for ease of implementation; it can be replaced by
any SDE integrator; see [41, Remark 1 in Sec. IIL.B].
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{xi(s)}Y,, are the Euler-Maruyama updates associated with (3.56) with time
step-sizes 7 and o, respectively. Following [41], we write the Sinkhorn regularized

proximal recursions for (3.49) in vector form:

b= argmin{ min 3 (C({a'(ti). @i (B)}E) M)

6 ‘Mcug,_,.¢)
(M Jog M)+ 7(V ({a' (1) }E) + elog .8) . (3.57a)
= argmin{ | min (O ({a (k). @)1 M)
+v(M,log M) + o(V ({:ci(sk,l)}fil) + elog o, w)}, (3.57b)

wherein for k € N, the (4,7)™ component of the matrix C € RV*" in (3.57a)
equals ||z (ty_1) — @ (t1,)|3; likewise, the (i,7)™ component of the matrix C in
(3.57b) equals ||x’(sp_1) — =’ (s1)||3. In (3.57), the notation I1(a, b) stands for the
set of all matrices M € RV*N such that M > 0, M1 = a, and M'1 = b, for
given admissible’ vectors a,b € RY. Furthermore, V ({iﬂi(tk—ﬂ}f\;l) returns the
N x 1 vector whose i element equals V (x(t,_1)); likewise for V ({w’(sk,l)}f\;)
The term (M, log M) is the Sinkhorn /entropic regularization, and v > 0 is a small
regularization parameter. Dualizing (3.57) lead to certain generalized Sinkhorn-
type fixed point iterations [73,130] whose solutions yield the proximal updates
((}k,wk) for k € N. For algorithmic details, we refer the readers to [41, Sec.
II1.B]. The convergence guarantees for such iterations follow from the contractive

properties of cone preserving nonlinear maps that arise as first order conditions

of optimality for (3.57), and are detailed in [41, Sec. III.C].

For the mixed conservative-dissipative drift case, the uncontrolled SDE associated

$Here, “admissible” means that the vectors a, b are component-wise nonnegative, and have
equal element-wise sum. This is due to the fact that the generators in (3.33) and (3.40) are both
integral preserving and nonnegativity preserving.
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with (3.40) is

d Omm
9= K dt+v2er | " | dw. (3.58)

As before, for k € N, we denote the Euler-Maruyama updates associated with

(3.58) with time step-sizes 7 and o, respectively, as {&'(tp_1),m'(tp_1)}Y, =

{&(tk), ' (te) 1Ly and {€(sk1), 9" (sx-1)}y = {€'(sx), 9" (sk) L. To reduce
notational overload, let us recall the shorthands we used in (3.51)-(3.52): « =
&m)', y=(&9)", and write the Sinkhorn regularized proximal recursions for

(3.53) in vector form (see [41, Sec. V.B]):

b = arggm{ME%mesT (' te1). @' ()2 ) . )

1, . N
(Mo M) + ({5 I (51 1))+ elog o)), (3.5%)

=1

1 . .
_ . . ~(s, (g, , i Z]\i ,M>
@ argémn{ Men?(”%zhw)2< ({5 (sk-1), ' (s1) 1)

1 o N
+ (M ,log M) + 0<{2\|19Z(sk_1)]§} + elog w, w>}, (3.59b)
i=1

wherein for k € N, the (i, 7)™ component of the matrix S, € RV*¥ in (3.59a)
equals s, (2 (tx_1), 2’ (t)), and s,(-,-) is given by (3.52a). Similarly, the (i, 7)™
component of the matrix S, € R¥*¥ in (3.59b) equals s, (y'(sr_1),y’(sx)), and
Sy (+,+) is given by (3.52b).

3.5.4 Overall Algorithm

We now bring together the ideas from Sections 3.4 and 3.5.3, and outline the over-
all algorithm to solve the SBPs with gradient and mixed-conservative dissipative

drifts via scattered point cloud-based computation. We perform a recursion over

104



the pair (g, ¢1), and the computational steps for the same are:
Step 1. Guess ¢1(x) (everywhere nonnegative).

Step 2. Compute ¢1(z) = pi(x)/P1(z).

Step 3. For the case of gradient drift, compute

p(®, s =0) = pi(z) exp (=V(z)/e)

For the case of mixed conservative-dissipative drift, compute

§(E.9,5=0) = pi(6,—9) o (= (SI9IE+V(©))).

Step 4. Solve IVP (3.33b) or (3.40b) till s =1 to obtain p(x,s = 1).

Step 5. For the case of gradient drift, compute

wo(x) = p(x,s = 1)exp (V(x)/e).

For the case of mixed conservative-dissipative drift, compute

col&m) = p(& 0,5 = Desp (= (SInI3+V(©))

€

Step 6. Compute $o(z) = po(x)/po(T).
Step 7. Solve IVP (3.33a) or (3.40a) till ¢ = 1 to obtain ¢ (x).

Step 8. Repeat until the pair (P, ;) has converged’.

TWe check whether the Wasserstein distances between the current and previous iterates for
the pair (@, p(x, s = 0)), which is a proxy for the pair (Po, 1), are below some user-specified
numerical tolerance. These Wasserstein distances are computed by solving linear programs, i.e.,
discrete versions of (41).
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That such a recursion will converge, follows from the fact [53, Proposition 1 in Sec.
I1I] that the recursion is in fact contractive in Hilbert’s projective metric [36,113]
provided (i) the endpoint PDFs have compact supports, and (ii) the transition
probability densities for (3.33) and (3.40) are continuous and positive. Under the
stated assumptions on the function V', the transition densities indeed satisfy these
properties; see Appendix A.7. Since our computational framework involves finite
set of scattered points, the compactness condition also holds. Once the endpoint
Schrodinger factors are found as outlined in Steps 1-8 above, we then compute the
Schrodinger factors at any time ¢, i.e., the pair (¢(x,t), ¢(x,t)) using the IVPs
(3.33) or (3.40).

For scattered point cloud-based computation with sample size N, the aforesaid
steps lead to a recursion over the pair of vectors (qAbo, ¢,), each of these vectors be-
ing of size N x 1. We refer to this proposed procedure as COMPUTEFACTORSSBP
which takes the N x 1 endpoint PDF vectors pg, p; (i.e., the endpoint joint PDF
values evaluated at the scattered sample state vectors) as input, and returns the
converged pair ((Apo,zﬁl). As detailed in Algorithm 1, COMPUTEFACTORSSBP
performs the discrete versions of the Steps 1-8 above, followed by computation
of the transient Schrodinger factors. For conceptual clarity, in Algorithm 1, we
list the steps for the case of gradient drift; adapting Algorithm 1 to the case of
mixed conservative-dissipative drift is straightforward following the modifications

in Steps 3, 4, 5 and 7 mentioned before.

The procedure COMPUTEFACTORSSBP involves a main iteration where we guess
an initial vector (251, and repeatedly update the vectors &0, cAbl, ¢,, ¢, using a sec-

ondary function called PROXRECUR that performs the proximal recursions (3.57)
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or (3.59) for solving the IVPs (3.33) or (3.40) in Steps 4 and 7 above. The main
iteration requires the parameters v, €, 7,0, N, the function V(-) described before,
and numSteps which is the number of time-steps for the proximal update. Further-
more, we use the two pairs of parameters (tolsg, maxItersg), (tolpr, maxIterpg):
the first pair specifies the numerical tolerance and the maximum number of itera-
tions for the main iteration in COMPUTEFACTORSSBP; the second pair specifies
the same for the Sinkhorn algorithm used in PROXRECUR. Notice that the pro-

cedure PROXRECUR subsumes the Euler-Maruyama scheme to update the states

{z'}N : see [41, Sec. 11L.B].

Once the converged vector pair (q?)o, ¢,) is obtained, we again invoke PROXRECUR
to solve the IVP pair (3.33) or (3.40) via (3.57) or (3.59), and compute the discrete
transient solutions (&Sk, o). We remind the readers that since the function p is
integrated in the time coordinate s, its discrete version zoy is really evaluated at
t=1—kr,ie., w ~p(x,t =1—kr) for k € N. We next employ the discrete

versions of the mappings p — ¢, given by

p(x,t) = p(x,s) exp (V(x)/e) ,
1/1
pl&mt) =pe0.5) e (- (S ImE+V(©)).
to compute wy — ¢, i.e., (&k, wk> — ((fbk, ¢k>. This completes the computa-
tion of the transient Schrodinger factors ((Aﬁk, ¢k) as a pair of weighted scattered
point clouds, i.e., as function values ($(x,t), p(x,t)) evaluated at the state coor-

dinates that are updated by the Euler-Maruyama scheme.

To compute the discrete optimal pair (p2*, u”" ) from ((}bk, ¢k), we need to eval-
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uate the Hadamard product

pzpt = d)numSteps—i-l—k © ¢k7 (360)

~ trans
and ¢,  are

trans

which in our case, is not well-defined as is, since @ 1Sens i1k

evaluated on different state coordinates (i.e., are supported on different finite

sets). On the other hand, the optimal feedback control
up? = 2¢B"Vlog ¢, (3.61)

requires computing a gradient w.r.t. the state, which again is not well-defined
for scattered data. To circumvent these issues, we perform scattered data inter-
polation for the transient Schrodinger factors (qAbk, q§k> via multiquadric scheme
[107,108] that uses radial basis functions to fit a surface to the weighted scattered
point cloud. The interpolation requires the vectors (¢, &k), their correspond-
ing state space coordinates, a set of user-provided query points, and returns the
interpolated values evaluated at the query points. Using the same set of query
points to interpolate the two point clouds for the pair (¢, (}5,6), we perform the
element-wise multiplication (3.60). As for (3.61), we use standard finite difference

techniques to compute the gradient of the logarithm of interpolated values of ¢,.
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3.6 Numerical Examples

3.6.1 SBP Example with Gradient Drift

We consider an instance of the SBP given in Section 3.4.1 with £ € R?, and

V(z1,22) = 2(1 4 21) + (23 — 7). The controlled prior dynamics is

dz U dw
= V(L) dt+ || de+v2e| | (3.62)

dzs U2 dw,
The control objective is to steer the prescribed joint PDF of the initial condition
x(t =0) ~ po = N(pg, o) to the prescribed joint PDF of the terminal condition
z(t = 1) ~ p1 = aN(uy, 1) + 2N (py, o) over t € [0,1], subject to (3.62),

while minimizing the control effort (3.27a). Here, we fix

o = (—=2,0), ¥y = diag(0.8,0.7), ¢; = c; = 0.5, p; = (1.5,2),

o = (1.5, -2)", ¥, = diag(0.5,0.8), 3y = diag(0.7,0.8).

Notice that in the absence of control (u = 0), the transient joint PDFs of (3.62)
tend to the stationary solution p., o exp (—V(x1,z2)/€) which has two modes
along the horizontal axis; see [41, Fig. 8]. In contrast, the prescribed terminal
bimodal PDF pq, specified as a mixture of Gaussians, has two modes along the

vertical axis.

Fig. 3.3 shows the evolution of the optimal controlled joint PDF p°*(x, t) obtained
by solving the SBP using Algorithm 1 given in Section 3.5.4. For numerical
simulation, we set €e = 6, v = 0.5, 7 = 0 = 1073, N = 500, numSteps = 1000,

tolsg = 0.1, maxltersg = maxIterpg = 500, and tolpg = 1072, In Fig. 3.3,
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each subplot corresponds to a different snapshot in time; each subplot is plotted
over the domain [—4,4] x [—6,6]. For the purpose of comparison, Fig. 3.4 shows
the uncontrolled joint state PDF evolution starting from the same initial PDF py.
The components of the optimal feedback control u°P*(z, t) obtained from the SBP

opt

solution, are shown in Figs. 3.5 and 3.6. Fig. 3.7 depicts the magnitude of u”

3.6.2 SBP Example with Mixed Conservative-Dissipative
Drift

We next consider an instance of the SBP given in Section 3.4.2 with n = 2m = 2,
ie, z = (&,n)" € R?, and V(§) = 5% In other words, the controlled prior
dynamics is

d 0
g = 7 dt + V2ex . (3.63)

dn —3%554 — KN+ u dw
Notice that the function V satisfies the conditions mentioned in Section 3.4.2. We
use the same endpoint PDFs pg, p; as in Section 3.6.1, and solve the SBP using
Algorithm 1 with the Steps 3, 4, 5 and 7 modified for the mixed conservative-
dissipative case, as mentioned before. Notice that in the absence of control

(u = 0), the transient joint PDFs of (3.63) tend to the stationary solution p., o
exp (—1 (3n* +V(9)).

Fig. 3.8 shows the evolution of the optimal controlled joint state PDF p°P(x, t)
obtained from the SBP solution, where each subplot is plotted over the domain
[—4,4] x [-10,10]. The parameters used in our numerical simulation are: € = 5,

k=05 v=057=0c =103 N = 100, numSteps = 1000, tolsgg = 0.1,
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maxltersg = maxlterpg = 500, and tolpg = 1073. The optimal feedback control

u®*(x,t) obtained from our SBP solution is shown in Fig. 3.9.

3.7 Conclusions

We address the problem of minimum energy finite horizon steering of state den-
sity between two prescribed endpoint densities via feedback control, subject to
trajectory-level dynamics with nonlinear drift. This is a generalization of the
classical SBP formulated by Schrodinger in the 1930s, and has many potential
applications such as shaping of biological and robotic swarms through feedback
synthesis. We derive optimality conditions for the case of a generic nonlinear drift,
and show that two specific cases, viz. gradient and mixed-conservative dissipa-
tive drifts, are particularly amenable for computational purpose, based on certain
infinite-dimensional proximal recursions that exploit the structure of these non-
linearities. These ideas make contact with the theory of Wasserstein gradient
flow, and optimal mass transport. Building on our previous work [41], we de-
sign proximal algorithms for solving the density steering problems in these two
cases of practical interest. Numerical examples are provided to illustrate the
proposed framework. Our main contribution is to make algorithmic advances in
solving the variants of SBPs that are of interest to the systems-control commu-
nity. From a probabilistic perspective, while there exists a substantial body of
work [12,104,115,170] in steering the second order state statistics (also known as
“covariance control"), steering the joint state PDF subject to controlled nonlinear
dynamics is a relatively new direction of research. The results of this article is

expected to further the theoretical and algorithmic development for the same.
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Figure 3.1: The classical SBP with 1-dimensional state space shown above,
with state variable z € R, concerns determining the optimal control u°P*(zx,t)
that steers the prescribed initial state PDF po(z) at time ¢ = 0 to the prescribed
terminal state PDF p;(z) at time ¢ = 1, while minimizing E{fol tlu(z, t)? dt}
subject to a controlled diffusion (3.1b), i.e., the SBP solves (3.1) wherein the
expectation operator in the objective is w.r.t. the controlled state PDF p(z,t).
The optimal controlled sample paths z°P*(¢) for 100 randomly chosen initial states
are shown in the (z,t) plane. In the absence of control, starting from po(z), the
(uncontrolled) state PDF at ¢t = 1 becomes pj"°(x), as depicted. For numerically
solving the classical SBP with ¢ = 0.5 and pg, p1 as shown above, we used the
fixed point recursion proposed in [53]; see Section 3.2.1 for details.
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Figure 3.2: Schematic of the SBP with nonlinear prior dynamics (see Section
3.3 for the problem formulation).

opt
p]

0.000 0.008 0.016 0.024 0.032 0.040 0.048

Figure 3.3: For the SBP in Section 3.6.1, shown here are the contour plots of
the optimal controlled transient joint state PDFs p°*(x,t), t € [0,1], along with
the endpoint joint PDFs pg(x), p1(x). Each subplot corresponds to a different
snapshot in time; all subplots are plotted on the domain [—4,4] x [—6,6]. The
color denotes the joint PDF value; see colorbar (dark hue = high, light hue =
low).
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Algorithm 2 CoMPUTEFACTORSSBP using PROXRECUR to compute the

~ transient

Schrodinger factors (¢, , pirnsient) for gradient drift

1: procedure CoMPUTEFACTORSSBP(pq, p1, v, €, T, 0, N, V(-), numSteps, tolgg, maxltergg, tolpr, maxlterpr)

N

38:
e

¢y [7and N x 1, ON x (maxItergp —1)
Po _ONXmaxItchB]
B0 :ONXmaxItorSB]
b1 _ONXmaxItchB]

Po ONXmaxItcrsB:I

P1 + |ONx maxItcrsB:I

tem
ptemP — [0N><numSteps+1]

temp
[ — I:Oerlurx)Step5+l]

> Step 1

> initialize

=1 > iteration index for COMPUTEFACTORSSBP

while ¢ < maxItergp do
b1( €+ 1) =p1 @ P1(:,0) )
oL+ 1) =1L+ 1) @exp(—V({x}N_)/e) > Step 3
PP, 1) = po(, £+ 1)
for ¢ + 1 to numSteps do
pt®™P (i 4 1) + PROXRECUR(p'®™P(:, 4), v,
€,0, N, V(-), tolpr,maxlterpg)
end for
p1(:, £+ 1) + p*™P(:, numSteps + 1)
GGl +1) « pr( L+ 1) @exp(V ({2 },) /)

G0 L+ 1) + pg @ (s, £+ 1)
Dromp (1) « b, £+ 1)
for j < 1 to numSteps do
@"™P(: j 4 1) « ProXRECUR($"*™P(:, j), v,
e, 7, N,V (-), tolpg, maxlterpr)

end for e
D1(, L+ 1) ¢tcmp(:, numSteps + 1)

if W2(po(:,£+1),po(:,0) < tolsg & W2(o(:, £ +1),¢¢(:,£)) < tolgg then
break
else
L+—L+1
end if
end while
return ¢q(:, £), d1(:, £)
&Zfi?swnt - éso(:, Z)
p?fi?smm — P15, £) @ exp(—V ({z" zN:I)l /€)
for k « 1 to numSteps do )
&Zri‘fs'cnt +— PROXRECUR(§ ™1y e, 7, N,V (1),
tolpg , maxIterpg)
pﬁfj‘fsmnt + PROXRECUR(pYFaRSient oy e o N, V(-),
tolpg , maxIterpgr)
¢;:€rixlxsient — p;:crixlxsient ® DXP(V ({zz}f\le) /e)

end for transient _
return (¢k"a“s‘e“ ’d,;.ransnenc)

41: end procedure

> Step 2

> Step 4
> Step 5

> Step 6

> Step 7

> Step 8

> converged endpoint pair

> initialize

> initialize

> transient Schrédinger factors
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Figure 3.4: The contour plots of the uncontrolled (u = 0) transient joint state
PDFs p(x,t), t € [0, 1], for (3.62) starting from the initial joint state PDF p, given
in Section 3.6.1. Each subplot corresponds to a different snapshot in time. Each
subplot corresponds to a different snapshot in time; all subplots are plotted on
the domain [—4,4] x [—6,6]. The color denotes the joint PDF value; see colorbar

(dark hue = high, light hue = low).

t=0.1

opt

@n
~0.6 ~0.3 0.0 0.3 0.6 0.9

Figure 3.5: For the SBP in Section 3.6.1, shown here are the contour plots of
u’fop (x,t), the first component of the optimal feedback control. Each subplot is
plotted on the domain [—4,4] x [—6,6]. The color (blue = high, red = low) denotes

the value of u’fopt at each snapshot in time.

t=.25 t=.5

~0.6 —03 0.0 0.3 0.6 0.9 1.2

Figure 3.6: For the SBP in Section 3.6.1, shown here are the contour plots of
ug"‘“(w, t), the second component of the optimal feedback control. Each subplot
is plotted on the domain [—4,4] x [—6,6]. The color (blue = high, red = low)
denotes the value of u’fopt at each snapshot in time.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16
Figure 3.7: For the SBP in Section 3.6.1, shown here are the contour plots for

the magnitude (dark hue = high, light hue = low; see colorbar) of the optimal
feedback control, i.e., ||ul|s.

“|
4 S = O
)

0.000 0.045 0.090 0.135 0.180 0.225 0.270

Figure 3.8: For the SBP in Section 3.6.2, shown here are the contour plots of
the optimal controlled transient joint state PDFs p°*(x,t), t € [0,1], along with
the endpoint joint PDFs pg(x), p1(x). Each subplot corresponds to a different
snapshot in time; all subplots are plotted on the domain [—4, 4] x [-10, 10]. The
color denotes the joint PDF value; see colorbar (dark hue = high, light hue =
low).

uopt

~16 12 -8 4 0 1
Figure 3.9: For the SBP in Section 3.6.2, shown here are the contour plots of
the optimal feedback control u”” (z,t). Each subplot is plotted on the domain

[—4,4] x [~10,10]. The color (blue = high, red = low) denotes the value of u*™"
at each snapshot in time; see colorbar.
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Chapter 4

Reflected Schrodinger Bridge:
Density Control with Path

Constraints

How to steer a given joint state probability density function to another over finite
horizon subject to a controlled stochastic dynamics with hard state (sample path)
constraints? In applications, state constraints may encode safety requirements
such as obstacle avoidance. In this paper, we perform the feedback synthesis
for minimum control effort density steering (a.k.a. Schrédinger bridge) problem
subject to state constraints. We extend the theory of Schrodinger bridges to
account the reflecting boundary conditions for the sample paths, and provide a
computational framework building on our previous work on proximal recursions,

to solve the same.
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4.1 Introduction

We consider finite horizon feedback steering of an ensemble of trajectories subject
to a controlled stochastic differential equation (SDE) with endpoint joint state
probability density function (PDF) constraints — a topic of growing interest in the
systems-control literature. Motivating applications include belief space motion
planning for vehicular autonomy, and the steering of robotic or biological swarms
via decentralized feedback. While early contributions focused on the covariance
control [92,115,195], more recent papers [56,58,60] addressed the optimal feedback
synthesis for steering an arbitrary prescribed initial joint state PDF to another
prescribed terminal joint state PDF subject to controlled linear dynamics, and re-
vealed the connections between the associated stochastic optimal control problem,
the theory of optimal mass transport [210], and the Schrodinger bridge [191,192].
Follow up works have accounted terminal cost [104], input constraints [12,171],
output feedback [11], and some nonlinear dynamics [38,40,44]. As for the state
or path constraints, prior work [170] incorporated the same in soft probabilistic
sense. The contribution of the present paper is to account hard deterministic
path constraints in the problem of minimum effort finite horizon PDF steering via
feedback synthesis. This can be intuitively phrased as the “hard safety with soft

endpoint" problem.

The main idea underlying the ensuing development is to modify the unconstrained
It6 SDEs to the “reflected 1t6 SDEs" [110,121,151,217], i.e., the controlled sample
paths in the state space (in addition to the control-affine deterministic drift) are
driven by two stochastic processes: a Wiener process, and a local time stochastic

process. The latter enforces the sample paths in the state space to satisfy the
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deterministic non-strict* path containment constraints at all times. These consid-
erations engender a Schrodinger bridge-like formulation-referred hereafter as the
Reflected Schridinger Bridge Problem (RSBP)-which unlike its classical coun-
terpart, has extra boundary conditions involving the gradients of the so-called
Schrodinger factors. We show how recent developments in contraction mapping
w.r.t. the Hilbert metric, and the proximal recursion over the Schrodinger factors

can be harnessed to solve the RSBP.

4.2 Reflected Schrodinger Bridge Problem

4.2.1 Formulation

Consider a connected, smooth’ and bounded domain X C R”. Let X := X U9X

denote the closure of X'. For time ¢ € [0, 1], consider the stochastic control problem

: t1 u)||2
f E{ [ 5lutt2)l o (1.1a)
subject to day = f(t, ) dt + u(t, x}) dt
+ V20 dw, + n(x¥)dy,, (4.1b)
xy i =x, (t=0)~py, x}:=x;(t=1)~p, (4.1c)

*There is no loss of generality in allowing the sample paths to satisfy non-strict path con-
tainment in given X C R™ since strict containment can be enforced by reflecting them from
e-inner boundary layer of 0X for e small enough.

TMore precisely, there exists £ € CZ (R") such that X = {& € R" | {(x) > 0} with boundary
OX ={x e R" | &{(x) = 0}.
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where wy; is the standard Wiener process in R", the controlled state * € X, and
the endpoint joint state PDFs pg, p; are prescribed® such that their supports are
in X, both are everywhere nonnegative, have finite second moments, and [ py =
J p1 = 1. The parameter 6 > 0 is referred to as the thermodynamic temperature,
and the expectation operator E{-} in (4.1a) is w.r.t. the law of the controlled
state x}*. The set U consists of all admissible feedback policies u(t, x}'), given by
U= {u:[0,1] x X = R"| |ul3< oo, u(t,) € Lipschitz (X) for all € [0,1]}.
We assume that the prior drift vector field f is bounded Borel measurable in
(t,x) € [0,1] x X, and Lipschitz continuous w.r.t. * € X. The vector field n is
set to be the inward unit normal to the boundary 90X, and gives the direction of
reflection. Furthermore, for ¢ € [0, 1], v, is minimal local time: a continuous, non-
negative and non-decreasing stochastic process [89,109, 184] that restricts x} to
the domain &', with 9 = 0. Specifically, letting 14, denote the indicator function

of the subscripted set, we have

t 1
Ve :/o Lizucaxy dvs, /0 Lzugoxy dye =0, (4.2)

which is to say that the process v, only increases at times ¢ € [0, 1] when x}* hits
the boundary, i.e., when x} € 0X. Thus, (4.1b) is a controlled reflected SDE,
and the tuple (x}, ;) solves the Skorokhod problem [137,197,198]. We point the
readers to [151] for the proof of existence and uniqueness of solutions to (4.1b)

under the stated regularity assumptions.

To formalize the probabilistic setting of the problem at hand, let €2 be the space
of continuous functions w : [0,1] — X. We view Q as a complete separable

metric space endowed with the topology of uniform convergence on compact time

iThe notation & ~ p means that the random vector & has joint PDF p.
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intervals. With Q, we associate the o-algebra .# = o{w(s) | 0 < s < 1}. Consider
the complete filtered probability space (€2, .#,P) with filtration .%; = o{w(s) | 0 <
s <t <1} wherein “complete" means that %, contains all P-null sets, and .%; is
right continuous. The processes wy, x}* (for a given feedback policy u) and 7; are
F-adapted (i.e., non-anticipating) for ¢ € [0,1]. In (4.1c), the random vectors x{

and &} are respectively .#jp-measurable and .#;-measurable.

Denote the Euclidean gradient operator as V, the inner product as (-, -), and the
Laplacian as A. Letting
L:=0A+(f+u,V),

the law of the sample path of (4.1b) can be characterized [203] as follows: for each
x € X, there is a unique probability measure P on (2 such that P4 (x4 = ) = 1
and for any ¢ € C12 ( 0, 1];?) whose inner normal derivative on 9X is nonnega-
tive,

ottat) - [ (50 +0) (s.a) as

is PX-submartingale, and (iii) there is a continuous, nonnegative, nondecreasing
stochastic process ~y; satisfying (4.2). As a consequence [203, p. 196] of this
characterization it follows that the process x}' is Feller continuous and strongly
Markov. In particular, the measure-valued trajectory IP’Z?) comprises of absolutely

continuous measures w.r.t. Lebesgue measure.

The objective in problem (4.1) is to perform the minimum control effort steering
of the given initial state PDF pg at ¢ = 0 to the given terminal state PDF p; at
t = 1 subject to the controlled sample path dynamics (4.1b). In other words, the
data of the problem consists of the domain X, the prior dynamics data f, 0, and

the two endpoint PDFs pg, p;.
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Formally, we can transcribe (4.1) into the following variational problem [21]:

1r1
inf | LSt ol @) dagar - (4.3)
(pW)EP(X)xU 2
0
subject to a—f + V- (p(u+f)) =0Ap, (4.3b)
(—(uw+ flp+60Vp, V)|, =0, (4.3¢)
p<0a w?) = Po, p(lv m?) = p1, (43d)

where a PDF-valued curve p(t,-) € Py(X) if for each t € [0,1], the PDF p is
supported on X, and has finite second moment. In this paper, we will not focus
on the rather technical direction of establishing the existence of minimizer for
(4.3), which can be pursued along the lines of [210, p. 243-245|. Instead, we
will formally derive the conditions of optimality, convert them to the so-called

Schrodinger system, and argue the existence-uniqueness of solutions for the same.

4.2.2 Necessary Conditions of Optimality

The following result summarizes how the optimal pair (p°', u°*) for problem
(4.3) can be obtained.

Theorem 2 (Optimal control and optimal state PDF). A pair (p°P*, u°P")
solving the variational problem (4.3) must satisfy the system of coupled nonlinear

PDFEs:

a opt

P+ V- (PP (Vo + ) = 080", (4.42)
9

w +3IV0I3 + (v, £) = ~050, (4.40)
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where

uopt<t7 ) = Vw(t ')’ (45)

subject to the boundary conditions

(Vi) |50 =0, forall te]0,1], (4.6a)
popt((], ) = Po; popt(L ) = P1, (46b)
(PP (Vi + f) = OVp™ 1) =0, forall te]0,1]. (4.6¢)

The PDE (4.4a) is a controlled Fokker-Planck-Kolmogorov (FPK) equation, and
(4.4b) is a Hamilton-Jacobi-Bellman (HJB) equation. Because the equations
(4.4a)-(4.4b) have one way coupling, and the boundary conditions (4.6a)-(4.6¢) are
atypical, solving (4.4) is a challenging task in general. In the following, we show
that it is possible to transform the coupled nonlinear system (4.4) into a bound-
ary coupled linear system of PDEs which we refer to as the Schridinger system.
We will see that the resulting system paves way to a computational pipeline for

solving the density steering problem with path constraints.

4.2.3 Schrodinger System

We now apply the Hopf-Cole transform [68,114] to the system of nonlinear PDEs
(4.4).

Theorem 3 (Schrédinger system). Given the data X, f,0, po, p1 for problem
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(4.3), consider the Hopf-Cole transform (p°**, 1) — (p, ®) given by

(p(t, ) ‘= EXp (¢(t7 )/20) ) (47&)

@(tv ) = popt(tv ) exXp (—I/J(t, )/29) ) (47b)

applied to (4.4) where t € [0,1]. For k € {0,1}, introduce the notation pj =

o(k, "), ¢r = @(k,-). Then the pair (p,p) satisfies the system of linear PDEs

0
o = —(Ve.f) — 02, (4.80)
06
==V (£p)+ 00, (4.8b)
subject to the boundary conditions
©oPo = po,  P1$1 = p1, (4.9a)
(Vo, U)o = (FE = OVP, V)50 = 0. (4.9b)

For all t € [0,1], the pair (p°**, u°P*) can be recovered as

popt(t7 ) = ¢<t7 ')@(tv ')7 uopt(tv ) = 20V log Qp(t ) (410)

Remark 5. From (4.7), both ¢, are nonnegative by definition, and strictly pos-
itive if 1 is bounded and p°P* is positive.
Remark 6. Under the reqularity assumptions on f and X stated in Section 4.2.1,

the process x; satisfying the uncontrolled reflected Ito6 SDE

dxy = f(t,z;) dt + V20 dw; + n(x;) dy, t € [0,1], (4.11)

is a Feller continuous strongly Markov process. Therefore, the theory of semi-
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/With b.c. (feg—0Vg,n)|,, =0

950(33) > 951(33)
po(@) © oo () pr(@) © ¢ ()
oo() - o1 (@)

/with b.c. (Vo,m)|,, =0

Figure 4.1: Schematic of the fixed point recursion for the Schrodinger system
(4.8)-(4.9). The abbreviation “b.c." stands for boundary condition, the symbol @
denotes the Hadamard division.

groups applies and the transition density of (4.11) satisfies Kolmogorov’s equa-
tions. Notice that the transition density or Green’s function will depend on the
domain X. In particular, we point out that (4.8a) is the backward Kolmogorov
equation in unkonwn ¢ with the corresponding Neumann boundary condition
(Vo,v)|yp = 0in (4.9b). On the other hand, (4.8b) is the forward Kolmogorov
equation in unkonwn ¢ with the corresponding Robin boundary condition (f@ —
OV O, V)| = 0in (4.9b). These “backward Kolmogorov with Neumann" and “for-
ward Kolmogorov with Robin" system of PDE boundary value problems are coupled

via the atypical boundary conditions (4.9a).

Theorem 3 reduces finding the optimal pair (p°P*, u°P*) for the RSBP to that of
finding the pair® (o(t, ), (¢, z;)) associated with the uncontrolled SDE (4.11).

To do so, we need to compute the terminal-initial condition pair (¢, @g), which

SWe refer to o(t, z;), §(t, ;) as the Schrodinger factors.
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can be obtained by first making an initial guess for (¢1, ¢o) and then performing
time update by integrating the system (4.8)-(4.9b). Using (4.9a), this then sets
up a fixed point recursion over the pair (¢1,@o) (see Fig. 4.1). If this recursion
converges to a unique pair, then the converged pair (@1, $g) can be used to com-
pute the transient factors (p(t, @), (¢, ;)), and we can recover (p°P' u°P') via

(4.10). This computational pipeline will be pursued in this paper.

Since the PDEs in (4.8) are linear, and the boundary couplings in (4.9a) are in
product form, the nonnegative function pair (@1, @) can only be unique in the
projective sense, i.e., if (¢1, @o) is a solution then so is (a1, Po/) for any o > 0.
In [53], it was shown that the aforesaid fixed point recursion is in fact contractive
on a suitable cone in Hilbert’s projective metric, and hence guaranteed to converge
to a unique pair (¢1, Pg), provided that the transition density for (4.11) is positive
and continuous¥ on X x X for all ¢ € [0,1], and py, p; are supported on compact

subsets of X.

4.3 Case Study: RSBP in 1D without Prior Drift

To illustrate the ideas presented thus far, we now consider a simple instance of
problem (4.3) over the state space X = [a,b] C R, and with the prior drift
f = 0. That is to say, we consider the finite horizon density steering subject
to the controlled two-sided reflected Brownian motion. Using some properties of
the associated Markov kernel, we will show that the Schrodinger system (4.8)-
(4.9) corresponding to this particular RSBP has a unique solution which can be

obtained by the kind of fixed point recursion mentioned toward the end of Section

YUnder the regularity assumptions on f and X stated in Section 4.2.1, the transition density
for (4.11) indeed satisfies these conditions.
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Figure 4.2: For ¢ € [0, 1], the solid line shows a sample path z; for (4.15) with
la,b] = [-1,1], & = 0.5. The dotted line shows the corresponding unconstrained

sample path gpneonstrained “computed using the two-sided Skorokhod map [137].
4.2.3.

In this case, the Schrédinger system (4.8)-(4.9) reduces to

Oy 0

- = U= 4.12
ot 022’ (4.12a)
op 0%¢

5 = U= 4.12b
ot~ Vone (4.12b)
©oPo = po, P11 = P1, (4.12¢)
D %

o = — =0. 4.12d
8I r=a,b 837 r=a,b ( )

Notice that (4.12a)-(4.12b) are the backward and forward heat PDEs, respectively,

127



which subject to (4.12d), have solutions

plat)= [ Kolwy1=pi) dy, 1<1, (4.13a)
plat)= | Koy 0po(y)dy, 120 (4.13b)
where
1 2 & Om*m?
K, t) = ——+ —— —
G(xvya ) h— _ mz—lexp < (b a)Z )

mrm(x — a) mr(y — a)
—_— —_— 4.14
><cos< — >cos< — (4.14)

is the Markov kernel or transition density [150, Sec. 4.1], [26, p. 410-411] associ-

ated with the uncontrolled reflected SDE
dz, = V20 dw, + dL, — dU,, ¢ € [0,1]. (4.15)

In (4.15), L, Uy are the two local time stochastic processes [89,109] at the lower
and upper boundaries respectively, which restrict z; to the interval [a, b]; see Fig.

4.2.

Combining (4.13) and (4.12c), we get a system of coupled nonlinear integral equa-

tions in unknowns (1, ¢o), given by

po(r) = Gole) | Kol Dea(y) d, (4.163)

() = 1 (x) /[

a,

’ Ko(y, z,1)¢o(y) dy. (4.16b)

Clearly, solving (4.16) is equivalent to solving (4.12). The pair (¢1,@o) can be

solved from (4.16) iteratively as a fixed point recursion with guaranteed con-
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vergence established through contraction mapping in Hilbert’s projective metric;
see [53]. The Lemma 9 stated next will be used in the Proposition 10 that follows,
showing the existence and uniqueness of the pair (1, @o) in (4.16) as well as the
fact that the aforesaid fixed point recursion is guaranteed to converge to that pair.
Lemma 9. For0 < 0, a < b, consider the transition probability density Kq(x,y,t)

in (4.14). Then,
(i) Ko(z,y,t =1) is continuous on the set [a,b] X [a, b].

(i) Ko(x,y,t =1) >0 for all (z,y) € [a,b] X [a,]].
Proposition 10. Given 0 < 0, a < b, and the endpoint PDFs py, py having
compact supports C [a,b]. There exists a unique pair (p1,Po) that solves (4.16),
and equivalently (4.12). Moreover, this unique pair can be computed by the fized

point recursion shown in Fig. 4.1.

To illustrate how the above results can be used for practical computation, consider

solving the RSBP (4.1) with f =0, 0§ = 0.5, X = [a,0] = [—4,4], and po, p; as
(see Fig. 4.3)

po(z) o< 14 (2% — 16)? exp(—xz/2), (4.17a)

p1(x) oc 1.2 — cos(m(x + 4)/2), (4.17Db)

where the supports of (4.17) are restricted to [—4,4], and the proportionality
constants are determined accordingly. For state feedback synthesis enabling this
unimodal to bimodal steering over t € [0, 1], we performed the fixed point recursion
over the pair (1, Qo) using (4.16) with pg, p1 as in (4.17), and K given by (4.14).
For numerical implementation, we truncated the infinite sum in (4.14) after the

first 100 terms. Fig. 4.4 shows the convergence of this fixed point recursion
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Figure 4.3: The endpoint PDFs pg, p; shown above are supported on [—4,4],
and are given by (4.17).

w.r.t. Hilbert’s projective metric. The converged pair (¢1, @o) is used to compute
the transient Schrodinger factors (o(t, ), $(t, ;) via (4.13), and then the pair
(p°P(t, ), uCPt (¢, x})) via (4.10). Fig. 4.5 depicts the evolution of the optimal
controlled transient joint state PDFs p°'(¢, z}') as well as 100 sample paths z}
of the optimal closed-loop reflected SDE. These sample paths were computed by
applying the Euler-Maruyama scheme with time-step size 1072, Notice from Fig.
4.5 that (i) the closed-loop sample paths satisfy —4 < z} < 4 for all ¢ € [0, 1],
and (ii) in the absence of feedback, the terminal constraint p(1,z}) = p; (given

by (4.17b)) cannot be satisfied.
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4.4 RSBP with Prior Drift

For generic f, X, there is no closed-form expression of the Markov Kernel as-
sociated with (4.8)-(4.9b). Hence, unlike the situation in Section 4.3, we cannot
explicitly set up coupled integral equations of the form (4.16), thus preventing
the numerical implementation of the fixed point recursion (Fig. 4.1) via direct
matrix-vector recursion. In this Section, we will show that if f is gradient of a
potential, then we can reformulate (4.8)-(4.9) in a way that leads to a variational
recursion which in turn enables us to implement the fixed point recursion (Fig.

4.1) in an implicit manner.

4.4.1 Reformulation of the Schrodinger System

Let f be a gradient vector field, i.e., f = —VV for some potential V € C?(X).

The associated Schrodinger system (4.8)-(4.9) becomes

%f = (Vp, VV) — 0A¢, (4.18a)
0 R R

5 =V (VV@) 4049, (4.18b)
YoPo = po,  P1P1 = p1, (4.18c)
Vo, V)| = (VVE+0VR, V)| ,y = 0. (4.18d)

The idea now is to exploit the structural nonlinearities in (4.18) to design an
algorithm that allows computing the Schrodinger factors (¢, ¢). To that end, the
following is a crucial step.

Theorem 4. Given V € C?*(X),0 >0, and t € [0,1], consider ¢(t,x;) in (4.18).

Let s := 1—t, and define the mappings ¢ — q — p given by q(s,x,) = p(t,x;) =
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o(l —s,x1-5), p(s,xs) == q(s,xs) exp(—V(xs)/0). Then p(s,x;) solves the PDE

initial boundary value problem:

g}; =V - (pVV)+ 0Ap, (4.19a)
p(0,x) = ¢1(x) exp(=V(x)/0), (4.19b)
(VVp+0Vp,v)|yy = 0. (4.19¢)

Thanks to Theorem 4, solving (4.18) is equivalent to solving

dp

95 = V- (pVV) + 6Ap, (4.20a)
25::V“(VV¢)+6A¢, (4.20b)
p(s = 1Lz) exp(V(z)/0)@o(x) = po,

p(s = 0,2) exp(V(z)/0)f1(x) = p1, (4.20¢c)
(VVp+60Vp, V)| = (VVO+0VH, V)|, =0. (4.20d)

From (4.20a)-(4.20b), ¢ and p satisfy the exact same FPK PDE with different ini-
tial conditions and integrated in different time coordinates ¢ and s. From (4.20d),
@ and p satisfy the same Robin boundary condition. Therefore, a single FPK ini-
tial boundary value problem solver can be used to set up the fixed point recursion

to solve for (p1,Pg), and hence (p(s, xs), §(t, x;)). From p, we can recover ¢ as

p(t, @) = o(1 —s,@1-.) = p(s, zs) exp(=V (x.)/0).

133



4.4.2 Computation via Wasserstein Proximal Recursion

Building on our previous works [41,43,44], we propose proximal recursions to
numerically time march the solutions of the PDE initial boundary value prob-
lems (4.20) by exploiting certain infinite dimensional gradient descent structure.
This enables us to perform the computation associated with the horizontal arrows
in Fig. 4.1, and hence the fixed point recursions to solve for (p, ), and conse-
quently for (¢, ). We give here a brief outline of the ideas behind these proximal

recursions.

It is well-known [125,190] that the flows generated by (4.20a),(4.20b),(4.20d) can

be viewed as the gradient descent of the Lyapunov functional

F(o) ::/ V(z)o(x) dz +9/ z) log o() da (4.21)

w.r.t. the distance metric W referred to as the (quadratic) Wassertein metric
[210] on Py(X). For chosen time-steps 7,0, this allows us to set up a variational

recursion over the discrete time pair (tx_1, sx—1) := ((k — 1)1, (k — 1)o) as

n WA
rox
) [P " S (4.22)
wsk prOXaV'I} (wsk—l)
wherein the Wasserstein proximal operator
w2 P
prox, . (+) :=arginf-W=(-,0) + hF(g), h > 0. (4.23)

0EP(X)

The sequence of functions generated by the proximal recursions (4.22) approxi-

mate the flows (p(s, ), §(t, x;)) for (4.20a),(4.20b),(4.20d) in the small time step
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limit, i.e.,

S = @t =(k—1)7@) in LNX)ast 0,

w,,_, = pls=(k—10,z,) in L'(X)aso 0.
In the numerical example provided next, we solved (4.22) using the algorithm
developed in [41].
4.4.3 Numerical Example

We consider an instance of the RSBP with X = [—4,4)%, f = —VV, V(z1,29) :=
(22 + 23) /5. For

po(T1,2) o ._r1[2 (1+ (27 — 16)* exp(—:/2)) , (4.24a)
p1(xq, xa) o '1_1[2 (1.2 — cos(m(x; +4)/2)), (4.24D)

the optimal controlled joint state PDFs p°P(t, x}) are shown in Fig. 4.6. The
corresponding uncontrolled joint state PDFs p"°(¢, ;) are shown in Fig. 4.7.
These results were obtained by solving (4.22) via [41, Sec. IIL.B] with 7 = ¢ =

1073 to perform the fixed point recursion (Fig. 4.1) applied to (4.20).

4.5 Conclusions

In this paper, we introduced the Reflected Schrodinger Bridge Problem (RSBP)
— a stochastic optimal control problem for minimum energy feedback steering

of a given joint PDF to another over finite horizon subject to reflecting bound-
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ary conditions on the controlled state trajectories. Combining our prior work on
Wasserstein proximal recursions with some recent results on contraction mapping
associated with the Schrodinger system, we provide a computational pipeline for
optimal feedback synthesis. Numerical examples are given to highlight the pro-

posed framework.
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Figure 4.5: Shown as the black curves are the optimal controlled transient joint
state PDFs p°Pt(¢, z¥) for steering the two-sided reflecting Brownian motion with
endpoint PDFs pg, p; as in Fig. 4.3. The red curve pi™° is the uncontrolled state
PDF at t = 1, i.e., obtained by setting u = 0. Also depicted are the 100 sample
paths of the optimally controlled (i.e., closed-loop) reflected SDE. This simulation
corresponds to the RSBP (4.1) with problem data f =0, [a,b] = [—4,4],6 = 0.5,
and Po: 1 given Pyl(4.17). t

=.25

t=1

0.021

0.000 0.003 0.006

Figure 4.6: For the RSBP in Section 4.4.2, shown here are the contour plots
of the optimal controlled joint state PDFs p°*(¢t,z¥) over X = [—4,4]%. Each
subplot corresponds to a different snapshot of p°P* in time. The color denotes the
joint PDF value; see colorbar (dark hue = high, light hue = low).
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Figure 4.7: For the RSBP in Section 4.4.2, shown here are the contour plots
of the uncontrolled joint state PDFs p"¢(t, x;) over X = [—4,4]? starting from
(4.24a). Fach subplot corresponds to a different snapshot of p"¢ in time. The
color denotes the joint PDF value; see colorbar (dark hue = high, light hue =
low).
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Chapter 5

Finite Horizon Density Steering
for Multi-input State Feedback

Linearizable Systems

In this chapter, we study the feedback synthesis problem for steering the joint
state density or ensemble subject to multi-input state feedback linearizable dy-
namics. This problem is of interest to many practical applications including that
of dynamically shaping a robotic swarm. Our results here show that it is possible
to exploit the structural nonlinearities to derive the feedback controllers steer-
ing the joint density from a prescribed shape to another while minimizing the
expected control effort to do so. The developments herein build on our previ-
ous work, and extend the theory of the Schrodinger bridge problem subject to

feedback linearizable dynamics.
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5.1 Introduction

We consider the problem of steering the statistics of the state vector x(t) from
a prescribed ensemble or joint density po(x) to another pi(x) over a finite time

horizon t € [0, 1], subject to controlled nonlinear dynamics of the form

z=f(x)+Gx)u, € XCR" wueR™ (5.1)

where f is a smooth vector field on the state space X C R”, and G is an n X m

matrix whose columns consist of the vectors g, € R" for i =1,...,m, i.e.,

G(z) = [g,(2)|gs ()] - |gm ()] - (5.2)

It is of broad practical interest to solve this finite horizon density steering problem

while minimizing the average total control effort over the controlled state ensemble

p(x,t).

This problem is motivated by the growing need across science and engineering ap-
plications to control a large population of systems. Consider for example, shaping
the bulk magnetization distribution for Nuclear Magnetic Resonance spectroscopy,
controlling heterogeneous (e.g., aerial and ground) robotic swarms [15,79], strate-
gically synchronizing and desynchronizing a neuronal population to regulate the
Parkinsonian tremor [163], and differentially moving the setpoints of a large pop-
ulation of residential air-conditioners by a service provider to make their total
energy consumption track the intermittency in supply (e.g., due to stochastic re-
newable generation) in a privacy-preserving manner [62,99]. These exemplars
concern population ensemble or density whose shape is actively controlled over

time while preserving the physical mass. The conservation of mass allows an
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alternative interpretation of the underlying mathematical problem — instead of
steering a large number of dynamical systems, one can think of steering a single
system with probabilistic uncertainty in its initial and terminal state, i.e., pg, p1
being joint state probability density functions (PDFs). This too, arises naturally
in practice, e.g., in robot motion planning [172], where uncertainties in the initial

and terminal states are unavoidable due to process and sensor noise.

From a system-control theoretic viewpoint, finite horizon density steering via feed-
back is a non-classical stochastic optimal control problem. The qualifier “non-
classical" points to the fact that finding the feedback policy requires solving an
infinite dimensional two-point boundary value problem on the manifold of joint
state PDFs. This is an emerging research direction in the systems-control commu-
nity wherein recent advances [56,58-60,104] have uncovered its connections with
the theory of optimal mass transport [210,215] and the Schrodinger Bridge Prob-
lem (SBP) [145,191,192]. Also, there have been results on the covariance steering
problem [115,170,195,196,224] which concerns steering second order state statis-
tics. With the exception of [2,84], almost all works have focused on steering the

state statistics over a controlled linear system.

Here, we consider finite horizon density steering state feedback linearizable sys-
tems of the form (5.1). The nonlinearities in (5.1) induce non-Gaussian statistics
even if the endpoint PDFs are both jointly Gaussian. Thus, finding the feedback
solution of the density steering problem in a non-parametric sense, is non-trivial.
The main contribution of this paper is to show that it is possible to exploit the feed-
back linearizing transformation for density steering. In particular, we obtain the
optimal state feedback policy in terms of the solution of certain Hamilton-Jacobi-
Bellman (HJB) partial differential equation (PDE). Furthermore, we show that

a dynamic stochastic regularization can be used to derive a system of boundary-
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coupled linear PDEs, which we refer to as the Schridinger system, whose solutions
recover the optimal state feedback and the optimal controlled joint state PDF.
We envision that the theoretical developments herein will help design algorithms

solving the feedback density steering over nonlinear dynamical systems.

5.2 MIMO Feedback Linearization

We consider multiple-input control system of the form (5.1), and recall some well-
known results on feedback linearization [?] that will be useful in the sequel.

Definition 5. (Full state static feedback linearization) System (5.1) is said
to be full state static feedback linearizable around a point xq € X if there exists a

smooth feedback of the form u = §(x)+I'(x)v defined on X, and a diffeomorphism

T : X — R"™ such that the change of variables z := T(x) transforms (5.1) into

2=Az+ Bv, zeR" wveR", (5.3)

wherein the pair (A, B) is controllable.

In other words, (5.1) is full state static feedback linearizable if there exists a triple

(6(x),T'(x), 7(x)) such that

(V7 (F(@) + G@)d(@))),_, 10y = Az,
(5.4)
(VT (G(2)T(2)))yer1(z) = B,
where the pair (A, B) satisfies
rank [B, AB,A’B, ... A”*IB} =n. (5.5)
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Definition 6. [?, p. 220/ (Vector relative degree) Consider the Multi-Input
Multi-Output (MIMO) system:

& = f(2) + G(@)u,

y = h(z),

(5.6)

where x € X C R™, u € R™ as before. Furthermore, h(x) := (hi(x),...hy,(x)) €

R™, where h; are smooth scalar-valued functions for all j =1...,m. The input-
output system (5.6) is said to have vector relative degree w = (my,mo, ..., Ty,) at
Ty € X, if

Ly Lhi(x) =0, 1<i,j<m, 1<k<m—1, (5.7)

and the m x m matriz

Lg, L7 'hi(®) ... Lg L7 'hi(x)
C(z) = : - : (5.8)
Lg, L7 'hyn(x) ... Lg, L7 'hn()

evaluated at x = xq, is non-singular.

Here, m; € N, j = 1,...,m, is the number of times one has to differentiate the
7™ output y; w.r.t. ¢ such that at least one of the m input components appears
explicitly in the expression for yj(-ﬂj ). In other words, 7; is the number of integrators
between the input and the j** output.

Remark 7. It is known [%, p. 230] that given an n-dimensional vector field f, and
a matriz G(x) of rank m, the system (5.1) is full state static feedback linearizable
if and only if:

(i) there exist functions hy(x), ho(x), . .., hy(x), such that the input-output system
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(5.6) has relative degree w at xy € X,
and
(ii) the relative degree m is such that m + my + -+ + m, = n, where n is the

dimension of the state vector x.

The output function h(x) play an important role in transforming (5.1) into a
controllable linear system. If we can find h(:) satisfying conditions (i)-(ii) in
Remark 7, then we can use the same to construct a state feedback law and a

desired change of coordinates. Explicitly, this feedback law can be obtained as

u=—(C(x)) d(x)+(C(x)) v, (5.9)
=0(x) =I'(x)

where C(x) is as in (5.8), and

T

d(x) = (L} h(x), LPha(x), ..., L hn(T)) (5.10)
The linearizing coordinates z := 7(x) are subdivided as
2! T(x)
22 73()
z=| |, 7(x)= _ , (5.11)
z™ T ()
where each z/, 78 € R™ i =1,...,m, have components
2 =Th() = L (), k=1,...,m (5.12)

The feedback law (5.9) and the change of coordinates (5.11), together transform
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(5.1) which is in state-control pair (x,wu), into the Brunovsky canonical form in

the state-control pair (z,v), given by
2=Az+Bv, zeR" wveR™ (5.13)
where A, B are block diagonal matrices
A = diag(A;, Ag, ..., A,), B :=diag(by, by,...,by),
wherein for each ¢ = 1, ..., m, we have
A; = [0|ejles...|es ] € RT"*™ b, :=e, € R™.

Remark 8. Since static state feedback linearization is equivalent to Remark 7,
hence the matriz (5.8) is invertible at ® = xy. This guarantees that T'(x) and

d(x) in (5.9) are well-defined at x.

As seen above, the existence of the (fictitious) output h(-) is a necessary and suffi-
cient condition for full state feedback linearization. The following result allows us
to establish the existence of the h(-) under suitable conditions on the vector fields
f(x),g,(x),...,g,,(x). Thus, the conditions for full state feedback linearization
can be restated as the following.

Proposition 11. [?, p. 232] Consider the system (5.1) where rank(G(xg)) = m,
and fori=0,1,...,n—1, let

Ai(x) = span{adl}g/LC 0<k<i1<j<m}.

Then, there exist scalar-valued functions hy(x), ..., hy(x), defined on X such that
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(5.6) has relative degree ™ at xo, with ™ + 7o + - - - + Ty = n, iff:
(i) A; has constant dimension near xy for each i =0,1,...,n—1,
(ii) A,_1 has dimension n,

(7ii) A; is involutive for each i =0,1,...,n — 2.

Proposition 11 helps to verify if a given system of the form (5.1) is full-state
feedback linearizable. For the construction of the functions h; in Proposition 1,
we refer the readers to [?].

Example 1. Let us consider a system of the form (5.1) defined on a neighborhood

of ¢y = 0, given by

Ty + 23 0
T3 — X1T4 + T4T5 0
T = | xowy + 3705 — 22 | + | cos(z; — x5) | W
Ts 0
x3 0
f(x) 9:(z)
1
0
+ | 1] us. (5.14)
0
1
-
g2()

A direct computation verifies that (5.14) satisfies the conditions (i)-(iii) of Propo-

sition 11, implying the existence of output functions hi(x), ho(x). Following the
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constructive steps in [2, p. 232], these output functions can be obtained as

Y1 ="h1 =11 —x5,y2 = ha = 74. (5.15)

Notice that

Ly hi(xz) = Lg,hi(x) = Ly, Lyhi(x) = Lg,Lyhi () = 0,

Lglhg(m) = LthQ(:v) = 0,

and that the matrix

L, L>h{(x) L, L:h{(x

Lg, Lyho(x) Lg,Lgha(x)) =%

cos(ry —xs) 1 11
0 1) la=e0 o 1)

is non-singular. Therefore, (5.14) with output (5.15) has vector relative degree
7 = (m,me) = (3,2) satisfying m; + 7 = 3+ 2 = 5, which is indeed the dimension

of the state space. From (5.12), we obtain the change of coordinates

hi(x) Ty — s
thl(CB) T
T(x) == L?«M(CIJ) = | o3 — 2124 + 2475 | - (5.16)
ha(x) T4
Lghs(x) Z5
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In this case, (5.8) and (5.10) yields

s L?}hl(m)) ) (0) |
1/cos(xqy — x5) —1/cos(x; — x5)

(Cla))™" = ) 7
0 1

which, following (5.9), result in the feedback law

" (x%/cos(xl - x5))

o(x)

N (1/(:05(351 —x5) —lcos(x; — x5)> .
0 1

(5.17)

T'(x)

Hence, we have constructed a triple (6(x), I'(x), 7(x)) given by (5.16)-(5.17), that

transform (5.14) into

01000 0 0
00100 0 0
z=100000|z+]|1 0|v (5.18)
0000 1 0 0
00000 0 1
N—_——
A B
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5.3 Minimum Energy Density Control

5.3.1 Stochastic Optimal Control Problem

Given system (5.1), and two prescribed endpoint PDFs py(x), p1(x), we consider

the following minimum energy finite horizon stochastic optimal control problem:

. 1 )
inf E{ [ 5l nl3de}, (5.198)
subject to = f(x)+ G(x)u, (5.19b)

2(0) ~ po(x) (1) ~ pi(z), (5.19¢)

where the state space is X C R", u € R™ and (5.19b) is feedback linearizable.
The infimum is taken over the set of admissible controls with finite energy, i.e.,
U = {u: R" x[0,1] — R™| ||u||3 < oo}, and the expectation operator E{-}
in (5.19a) is w.r.t. the controlled joint state PDF p(ax,t) satisfying endpoint
conditions (5.19¢). The objective is to steer the joint PDF p(x,t) from the given
initial PDF py at t = 0 to a terminal PDF p; at ¢ = 1 while minimizing the

expected control effort.

The problem (5.19) can be recast into a “fluid dynamics" version [21], which is

the following variational problem:

1
inf /0 /X ;Hu(m,t)”% p(z, 1) de dt, (5.202)
subject to gﬁ: + V.- (p(f(x) + G(x)u)) =0, (5.20b)
plx,t=0)=py, plx,t=1)=p. (5.20¢)

Here, the infimum is taken over P(X) x U, where P(X') denotes the space of
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all joint PDFs supported on X. We note that (5.20b) is the Liouville PDE [34]

associated to the dynamical system (5.19b).

5.3.2 Reformulation in Feedback Linearized Coordinates

In our recent work [38], we considered the problem (5.19) for the single-input
case, i.e., the case G(x) = [g;(x)] € R", and the input u is scalar-valued. The
main idea in [38] was to recast (5.20), which is in state-control pair (x,u), into
an equivalent formulation in feedback linearized state-control pair (z,v). This
was made possible by using the diffeomorphism 7 : X — Z to pushforward the
endpoint PDFs pg, p1 to PDFs oy, 01 supported on the feedback linearized state
space Z. Specifically,

)
|det(VaTper-102)|

oi(2) = Typ; i € {0,1}, (5.21)

and Z :={z e R"|z =7(x),x € X'}.

Since 7 is a diffeomorphism, the PDFs {0;};—01 supported on the feedback lin-

earized state space Z, are well defined, i.e., spt(o;) C Z provided that spt(p;) C X.

To generalize the reformulation in [38, Sec. IIL.B] for the multi-input case, we
proceed by setting
6, =007 !, I,:=Tor !, (5.22)

where d and T are as in (5.9). Using u(z) = d,(z) + I'-(2z)v, we now transcribe
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(5.20) into

in /Ol/zéﬁ(z,v)a(z,t) dz dt, (5.232)
subject to 2; + V. - ((Az + Bv)o) =0, (5.23Db)
o(x,t =0) =0, o(x,t=1)=o0, (5.23¢)
where
L(z,v) = ||6.(2) + T (2)v]5. (5.24)

The infimum in (5.23) is taken over the pair of transformed PDFs and admissible
controls (o,v) € P(Z) x V where V := {v: Z x [0,1] = R™| ||v||3 < oo}
Remark 9. The solution pair (p°P*, u®") for (5.20) can be recovered from the

optimal solution (o°P*, v°P*) of (5.23) via the transformations

PP (z,t) = o' (1 (), t)|det Voo ()], (5.25a)

u(x,t) = §(x) + T(x)v (171 (x),t) (5.25b)

forx e X, and t € [0,1].
Example 2. To illustrate the reformulation (5.23), let us reconsider the system

(5.14). In this case, the inverse mapping of (5.16) is given by

T
=T 1(Z) = (21 + 25 29 234+ 2124 24 Z5> . (526>

Here, the determinant of the Jacobian of (5.16) is non-zero for all vectors in R™,
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i.e., Z=R". From (5.17) and (5.22), we have

0.(z) = (x%/cos(zl)) : (5.27)

and

ro(z) = (1/cos(z1) 1/cos(zl)> | (5.28)
0 1

The functional L(z,v) in (5.24) equals

T ( 2/cos?(z;) —1/cos(z)
—1/cos(z1) 1

) v+ <<Z§/COSQ(21),
— 23 [cos(z1) + zS)T ,v) + 25 /cos?(21) + 2. (5.29)

Remark 10. Because feedback linearization guarantees that the matriz pair (A, B)
is controllable, any vector z; € Z is reachable from any other vector zg € Z for all
t € [0,1] via the flow of (5.13). This ensures that in (5.23¢), the initial PDF o0o(2z)
can be steered to o1(z) via the flow o(z,t) of the controlled Liouville PDE (5.23b).

Thus, the constraint set of (5.23) is non-empty, and the problem is feasible.
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5.3.3 Optimality

To show the existence and uniqueness of minimizer for (5.23), we set m := ov,

and consider the change of variable (o, v) — (0, m), transforming (5.23) into

1
inf / / J(o,m) dz dt, (5.30a)
o1 0 Jz
9,
subject to a—j +V. - (Azo+ Bm) =0, (5.30Db)
o(x,t =0) =0, o(x,t=1)=o0, (5.30¢)

where

3l0-(2) + T2 (2) 250 if 0 >0,
J(o,m) =10 if (0,m) = (0,0), (5.31)

+o00 otherwise.

We note that J(o,m) is the perspective function of the strictly convex map
m +— ||6,(z)o + T (z)m||3; therefore, J is jointly strictly convex in (o, m). The
constraints (5.30b)-(5.30c) are linear in (o,m). Hence, (5.30) admits a unique
minimizing pair, and equivalently, so does (5.23). The following theorem sum-
marizes how this optimal pair for (5.23), denoted hereafter as (o°P*, v°P*), can be
obtained.

Theorem 12. (Optimal control for (5.23)) The optimal control v°P* for the

problem (5.23), is given by

vP(2,t) = (T T,(2)'B'V.¢ — T71(2)8.(2), (5.32)
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where 1 solves the Hamilton-Jacobi-Bellman (HJB) PDE

o
ot

+ ;<vz¢, B (I} (2)0x(2)) B'V.¢)=0. (5.33)

+(Vat), Az) — (V.0), BT '(2)d,(2))

Furthermore, if the optimal joint state PDF ¢°P' is a solution to the Liouville

PDE

ao.opt

ot

+ V.- ((Az + Bv°pt>> =0, (5.34)

with boundary conditions ¢°P!(z,0) = o5?'(2), and 6°P(2,1) = o™ (2), then the

pair (Pt v°P') solves the problem (5.23).

Proof. The Lagrangian associated with (5.23) is

// o(z,t)dzdt
+/Z/O ¢(z,t)adtdz

term 1

+/ / W(z, )V, - (Az + Bv) o) dzdt. (5.35)

term 2

In (5.35), we interchange the order of integration and perform integration by parts
w.r.t. ¢ in term 1, and w.r.t. z in term 2. Since o(z,t) — 0 as z — 0Z, we can

express .Z as

/ / { (2,v) — a;f —(V.¢, Az + B'v>} o(z,t)dzdt. (5.36)

154



Performing pointwise minimization of the above w.r.t. v while fixing o, we obtain
[T, v (2,t) = B'V. 4 (z,t) —T'](2)0.(2). (5.37)

Taking the matrix inverse on both sides yield (5.32). Substituting v°** back into

(5.36) and equating to zero, we then get

/o1 /z{ - aaf — (Va1 Az) + (V.9 BT (2)0,(2))

; » (5.38)
— (V.0 B (T (2)T+(2)) BTVzw)}a(z,t)dzdt 0.
Since (5.38) holds for arbitrary o, we arrive at (5.33). |
Example 3. (HJB for (5.29)) From (5.27)-(5.28), we have
2
(T (z),(2) " = (COS ) COS(ZI)) (5.39)
cos(21) 2

and

0
I 1(2)0.(2) = ( ) : (5.40)

Substituting (5.39)-(5.40) into (5.33), and using the pair (A, B) from (5.18), gives
the HJIB PDE

o, o, 0 O L0
ot +Z2821 +Z382’2 +Z562’4 2 825

1 o Y o 0 o\
+ 3 [0052(21) <&i> " COS(Zl)aiai +2 (ai> } = 0. (5.41)

Remark 11. Computing the pair (o°P*, v°P*) in Theorem 12 is challenging in gen-
eral since it calls for solving a system of coupled nonlinear PDEs (5.33)-(5.34)

with atypical boundary conditions. In the following Sections, we will provide fur-
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ther reformulations of (5.23) to make it computationally amenable.

5.4 Stochastic Density Steering: Reformulation

into Schrodinger System

Motivated by [?], we consider a generalized version of (5.23) by adding a diffusion

term to (5.23b):

, L
inf /0 /Z SL(zv)o(=,1) dz dt, (5.422)
: do
subject to o + V.- ((Az + Bv)o)
=el" (D(z) ® Hess(0)) 1, (5.42b)
o(z,t=0)=0y, o(z,t=1)=o0, (5.42¢)

where D(z) := BT'-!(2)(BT;'(2))". In particular, the controlled Liouville PDE
in (5.23b) is now replaced by a Fokker-Planck-Kolmogorov PDE in (5.42b), having
an additional diffusion term v/2e BT';!(z), where the parameter € > 0 (not nec-
essarily small). Formally, this generalization is equivalent to adding a stochastic
perturbation to the controlled sample path ODE 2 = Az + Bw, resulting in the
It6 SDE

dz = (Az + Bv) dt + V2¢BT; ! (z) dw, (5.43)

where w(t) € R™ is standard Wiener process. In the special case d.(z) = 0
and I';(z) = I, problem (5.42) reduces to the Schrodinger bridge problem with
linear prior dynamics [?, equation (49)]. Thus, (5.42) is a Schrodinger bridge-

like problem with a prior dynamics that has linear drift and nonlinear diffusion
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coeflicient.

The following Theorem characterizes the minimizing pair (6°P*, v°P*) for problem
(5.42).

Theorem 13. (Optimal control for (5.42)) The optimal control v°P*(z,t) for
(5.42) is given by (5.32), where ¢ solves the HJB PDE

%f +(V., Az) — (V.¢), BT (2)0,(2))
+ (V2 D(2)V0) + (D(z), Hess(1)) =0, (5.44)

and the optimal joint state PDF o°P*(z,t) solves the controlled Fokker-Planck-
Kolmogorov PDE

ao_opt
5 T Ve (Az + Bo™)o™)
— 1" (D(2) © Hess(0°"")) 1 = 0, (5.45)
with boundary conditions
oP(z,t=0) =0, oP(z,t=1)=0"" (5.46)

Proof. The proof proceeds similarly as in Theorem 12 except that we now have
an additional term in the Lagrangian (5.35) which we refer to as “term 3", given
by

e /0 1 /Z (2,017 (D(2) ® Hess(o™) ) 1dzdt. (5.47)

term 3
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From the following chain of equalities:

/Z (D(2), Hess(1)))o® (2, t)dz
8@[)(z,t) opt
_/ Z D;;(z 8zz-5’zj o' (z,t)dz

oY(z,t)
— E /DU 8202) Pz, t)dz
i0%j

zgl

0Y(z,t) O(D;;0°(2,1))
T Z / 823 : dz

ij=1 8Zi

_ D(z);;0°" (2, )
_ /Z U(z,1) Jz:jl azJj s dz

7,7=1

= /z Y(z, )17 (D(z) ©) Hess(ool’t)) 1dz (5.48)

we deduce that (5.47) is equal to

—(—:// ), Hess(¢))o%P (2, t)dzdt. (5.49)

So, the expression inside the curly braces in (5.36), now will have an additional
term —e(D(z), Hess(v)) that is independent of v. Therefore, pointwise minimiza-
tion of (5.36) with this additional term w.r.t. v, gives (5.32), and the associated
HJB PDE becomes (5.44). |

Next, we show that the so-called Hopf-Cole transform [68,114] allows to reduce
the system of nonlinear PDEs (5.44)-(5.45) with boundary conditions (5.46), into
a system of boundary-coupled linear PDEs, which we refer as the “Schrédinger
System".

Theorem 14. (Schrodinger System) Consider the Hopf-Cole transformation
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(0, 9) = (. f)-

o(z,t) = exp(¥(z,t)/2¢), (5.50a)

Pz, t) == 0P (2, t) exp(—1(z,t)/2¢), (5.50b)

applied to the system of coupled nonlinear PDEs (5.44)-(5.45). The pair (p,d)

satisfies the following system of linear PDEs:

gf +(Vap, Az — BT '9.(2)) + (D, Hess()) = 0, (5.51a)
8¢ -1 A
5, Ve ((Az - BT '6.(2)) ¢)

— €l (D(z) ®Hess(¢)) 1 =0, (5.51b)
with coupled boundary conditions
po(2)@o(2) = 00" (2),  ¢i(2)1(z) = 07" (2). (5.52)

Proof. From (5.50a), ¢ = 2¢log ¢, which yields

0p _ 20

2¢
Vo= V.0 5.53
ot p ot’ v © 14 ( )
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On the other hand, notice that

e(D(z), Hess(v))
= ¢(D(z), Hess(2¢clog ¢))

" 02 log ¢
= 262 D,L (Z)
”zzzl 02,02

02N p (o (L 10000
=2 3 Dy(2) (gp@zizj 2 0z; 0z;

3,j=1

2¢?

:fﬂmamﬂw—wwﬁDwmw (5.54)

¥

Substituting (5.53) and (5.54) into (5.44) yields

2¢ 0 2

— T 4+ T (V,p, Az — BI'Z1(2)4-
o (Vap Az - BIN(2)6,(2)
1462 2¢2

+ 2?
2¢2
- E<vz@a D(2)Vyp) =0,

WMD@W@+;W@ﬂ%@>

which gives (5.51a).

Next, let w(z) := Az — BI'.'(2)8,(z). We then have

V. (pw(2)) = (V.9,w(z)) + $V. - w(z)

= exp (=1/20) (Vo™ w(2) + 0™V - (w(2))

O.opt

(Ve w(2)), (5.55)
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and

€1" (D ® Hess(4))1 = exp (—;ﬁ) (61T(D ® Hess(o%Pt))1

6(Di-(z)0°pt) a¢ 1 opt
_ %T@ — 507 (D(2), Hess())

+ 290, DY) (5.56)

In (5.50b), taking the partial derivative of ¢ w.r.t. t, and using (5.44)-(5.45)
together with (5.55)-(5.56), we get

o

ar — e 029 (G - g
= exp (<16/26) { = V(0w (2) - V(0" DY)

O.Opt

+ €1(D(z) ® Hess(a*"))1 + 5

opt

ao.opt O.opt 8¢ )

(V21h, w(2))

€
o opt

= S (D(z), Hess(0) )

= V. (pw(2)) + 17 (D © Hess($)1.

o

_I_

(Vz, D(2)V¢) +

which is indeed (5.51b). The boundary conditions (5.46) follow directly from
(5.50a)-(5.50b). n

Theorem 14 in principle allows solving problem (5.42) in the following manner. Let
(p1,%0) == (p(2,t =1),¢(z,t =0)) denote the terminal-initial condition pair for
the system (5.51a)-(5.51b). By making an arbitrary guess for the pair (@1, $o),
one can perform a fixed point recursion on the Schrodinger system (5.51)-(5.52),
and the converged pair (i, o) can then be used to compute the transient pair
(¢ (z,t), ¢ (2,t)). Then, by (5.50), we recover (c°P*, 1)), and thus (c°P, v°P") from

(5.32). Notice that this procedure with small € > 0 will yield the pair (o°P*, v°Pt)
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solving problem (5.23). Finally, the mapping (5.25) in Remark 9 recovers the
solution (p°P*, uP*) for problem (5.20). This algorithmic framework and its con-

vergence will be the topic of our future research.

Conclusions

We considered the minimum energy joint state PDF steering problem over finite
time horizon subject to the multi-input state feedback linearizable dynamics. We
showed that the density steering problem can be made amenable in the feed-
back linearized coordinates. We derived the state feedback controller in terms
of the solutions of a pair of coupled HJB and Fokker-Planck-Kolmogorov PDEs.
Furthermore, we reduced this system of coupled nonlinear PDEs to a system of
boundary-coupled linear PDEs. Our results are expected to lay the foundation

for developing computational algorithms solving the density steering problem.
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Chapter 6

Global Convergence of
Second-Order Dynamics in

Two-Layer Neural Networks

Recent results have shown that for two-layer fully connected neural networks, gra-
dient flow converges to a global optimum in the infinite width limit, by making a
connection between the mean field dynamics and the Wasserstein gradient flow.
These results were derived for first-order gradient flow, and a natural question is
whether second-order dynamics, i.e., dynamics with momentum, exhibit a similar
guarantee. We show that the answer is positive for the heavy ball method. In
this case, the resulting integro-PDE is a nonlinear kinetic Fokker Planck equation,
and unlike the first-order case, it has no apparent connection with the Wasser-
stein gradient flow. Instead, we study the variations of a Lyapunov functional
along the solution trajectories to characterize the stationary points and to prove

convergence. While our results are asymptotic in the mean field limit, numerical
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simulations indicate that global convergence may already occur for reasonably

small networks.

6.1 Introduction

The empirical success of neural network models has prompted several theoreti-
cal studies that attempt to shed some light on their performance, and provide
guarantees under suitable assumptions. For fully connected networks, univer-
sal approximation results such as [16, 74] provide a partial explanation for this
empirical success, by proving that a large enough network can approximate any
continuous function on a compact set, though such results do not address the dy-
namics of learning, i.e., whether local search algorithms such as gradient descent
can find global solutions. Recent works [65, 158] have tackled this question for
two-layer networks, and proved convergence to global solutions, by studying the
dynamics in the space of distributions over parameters. They make the obser-
vation that (Euclidean) gradient flow in the parameter space is equivalent to a
Wasserstein gradient flow in the distribution space. This allows for an analysis
of the long-time behavior of the dynamics in the mean field limit, i.e., when the

width of the network tends to infinity.

To the best of our knowledge, previous works in this setting, such as [65,158,188,
194], have only considered first-order gradient dynamics, and a natural question
is whether similar guarantees hold for second-order dynamics, i.e., dynamics with
momentum. This is the subject of our investigation. Momentum methods such as
the heavy ball method [185], Nesterov’s method [165], or the Adam method [132],

are widely used in practice [206] and have received significant attention in the
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optimization literature. Their continuous-time counterpart is given by a family of
second-order differential equations, which can be interpreted as damped nonlinear
oscillators [9,37,87,91]. For example, [204,218] studied the continuous-time limit
of Nesterov’s method, which is an instance in this family with a particular form

of damping.

In this paper, our analysis will focus on the heavy ball method—perhaps the sim-
plest and the earliest instance of second-order optimization dynamics. It corre-
sponds to a constant damping coefficient, making the analysis more tractable.
Even in this relatively simple setting, the distribution dynamics for a two-layer
neural network is given by a nonlinear kinetic Fokker-Planck equation [214], and
unlike the first-order case, there is no apparent connection with the Wasserstein
gradient flow. Hence, our approach to analyze the mean field dynamics will be
somewhat different, even though the tools we use are similar. Our analysis takes
inspiration from previous works in the first-order case [65,158], and also from the

study of kinetic Fokker-Planck equations [31,200].

6.1.1 Two-layer neural networks

We describe the problem setting before summarizing our results. We seek to learn
a function ¢ € F, where F is a Hilbert space equipped with the inner product
(-,-) 7. The model is parameterized by (61,...,6,) € O™, and its output is given
by

> W(0)(a), ©.)

where n is the number of neurons (also referred to as the width of the network),

x is the input vector, and ¥(6;) € F. In the two-layer neural network setting, we
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take © = R?, 0; = (a;,b;) € Rt x R, and ¥(6;)(x) = b;s({as,x)), where a;,b;
are the weights of the first and the second layer, respectively, and s : R — R is
an activation function. While (6.1) is perhaps an unusual way to describe the
output of a neural network, it highlights a structure that lends itself to mean
field analysis: the model can be viewed as an average of “basis functions” W(6)(-),
parameterized by the vector # € © = R?. This point of view allows us to further

rewrite ¢ as the integral

b= (U0 = [ 0(0) du0), (6.2)

where (1 is a probability measure on ©, encoding the parameter distribution. When

i is an average of Dirac masses, i.e., u = % 1 0p,, the integral (6.2) reduces to

the summation (6.1).

We are given a convex, Fréchet differentiable functional R : F — R, , referred to as
the risk functional, which measures the expected loss of the model. For instance,
in the quadratic loss case, R(¢) = 3B |t (x)—y[>= 2 (¥ — y,¥ — y) », where the
inner product is taken to be (¢, ¢) » := E(,,)[¢¢], and the features and labels (x,y)
are sampled from a data distribution D. We are also given a regularization func-
While this is, in general, a non-convex function of #, when lifted to the space of

probability measures, it becomes

F(p) == R((V, 1)) + (g, 1) - (6.3)

The functional F'is convex and Fréchet differentiable. Thus, the learning problem
can be recast as a measure-valued convex optimization problem, inf, F'(1). This

is the point of view taken in [65,158], as well as in earlier works such as [10, 24].
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We note that while our motivation is the study of neural network dynamics, this

setting applies to other problems, see [10,65].

6.1.2 Particle and distribution dynamics

We give an informal overview of the general strategy used to study the mean field
limit. The first step is to make a connection between the dynamics of the particles
(01,...,0,) € ©", and the dynamics of their distribution p supported over ©.
Suppose the particles move following a (time-varying) vector field v, : © — R,
where t indexes time. That is, the trajectories are solutions to the following

ordinary differential equation (ODE):
ét = Ut(et)' (64)

Then at time ¢, the distribution u; of these particles — more precisely, the push-
forward of an initial distribution pg by the flow of the ODE (6.4) — is given by the

solution to a partial differential equation (PDE) known as the continuity equation:
Opty + V- (pgve) = 0, (6.5)

where V- stands for the divergence operator. When p; does not have a den-
sity, (6.5) should be interpreted distributionally. Let u} be the solution of (6.5)
initialized at % 1 0p,. One can show that if the initial positions (6, ...,0,) are
drawn from a fixed distribution g, then as the number of particles n tends to
infinity, the solutions u, weakly converge to the solution u; of (6.5) initialized

at pp. One can then focus on studying the dynamics of the mean field limit ;.

The vector field v; in (6.4) and (6.5), which describes the movement of the parti-
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cles, is determined by the particular learning dynamics under consideration. The
choice of v; in [65,158,188,194] corresponds to the first-order gradient flow in 6. In
this case, the PDE (6.5) has additional structure: it corresponds to a Wasserstein
gradient flow of the functional F' in (6.3), as is well known in the optimal trans-
portation literature [6,125]. We study a different choice of v, that corresponds to
the heavy ball method. Our primary goal is to provide, under suitable assump-
tions, convergence guarantees to the global minimizers of F', which is similar in
spirit with [65,158]. The latter two results differ: in [65], the authors study de-
terministic gradient flow under a homogeneity assumption on the objective, and
prove that assuming p; converges, it can only converge to a global minimum.
In [158], the authors study noisy gradient flow for the quadratic loss, and prove
that p; converges arbitrarily close to the global minimum (depending on the mag-
nitude of the noise). Our approach is closer to the latter: we study convergence
of the noisy heavy ball method. The convergence of the noiseless second-order

dynamics in the mean field limit remains an open question.

6.1.3 Summary of contributions

We start by deriving the distributional PDE associated with the heavy ball method
(Section 6.2). To study the dynamics in the mean field limit, we define a Lyapunov
functional in Section 6.3 and bound its variations along solution trajectories. This
relies on a general criterion given in Lemma 15, which reveals a close connection
between the Lyapunov functions for dynamics with no particle interaction (as in

convex optimization) and the Lyapunov functionals for mean field dynamics.

Equipped with this result, in Section 6.4, we characterize the stationary solutions

in Theorem 6, and show that they must satisfy a Boltzmann fixed point equation,
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for which we prove the existence and uniqueness of a solution in Proposition 17.
Furthermore, we show in Theorem 7 that the solution trajectory converges to this
unique stationary point. Finally, we show in Theorem 8 that by using vanishingly

small noise, the limit can be made arbitrarily close to the global infimum of F'.

In Section 6.5, we illustrate these results with numerical experiments that include
other variants of second-order dynamics beyond the heavy ball method. The
experiments suggest that the convergence may already occur with a reasonably

small number of particles.

The proofs are deferred to the appendix.

6.2 Mean field second-order dynamics

6.2.1 Assumptions

Let Fo(p) :== R((¥, 1)) denote the unregularized loss, and F'(u) = Fo(u) + (g, p).

We make the following assumptions:

(A1) R:F +— Ry is convex, Fréchet differentiable.
(A2) ¥ : O — F is Fréchet differentiable.

(A3) VF'(p) € L>(O) for all p € P(O).

(Ad) {Fi(p) : p € LY(O),]|p|l:< 1} is uniformly equicontinuous and uniformly
bounded, and g : © — R is differentiable and confining, i.e. limg_,o, g(6) =

oo and exp(—[g) is integrable for all 5 > 0.

We discuss some of the implications of these assumptions. (A1) and (A2) are basic
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regularity assumptions implying that F' is Fréchet differentiable and F'(p) : © —
R is a differentiable function of 6, so the gradient of the loss in the parameter space
is well-defined. (A3) is used to prove the existence and uniqueness of solutions
of the PDE. The assumption that the loss is regularized by g, together with the
condition (A4), are important to guarantee existence of a stationary solution,
as is common in the literature [31,158,180]. In particular, the assumption that
the regularizer g is confining is rather mild; it essentially requires g(f) to grow
sufficiently fast when || tends to infinity. One simple choice is to take g(6) = |0|
(except near 0, since we also require differentiability of ¢). In Appendix A.24, we
explicate the foregoing assumptions in the context of the quadratic loss, and show

that they are implied by the assumptions made in previous work.

6.2.2 Second-order dynamics

Given a differentiable f : R +— R, a broad family of second-order dynamics is

described by the ODE

9t = —ng(@) — ’}/tét, (66)

which can be interpreted as a dissipative nonlinear oscillator with potential f, and
damping coefficient 7, see [9,37,106,204]. Under certain assumptions, such as
convexity of f, it can be shown that the solutions converge to global minimizers of
f, see [37]. When ~; = ~/t for some positive constant -y, this corresponds to Nes-
terov’s method in continuous-time [204], and when 7, = v is a time-independent

positive constant, it corresponds to the heavy ball method [9,87].

As will become clear shortly, the potential f in our setting is time-varying due to

the interaction between particles. Recall from (6.3) that the objective functional
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is F'(pn) = R((V, u))+ (g, u), where p is a distribution over parameters § € ©. The
gradient of the objective in the parameter space © is given by VF'(u)(0), see Ap-
pendix A.12 for a detailed derivation. In particular, setting v,(0) = —V F"(u;)(0)

in (6.4)-(6.5) corresponds to the first-order gradient flow, as in [65, 158].

In the second-order case, it is convenient to write (6.6) as a system of two first-
order equations describing the evolution of position-velocity pair (6,r7) € T©O (the
tangent bundle). Then u; € M(TO) denotes the joint distribution over 70O at
time ¢, and [1;]’ is the corresponding marginal measure over ©. We suppose that
a Brownian motion is applied to the velocity (or rate) r, resulting in the following

It6 stochastic differential equation (SDE):

0 r 0
d = dt + , (6.7)

r —VF'([))(0) — 7 V2Tt aw;
where the parameter § > 0 is referred to as the inverse temperature, v > 0
is the constant damping coefficient, and W; is the standard Wiener process in
the tangent space of ©. Eq. (6.7) is an underdamped Langevin equation with
interaction potential F’([1]?). It describes the stochastic heavy ball method [87]
in the parameter space. The dependence of the potential on p, reflects the fact that
the output of the neural network (and its loss) depend not on a single particle, but
on the distribution of all particles. Note that the dependence is on the marginal

[114]?, since the loss only depends on positions, and not velocities.

The distribution dynamics corresponding to (6.7) is given by

r
8tut = -—-V. Lt - + ’}/B_lAr,LLt, (68)

=V ([1]") = r
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where A, denotes the Laplacian operator w.r.t. the r variable, and corresponds to
the Brownian motion applied to . The integro-PDE (6.8) is a nonlinear kinetic

Fokker-Planck equation.

Consistency of the mean field limit We now provide a consistency result
between the second-order particle dynamics and the mean field limit.

Theorem 5. Let pg € M(TO). Consider a set of n interacting particles with
states {(0i,r1)};_, where i denotes the i-th particle. Suppose these particles solve
copies of the SDE (6.7) indezed by i = 1,...,n, in which p, is replaced by the
empirical distribution pj = 5 Y7 i i), and with initial states {(605,76)}i,
sampled independently from po. Then there exists uy € M(TO) such that, almost

surely, py — puy weakly, as n — oo. Furthermore, p; solves (6.8) in the weak

distributional sense with initial condition py.

This result motivates the study of the long-time behavior of the mean field limit ;.
One of the advantages of the mean-field setting is that one can work with abso-

lutely continuous distributions, which simplifies the analysis.

Existence and uniqueness of solutions We make the following assumption
on the initial condition pp, both to obtain existence and uniqueness of a solution,

and to guarantee finiteness of the free energy, introduced in the next section.

(A5) po is absolutely continuous, and the associated PDF p, satisfies (g(6) +
|712/2, po) < 00, (log™ po, po) < o0, and [|VEy([po)’)(0)]*dd < oo,

where log® p := max{log p, 0}. It is known (see [31,209]) that if F satisfies (A3)
and the initial condition o satisfies (A5), then (6.8) admits a unique solution

wy € C(]0,00), M(TO)). That u; remains absolutely continuous for all ¢ > 0,
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and hence p; exists, will be proved in Theorem 7. Since the solution is absolutely
continuous, y; and [p]? in (6.7)-(6.8) can be replaced by the corresponding PDFs

p: and [p;]?, respectively.

6.2.3 The linear case

When F(u) = (f,u) for some function f : © — R, we have F'(u) = f and
there is no particle interaction in (6.7). While this situation is irrelevant in the
neural network context, it is instructive to review results in the linear setting.
In this case, (6.8) becomes a linear Fokker-Planck PDE, which can be shown
(e.g., Proposition 6.1 in [180]) to admit a unique stationary solution with PDF
Poo(0,7) = exp (—B (f(@) + %MZ)) /Z, where Z is a normalizing constant. Under
additional assumptions on the confining potential f, one can also study the rate of
convergence of p; t0 peo, see e.g. [13,106,180,214]. Our situation corresponds to a
nonlinear kinetic Fokker-Planck equation, which is not well-understood in the gen-
eral setting. Some special cases have been studied in the literature, such as when
the interaction potential F’(u) is a convolution [31,46,200,214]. The convolution
structure in these references is motivated from physical dynamics—the electrostatic
Coulomb interaction in plasma and semiconductor dynamics [1,78,80], and the
gravitational Newton interaction in stellar dynamics [18,51,175]-and leads to the
Valsov-Poisson-Fokker-Planck equations [117,183,209]. Unfortunately, this is not
the case in our neural network setting, and these results do not directly apply.
However, we will use similar techniques, and will prove that the stationary solu-

tions have a similar characterization.
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6.3 Variations of a Lyapunov functional

Hereafter, we work with the PDF trajectory p; € C ([0, 00), P(T©)) associated
with the measure-valued solution trajectory p; € C ([0, 00), M,.(T©)) for (6.8).
To characterize the stationary solutions, we will study the variations of the fol-

lowing Lyapunov functional, defined for p € P(TO),

£(p) = F(l’) +(lrl2.p) + 57 H p), (69

where H (p) := (log p, p) is the negative entropy. The functional £ is often referred
to as the free energy. In this section, we show that along the trajectory p;, the
functional £ is non-increasing.

Lemma 15. Let v, be a vector field over TO, and let p; be a solution of the
continuity equation Oypy = —V.(pvy) with initial condition py € P(TO). Let
V : P(TO) — R, and suppose that along p;, V is Fréchet differentiable and
V'(pi) : © = R is differentiable. Then for all t > 0,

OV (pe) = (VV'(pr), pror), -

This gives us a simple criterion for a functional V to be non-increasing along
solution trajectories with vector field v(p): it suffices that for all p, the inequality
(VV'(p),v(p)) < 0 holds p-a.e. In the case with no interaction, i.e., V(p) =
(V, p) is linear with V' : © — R, and the vector field v is independent of p, the
condition reduces to (VV,v) < 0, which defines Lyapunov functions for single
particle dynamics. With this observation, the free energy £ can be viewed as
a mean field generalization of E(6,r) := f(6) + i|r|?, which is known to be a

Lyapunov function for the heavy ball dynamics, see Appendix A.14.
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To apply Lemma 15 to the free energy £ in (6.9), we use the identity A,.p = V,-V,p

to formally rewrite (6.8) as follows.

Opr = =V.(pw(pr)), v(p)(O,r) = ( ' ) :
=VEF'([p])() =y =787V, log p(0, 1)

(6.10)
Proposition 16. Consider the Lyapunov functional € in (6.9). Let p; be the
solution to (6.10). Then

%E(p) = — <\7“ + BV, log pi?, pt> .
Proof. From (6.9), we obtain
E(p)(6,1) = F'([A)O) + Sl +57 (1 +logp(®, ), (6.1)
and, using the shorthand ¢y := ~'Vglog p;, £, := 71V, log p;, we compute

KE(pr) = (VE'(pr), pro(pr)),

<< Vo ([pi]”) + Lo ) p ( i )>
e =R (o)) =t )

= <_7 <7”, 7’) -7 <€r7€7"> - 27 <T7 gr) + <£97 7’) - <£r7 VQF/([IOt]a)> 7pt> .

We conclude by showing that the last two terms, ((¢y, ), p;) and <<€r, VgF’([pt]9)> : pt>
are equal to zero, using duality of the V- and V operators. The details are pro-

vided in Appendix A.17. [ |

The proposition states that the free energy £ is non-increasing along solution

trajectories. This fact, together with additional bounds derived in Appendix A.14,
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are the primary ingredients used to prove our main results in the next section.

6.4 Stationary solutions and global convergence

We say p* € P is a stationary solution of (6.10) if the solution (p;),., obtained

with the initial condition py = p*, satisfies p; = p* for all £ > 0.

In this section, we state our main results (proved in Appendix A.19), by charac-
terizing stationary solutions (Theorem 6), proving their existence and uniqueness
(Proposition 17), and establishing convergence of p;, as t — oo, to the unique
stationary point (Theorem 7). Furthermore, we show that the limit can be made
arbitrarily close to the global infimum (Theorem 8).

Theorem 6. Suppose p* € P(TO) is a stationary solution of (6.10). Then,

B 1,12
. exp (—5Ir[*) . |
pwnoz(ZQ)mva (6.12)
1
where Zy is the normalizing constant Z; = [exp ( — §|r|2)dr and [p*]? is the 0

marginal. Furthermore, [p*]? solves the following fived point equation:

_ exp (<BF(0)(6))

A= h0)

.p €P(O) (6.13)

where Zy(p) == [exp (—BEF'(p)(0)) db.

The proof crucially relies on the variation of the free energy given in Proposi-
tion 16. The theorem states that a stationary solution, if it exists, must be a
product distribution, where the r marginal is a Gaussian, and the € marginal
satisfies a fixed point equation. This product structure is familiar from the linear

case (Section 6.2.3), where F’(p) = f and the RHS of (6.13) becomes independent
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of p, and simply describes a Gibbs distribution. In the nonlinear case, it is not
guaranteed, a priori, that (6.13) admits a solution. This is proved in the next
proposition; our existence proof invokes Schauder’s fixed point theorem [88, p.
286, Theorem 11.6], and this is where assumption (A4) comes into play.

Proposition 17. Suppose assumption (A4) holds, and let T : P(©) — P(O) be

defined as follows:
exp (—BF'(p)(0))
Z3(p) 7

where Zs(p) = [exp (—BF'(p)). Then T has a unique fized point.

T(p)(0) =

We next show that the solution trajectory p; converges to the unique stationary
solution p*, under mild assumptions on the initial condition.

Theorem 7. Consider a measure j1g € M. (T©O) satisfying the assumption (A5).
Starting from such an initial condition o, the solution (u)i>o of (6.10) satisfies

the following.

(i) For each t > 0, the measure p; € Mae (TO), i.e., the associated joint PDF
pir € P(TO) exists.

ii) The trajectory (p;)i>o converges strongly in L' to the unique stationary solu-
Pt)t>

tion p* of (6.10) as t — oc.

Now that we have established the existence and uniqueness of a stationary solution
p* € P(TO), and convergence to p*, we will relate, in the next theorem, F'([p*]?)
to inf ,epe) F(p). Some intuition can be gained from the linear case: when F'(p) =
(f, p), the stationary solution is simply given by the Gibbs distribution, [p*]%(-) o
exp(—pFf(-)), which concentrates around the minimizers of f as § — oo, thus
F([p*]?) approaches inf,epe) F'(p) as f — co. The same holds in our non-linear

setting, as stated in the next theorem.
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For A\ € [0,1], let F\(p) := R((V,p)) + A (g, p), so that F}; = F.

Theorem 8. Let p* be the stationary solution of (6.10), and let [p*]° be its
marginal. Then there exists a constant C' that depends on F and d, such that
forall 8> 1,

) C+dlogp
F_ K0 < inf F —TTTer
1-1/8([p"] )_pel;;l(@) 1(p) + 5

The proof of the above theorem has two components: the first is the observation
that p* is a minimizer of the free energy £ (this follows from the characterization
in Theorem 6), the second is the bounds on the difference between € and F' derived

in Appendix A.14.

As a consequence of the theorem, the objective value at the stationary point can
be made arbitrarily close to the global infimum of F’ by taking 3 large enough. It
is worth emphasizing that the presence of noise, i.e., the diffusion term in (6.8), is
essential in guaranteeing existence and uniqueness of the stationary distribution.
In the noiseless case, there may exist multiple stationary points that are not global
minimizers. The addition of noise can be thought of as an entropic reqularization
of the functional F(p), and Theorem 8 says that one can approach the infimum

of the unregularized problem in the small noise limit.

6.5 Numerical simulations

To illustrate our results, we run synthetic numerical experiments following the
setup used in [65]. The model ¢ is a two-layer neural network, as described in
Section 6.1.1, with sigmoid activation function s(-) and width n, ie., ¥(z) =
Ly bis({a;, ). The features z are normally distributed in R?"!, and the

ground truth labels are generated using a similar neural network * with width
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ng, i.e., y = ¢¥*(x). The risk functional is quadratic, i.e., R(¢) = 5|[¢(z) — y||%=
TE,[(¥(z) — ¢*(2))?], where the expectation is over the empirical distribution.
We implement the stochastic heavy ball method using a simple Euler-Maruyama
discretization of (6.7), this will be referred to as (SHB) in the figures. We also
implement noiseless, second order dynamics: the heavy ball method, referred to

as (HB), and Nesterov’s accelerated gradient descent, referred to as (AGD).

6.5.1 Convergence to the global infimum

In a first set of experiments, we set the dimension to d = 100, and vary the
width n of the model, while keeping the width of the ground truth network fixed
to ng = 20. No regularization is used in this experiment, so that the model
can theoretically achieve zero loss whenever n > ng. The results are reported
in Figure 6.1. In the left subplot, each method is run for 10° iterations, and we
measure the loss at the last iteration. We repeat the experiment 20 times and
plot the average (represented by the lines) and the individual numbers (scatter
plot). The right subplot shows the full trajectory for one realization, for the width
n = 100. The results suggest that the dynamics converge to the global infimum
even with a reasonably small width n. The results also highlight the effect of
noise: the stochastic heavy ball method converges closer to the global minimum
when £ is larger, consistent with Theorem 8. Finally, the results for the noiseless
heavy ball method and Nesterov’s method suggest that convergence may occur

for a broader class of second-order dynamics than the setting of our analysis.
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Figure 6.1: Final loss value as the width n of the network increases for several
second-order dynamics (left), and sample trajectories for n = 100 (right).

6.5.2 Stationary distribution

In a second experiment, we illustrate the characterization of the limiting distribu-
tion, which according to Theorem 6, is the product of its marginals, where the r
marginal is a Gaussian o< exp(—/3|r|?), and the § marginal is oc exp(—BE"([poo]?))-

Recall from (6.3) that F'(u) = R((¥, 1)) + (g, p), thus

F'()(-) = (R'((W, 1)), W () 7+ 9(),

where g is the regularizer, which we set to g(#) = 0.01|6| in this experiment. The
risk functional is R(v)) = L||¢b — ¢*||%, thus R'(¢)) = 1 — ¢*, and

F'([n)")() = B (¥, [1]°) (@) = 0¥ (@) ¥ () ()] + g(-). (6.14)

In particular, if we apply this expression to the empirical distribution of the par-

ticles [u"])? = % ", 0p,, and use m independent samples x; ~ D to approximate

the expectation, we obtain

S S w0 @) - @) eOE). (615)

1
m, N3

F'([u")")() = () +
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This gives us an expression of the Boltzmann distribution that we can approximate

numerically in the finite particle case, by using [u?]? for large k, in place of [ps]°

in exp(—AF([ps]"))-

We rerun the same experiment described above, with n = 200, ng = 20, and in
lower dimension d = 2, so that we can visualize the distributions, and compare
the empirical and theoretical marginals at the end of training. The result is shown
in Figure 6.2, where the empirical marginals (scatter plot) appear to be consistent
with the numerical approximation of the Boltzmann distribution (heat map).

107

—— SHB (B =100)
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Figure 6.2: Illustration of the limiting distribution under stochastic heavy ball
dynamics. The loss value as a function of iteration number is shown on the left.
The middle and the right plots show the marginal distributions of position § and
velocity r, at the last iteration k = 10° (scatter plot). The heat map shows
a numerical approximation of the theoretical limiting distributions according to
Theorem 6. The level sets represent the log of the density of the marginals, i.e.
—BF'(u)(0), and —fB|r|*/2 respectively.

6.5.3 Illustration of the interaction potential

Finally, we illustrate the interpretation of the learning dynamics as interacting par-
ticles. One can view the dynamics of the network parameters (6;);=1,. , as evolv-

ing in a static potential given by the loss function f(6y,...,6,) = F (% " 591.),
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defined on ©". But because Vo, f(0y,...,0,) = ~VF’ (% > 592.) (6;) (see Ap-
pendix A.12), in fact each of the n particles is subject to the same time-varying
potential F'(u") : © — R, where pu" = LY, 6y, is the empirical distribution.
The potential at any time depends on the joint distribution of particles at that
time, but as the distribution converges, the interaction potential also converges.

To illustrate this, we plot in Figure 6.3 the evolution of F'(u}) as the step k

increases.

(a) k = 10 (b) k = 100 (c) k = 1000 (d) k = 10000

Figure 6.3: Evolution of the interaction potential F'(u}) as k increases.

6.6 Concluding remarks

We studied the stochastic heavy ball dynamics in the mean field limit, and es-
tablished convergence to global minimizers. This is, to our knowledge, the first
global convergence guarantee for second-order dynamics in this setting. Though
the result is asymptotic, numerical experiments on synthetic problems suggest

that the convergence occurs for networks of reasonably small size.

There are several possible directions to investigate quantitative results. For ex-
ample, hypocoercivity [214] is concerned with the study of the rate of convergence
of p; to its limiting distribution, and while the theory is in its early development

for the nonlinear case, we believe the techniques can be adapted under additional
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assumptions on F. A second direction is the study of fluctuations of solutions,
which quantifies the convergence of pj to the mean field limit y; as the number
of particles n — oo, as was done in [188,194] for gradient flow with quadratic
loss. A third direction is to study the generalization properties of the limit. In
the gradient flow case, this was investigated for instance by [66] for the logistic

loss.

We believe our results can be generalized to a broader family of second-order
dynamics, including Nesterov’s method. One technical challenge in doing so is
that the dynamics has a time-dependence due to the damping coefficient ~;, which

may require using a different Lyapunov functional.

Finally, the question of convergence for the noiseless second-order dynamics re-
mains unsettled and requires further investigation. In general, without diffusion,
there may exist stationary points that are not global minimizers (even in the mean
field limit). However, one can hope to prove, under suitable assumptions on F,

that such stationary points are repulsive, as was done in [65] for gradient flow.
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Chapter 7

Conclusions

In this dissertation we have presented the geometric theory of generalized gradient
flows. This theory provides a unifying framework that can be used to solve and
compute problems in density prediction, control and learning. In Chapter 1, we
gave a brief description of these subproblems and their motivation applications
from different fields. We also presented a short summary of the theory of gradient
flows in the space of PDFs and their connections to each of the three subproblems.
Building on this geometric theory, we developed a novel algorithm to solve the
density prediction in Chapter 1. This algorithm was used to compute the flow
of the joint PDFs of continuous time stochastic nonlinear systems motivated by
several engineering examples. We show that this proposed computational frame-
work is convergent by establishing certain contractive properties. The efficiency
of the proposed algorithm in terms of computational runtime was demonstrated

by numerical examples.

In Chapter 2, we addressed the Schrodinger Bridge Problem (SBP) which is the

problem of minimum energy finite horizon steering of state density between two
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prescribed endpoint densities via feedback control, subject to trajectory-level dy-
namics with nonlinear drift. We derived the conditions for optimality and showed
that two specific cases, gradient and mixed-conservative dissipative drifts, are par-
ticularly amenable for computational purposes using the algorithms we proposed
in Chapter 1. This work contributes to a growing body of algorithmic advances
to solving different variants of the SBP of interest. In Chapter 3, we introduced
the Reflected Schrodinger Bridge Problem (RSBP) which is an SBP subject to
reflecting boundary conditions on the controlled state trajectories. Combining
our prior work on Wasserstein proximal recursions with some recent results on
contraction mapping associated with the Schrodinger system, we provided a com-
putational pipeline for optimal feedback synthesis. Numerical examples were given
to highlight the proposed framework. In Chapter 4, we considered the SBP over
input state feedback linearizable dynamics. We showed that the density steer-
ing problem can be solved in linearized feedback coordinates. We derived the
state feedback controller in terms of the solutions of a pair of coupled HJB and
Fokker-Planck-Kolmogorov PDEs. Furthermore, we reduced this system of cou-
pled nonlinear PDEs to a system of boundary-coupled linear PDEs. Our results
are expected to lay the foundation for developing computational algorithms solv-

ing the density steering problem.

In Chapter 6, we characterized the convergence of neural networks trained by
stochastic heavy ball dynamics in the mean field limit, and established convergence
to global minimizers. We show that rate of convergence to the stationary point is
exponential under a weighted Wasserstein distance. This work is one of the first

works to provide a proof of global guarantees for second-order dynamics.

We outline some of the possible research directions that will be pursued based on

the results of this work.
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7.1 Density Prediction

The classical JKO scheme was originally proposed for systems with gradient drift
and the scaled isotropic noise, and later was extended to account for degenerate
diffusions with mixed conservative-dissipative drifts, many engineering systems in
practice do not admit such canonical forms. For example, the following cases are

of significant interest:

e Euler’s rigid body equations whose drift is a sum of a linear vector field and

a divergence free and non-gradient vector field

e A system of coupled second order nonlinear oscillators with mixed conservative-

dissipative drift with non-isotropic diffusion

e Generic nonlinear stochastic systems whose structure can be exploited to

yield an appropriate distance and free energy functional

The first is a prototypical system in systems-control theory, while the second
appears in dynamical models of kinematic models and interconnected power grids
as well as in models in mathematical biology. Designing a JKO-like scheme for
these systems amounts to amending the distance functional d and the free energy
functional in the proximal operator. Finding a suitable distance function and free
energy functional remains a non-trivial task. Ideally, we would like to develop a

theory to design a scheme that encompasses any choice drift f and diffusion g.

Next, we would like to explore the computational complexity of these algorithms
and how they compare to traditional methods. The main computational bottle-
neck in the proximal recursion algorithm is in the multiplication of the exponen-

tiated cost matrix I' of size m X n with an n dimensional vector where m is the
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number of particles g, _; and n is the number of particles g,. When the dimension
of the state space increases n, m also tend to increase to account for the sparsity.
We would like to investigate techniques that would speed up the computational

performance of this algorithm for a large number of particles.

7.2 Density Control

The classes of SBP problems investigated in this dissertation were limited to
quadratic costs. A natural question is how to extend these results to generic La-
grangians. It is expected that the conditions for optimality will be more challeng-
ing. Given its contractive properties, it would be ideal to transform this system
into Schrodinger System; however it is not guaranteed that the Hopf-Cole Trans-
form will yield such a system except for a few cases. We would like to investigate

whether such a generalized transform exists.

One other direction is to consider generic prior linear dynamics. The cases that
we considered were limited to gradient drift, conservative-dissipative drift, and
feedback linearizable,dynamics but the dynamics in practical systems have no ex-
ploitable structures. We envision that the future directions in Density Prediction

will go hand in hand with solving more general trajectory dynamics.

7.3 Machine Learning

We believe our results can be generalized to a broader family of second-order
dynamics, including Nesterov’s method. Due to the time-dependent damping

coefficient ~;, we need to use a different Lyapunov functional. There are several
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possible directions to investigate quantitative results. We are concerned with
the study of the rate of convergence of p; and we have some initial results on
proving exponential convergence towards the equilibrium in weighted Wasserstein

Distance.

Finally, the question of convergence for the noiseless second-order dynamics re-
mains unsettled and requires further investigation. In general, without diffusion,
there may exist stationary points that are not global minimizers (even in the mean
field limit). However, one can hope to prove, under suitable assumptions on F

that such stationary points are repulsive, as was done in [65] for gradient flow.
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Appendix A

A.1 Derivation of Fokker-Planck Equation
Consider the stochastic differential equation
dzy = f(x, t) dt + g(x, t) dw, (A.1)

and let ¢ : X — R be a smooth function with compact support. Consider the

time derivative

CElo@)] = & [ s@ipn ) de = [ o) de (A2)

On the other hand, by Ito’s formula we have
dE[¢(x,)] = Eldg(w,)] (A.3)
=& [((£.0) + 5 (09" Hess(0)) ) d + (Vg du)] (A.4)
= (B1(F. ) + 3 [(og" Hess(0)]) de +E[(Vo.gdw)]. (A5
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Observe that the last term equals zero since dw is independent of of x; so the

expectation becomes

E[(V¢,g dw)] = E |Vo(z,) g] E[dw] = 0

(A.6)

where E[dw] = 0 by Gaussian property of the Wiener process. "Dividing by dt",

on both sides, we get

CElolw)] = E[(f,0)] + 1E [{gg Hess(0))].

Now using the integration by parts formula

/u(V cv)de = —/(Vu,v> de.

we obtain

E[(f.0) = [ (f.00pla.0)de =~ [ V- (pf)o(a) da.

Applying the integration parts formula twice yields

T 5¢
E |(gg", Hess(¢ /Z r99 " )iz —— o

2,7=1

8u
- = Z /X 81‘, pgg zga dx

z]l

=% /x Fw:07;\ (pgg " )ijé(x) da.

7,7=1
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By equation the two expressions for the %E[gb(a}t)], we obtain

n

/X(gﬁv(pr;Z

2,j=1

;0 (pggT)iﬂ) ¢(x)de =0 (A.13)

and since ¢ is arbitrary, the evolution equation for the pdf p is given by

dp 1 & 0 T
a V- (pf)+ 5 ;::1 W(PQQ )ij (A.14)

7j ']

A.2 Derivation of (2.28):

Noting that scaling and translation by constants do not alter the outer argmin in

(2.27), we rewrite the same as

1 €
= har mm{ min —(Cy, M)+ -H(M
[ 9! Men(gk,l,gﬂh( o M) + 5+ H(M)
~S1T M1+ F(g)}, (A.15)

since 1" M1 = 1. The Lagrangian £ associated with the inner minimization in

(A.15) is given by

1 € €T
+<A07M1 - Qk71> + <A17MT1 - Q) (A16)

Setting the derivative of (A.16) w.r.t. the (7,j)-th element of M equal to zero,

followed by algebraic simplification yields (2.28).
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A.3 Proof of Proposition 5

We start by rewriting the Lagrangian (3.17) as

Lip,u, ) = // fuu:ctnw:ct)dwdt

+/0 /nw(:c,t)a—f de dt

term 1

+//¢mt{ p(f + B(t)u ))—elT(D(t)G)Hess(p))l}dmdt.

term 2

(A.17)

Next, we switch the order of integration, perform integration by parts w.r.t. ¢
in term 1, and integration by parts w.r.t. « in term 2. Assuming the limits for

|  ||o— oo are zero, the Lagrangian (A.17) then simplifies to

tir= [ [, (-2

~ (V0. £ + B(t)u) — (D(t), Hess (1) ) (e ) da (A.18)
where we have used the (two-fold) integration by parts:

L {1T<D<t> © Hess (1)) 1} v(a 1) da

_Zle/" 89:18::; o vt de
= _ ijjl/n ‘ l] g;i
2
_”2:1 /n Py 825@ dx
2
—/n ”2:1 g (‘325@ dz

= | (D(t),Hess (¢))p(x,t) de.

Rn
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Pointwise minimization of (A.18) w.r.t. u for a fixed PDF p, gives
u’(xz,t) = B(t) " Vi(z,1). (A.19)

Substituting (A.19) back into (A.18), and equating the resulting expression to

zero, we get the dynamic programming equation

[ (5 - BT - e

(A.20)
_ ¢(D(t), Hess w))) p(a, ) da dt = 0.
For (A.20) to hold for arbitrary p, we must have
S SIBWTVUIE + (VY. f) = ~(D(1), H (A.21)
ot 2 2 ) — €< (t)v €ss (w>>7 '

which is the HJB PDE (3.19a). The associated FPK PDE (3.19b) results from
substituting (A.19) into (3.15b). The boundary conditions (3.20) follows from
(3.15¢). This completes the proof. |

A.4 Proof of Theorem 6

In (3.4a), taking the gradient of ¢ w.r.t. @, we get

Vo= 21€exp (;i) V. (A.22)
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Furthermore,

2

- lD(1). Hess (¢)) = —¢ 3 (D(0)s 55— exw (/20)

ij=1

o exp(¥/2€) [ & 0% 1 oY o
- 2¢ {”z::l(D(t))” (8%8% + 268%’18%>}

1

- e (;”) [- D), Hess () - L IBOVO.  (A)

From (3.4a), taking partial derivative of ¢ w.r.t. t gives

dp 1 v\ oy
o =2 ()
(3.19a) %exp (@0) {_ %HB(t)TVdJH% — (Vi) f) — e(D(t), Hess (1/1)>}

2e
(A.22)é(A.23) —(Vo, f) — e(D(t),Hess (¢)) =: Lk,

i.e., o(x,t) satisfies the backward Kolmogorov equation (3.22a).

To demonstrate that ¢(x,t) satisfies the forward Kolmogorov equation (4.4a),

from (3.4b) we compute

opt

Vi = exp (—i) (— pQE Vo + vpopt> . (A.24)
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Consequently,

1" (D(t) ®Hess (9)) 1

n 82()5
_iJZl(D(t))ijaxixj

(?)ilb) n 1/] 82p0pt 1 apopt ¢ 8w

= g:l(D(t))m{exp 5 8:70,-8%-_2 oz, exp ~o5 o,

B 62,¢ popt o _E B ai iapopt o _E
&Uiaxj 2¢ P 2€ 8xj 2¢ (9:1}1 P 2€
port v\ oY

+ 462 exp <_26> 8131)}

= exp <_;i> {elT (D(t) © Hess(p™)) 1 — (Vp™, D(t) Vi)

opt
P

4e

opt
P

2

(D(t), Hess(¥))) + *— (v, D(t)w)}. (A.25)

Also, we have
~V- (P D1)VY) = — (V™ D(t)VY) — o (D(t), Hess(v)),  (A.26)

and

5.50),(A.24 ot
(5:500(A24) o _;Q (_ pzz (VU, f) + (Vo™ f)
bRty f>, (A.27)

wherein we used the chain rule for the divergence operator. Taking partial deriva-
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tive of (3.4b) w.r.t to ¢, we then get

% _ ap <_¢> <3ﬂ°"t o aw)

ot ot 2 Ot

B19) exp (—;”) {-v ) -V (DY)

+el’ (D(t) © Hess (p°pt)> 1} — p;:t{— ; | B(t)'V |2 (A.28)
~(V, f) — «(D(t), Hess(v)}
(A.25),(A.:26),(A.27) LV (Bf) 1 eAd

i.e., p(x,t) satisfies (4.4a).

Combining (5.50) with (3.20), we obtain the boundary condition (3.23). Finally,
combining (3.4a) with (A.19), yields the optimal control u®*(z,t) = 2¢B(t) "V log (.
|

A.5 Proof of Theorem 7
First, notice that (3.31) follows from combining s = 1—¢ and (3.30a). Next, using

p(x, s) := q(x, s)exp (=V(x)/e), (A.29)

we find that

Vg = exp (V/e) (Vp + fvv) . (A.30)
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Applying divergence operator (w.r.t. x) to both sides of (A.30) yields

Ag = <Vp + gvv, Vexp (V/e) > +exp(V/e) V- (Vp + fvv)
2
— exp (V/e) (Z’;vaug L Ap+ Z(Vp, VV) + fm/). (A.31)

€

From (A.29), we have

=" exp (=V/e) (—(Vq, VV) + eAq)
(A.30),(A.31) _<Vp N %VV’ vv> te (guvvug + Ap
+2Vp, V) + Lav)
= (Vp,VV) + eAp + pAV

=V - (pVV) + eAp, (A.32)

which is indeed the PDE in (3.32). Setting s = 0 in (A.29) recovers the initial

condition in (3.32). This completes the proof. [

A.6 Proof of Theorem 8

Notice that (3.38) follows by combining s := 1 — ¢, and (3.37a). To derive (3.39),

we start by taking the gradient of

5, —n.5) = (& ms)esp (— (Sl + V(@) (A.33)
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w.r.t. & and n, respectively, to obtain

Veq = exp <

Vyq = exp (

(I +v©)) (Ve + Ever), (A1)

(13 +v©)) (-9 i+ 1im) (A.34b)

1
€
1
€
Applying divergence operator w.r.t. 1 on both sides of (A.34b) yields

Ba= o (¢ (Sl +V(©)) (3-0p = F(V-mm

+ P +f|| u) (A.35)

Thus, we have

DDA o (L (Sl +vie)) X
GIAIDED) o (L (Limi +vi©)) {n. Ve + vy

VeV () —km -Vt Lm)
A= (Vi) + Z ]}
= oo (= (SImiz+v©)) {<n,vgm—m<v_nﬁ,n>
4 (V_yB, VeV) + K+ em,ﬂa}
= e (— (31918 +V(©)) {-9. Ver) + (Vap.0)
4 (Vop, VeV + kp + emﬁp}

—exp (—; (31918 +V©)) { - 0.V

Ve (p(VeV (€) + 10)) + emﬁp},

which is the PDE in (3.39). Setting s = 0 in (A.33) recovers the initial condition
n (3.39) . |
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A.7 Regularity of the Transition Densities for

(3.33) and (3.40)

In this Appendix, we point out that the transition probability densities K (s, y, t, x)
for (3.33) and (3.40), are indeed positive and continuous in «,y € R" for all s < t.
First, recall that the transition densities themselves solve the same PDEs as in
(3.33) and (3.40), with initial condition lim; s K(s,y,t,x) = é(x — y). From the
maximum principle for parabolic PDEs, it follows that the transient solutions of
(3.33) and (3.40) are positive as long as the initial conditions are positive. The
continuity, in the gradient drift case (3.33), is standard assuming V' € C? (R");
see e.g., [202, Ch. 1.2]. For the degenerate diffusion case (3.40), the situation is
more subtle: a result from Villani [213, Theorem 7] ensures the continuity (w.r.t.
both state and time) of the transient solutions, under the assumptions on V(+)
stated in Section 3.4.2, viz. V € C?(R™), inf V > —oo, and Hess (V') uniformly

lower bounded.

A.8 Proof of Theorem 1

The necessary conditions for optimality (4.4) can be deduced using the Lagrange
multiplier theorem in Banach spaces; see [223, Ch.4.14, Proposition 1|. This
theorem allows us set up an augmented Lagrangian associated with (4.3) and

perform pointwise minimization to derive (4.4).
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To apply this in our context, define the function spaces

Por = {p(t,-) € Po (X) | p(0,) = po. pl1,-) = p1},
Por = Por N L (H([0,1]; X)) 0 H* ((H'([0,1]: X)) ),

X =Py x LA([0,1] x X), Y := L*(H}([0,1]: X)),

where [0, 1] denotes the time interval, and L? () denotes the space of square inte-
grable functions. The notation L?([0, 1]; H' (X)) stands for the Sobolev space of
functions having first order weak derivatives w.r.t. ¥ € X, and finite L* norms
w.rt. t € [0,1). Furthermore, H' ([0, 1]; (Hl(?))*) = {¢(t,-) € L*([0,1]) |
% ¢ 12([0,1]),¢ € (Hl(T))*}, wherein (Hl(?))* denotes the dual space of the
Sobolev space H'(X). We denote the dual space of Py as 755‘1. In the defini-
tion of Y, the notation H~! (7) stands for the space of all linear functionals on
H} (X) := {¢ € H'(X), and vanishes on dX}. Then, in (4.3a), the objective

functional F': X — R, and is given by

11 u)||2 u u
Flpu)i= [ [ Slutt.ap)3 ptt.ay) at dey (A.36)

The constraint is a mapping G : X — Y given by

Glp.w)(W)=[ (L ) p(1. af)def [ (0, a7)p(0, 27 derf
19 1
- L / S da di+ L / OV - (pu+ f) — 0Ap) da® dt, (A.37)
xJo xJo
where we used (4.3¢) so that the boundary terms vanish in the integration by
parts. Following [3, p. 112-114], one can show that G,(p,u) and G, (p, w) (where

" denotes derivative w.r.t. the subscripted variable) are surjective, and hence

by [223, Ch.4.14, Proposition 1], there exists ¢ € Y* = L?([0,1]; H3(X)). This
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result allows us to perform pointwise minimization of the augmented Lagrangian

Lo )= [t @) ot at) datt +
//wpad +//w pu+ f) — 0Ap) dadt.

term1 term2

By performing integration by parts in ¢, term 1 becomes

0
a0, wp) — v0,21)p(0.38) [ 2 pat |az.

constant w.r.t. (p,u)

For term 2, we perform integration by parts w.r.t x}*, impose the boundary con-

dition (4.3¢c), and thereby deduce that .Z (up to an additive constant) equals

[ (310132 (v ) - 080) et . As)

Pointwise minimization of (A.38) w.r.t w while fixing p, gives the optimal control
(5.32). Substituting (5.32) back into (A.38) and equating the resulting expression

to zero results in the dynamic programming equation

[L(=5 = 3100l = (w6, ) - 080 Jpaat i o
Since the above holds for arbitrary p, we must have

O &SIV + (Vo ) + 02 =0,

which is indeed the HJB PDE (4.4b). Substituting (5.32) in (4.3a) yields the FPK
PDE (4.4a).

The Neumann boundary condition (4.6a) follows directly (see [152]). The endpoint
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conditions (4.6b) follow from (4.3d). The Robin boundary condition (4.6¢) is
obtained by combining (5.32) with (4.3c). [

A.9 Proof of Theorem 2

The system of linear PDEs (4.8) are obtained via straightforward but tedious
computation detailed in [44, Appendix B]. The boundary conditions (4.9a) follow
by setting ¢t = 0,1 in (4.7). To derive (4.9b), evaluate (4.7a) at a boundary point
Tpay € OX. In the resulting expression, take the natural log to both sides and

then take the gradient w.r.t. xnqy, to get

Vo(t, Tpay)

Vib(t, =20 .
Vit @oay) o(t, Tnay)

(A.39)

In both sides of (A.39), we take the inner product with the normal vector v (pqy),
and use (4.6a), to obtain (Vp,v)|,, = 0, as in (4.9b). To deduce the second
equality in (4.9b), we evaluate (4.7b) at &pqy, and then as before, take the natural

log followed by the gradient w.r.t. pqy, and invoke (4.6a) to arrive at

(VO(t, @pay), v(wpay)) _ (p™' (L, Tay), v (@pay))
P(t, Tray) PP (t, Xay) ‘

(A.40)

Using (4.6a) again in (4.6¢), the RHS of (A.40) simplifies to (f (£, Zvay), ¥ (bay)) /0,
and thus yields the second equality in (4.9b). Finally, (4.10) follows from (4.7)
and (5.32). |
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A.10 Proof of Lemma 1

Proof of (i): To demonstrate continuity, it suffices to show that the infinite sum

in (4.14) for Ky(z,y,t = 1) converges uniformly on [a, b] X [a,b]. For k € N, let

fila,y) = exp <_(§712]Z2>2> cos <’Wb($_—aa)>

and notice that
‘fk(x,y)’ < M, for all (a:,y) € [(I,b] X [a7b]>

where M, := exp (—07%k*/(b — a)?). Furthermore,

By the ratio test [189, Ch. 3, Theorem 3.34], we then have

ZMk<OO-

k=1

(A.41)

(A.42)

(A.43)

(A.44)

From (A.42) and (A.44), the Weierstrass M-test [189, Ch. 7, Theorem 7.10] implies

that >-22, fx(z,y) is uniformly convergent for all (z,y) € [a,b] x [a,b], and the

resulting sum must converge to a continuous function. Therefore, Ky(z,y,t = 1)

is continuous for all (z,y) € [a,b] X [a, b].

Proof of (ii): To establish positivity, set r :=b—a,% := z — a,7§ := y — a. Using
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basic trigonometry and the Euler’s identity, we find that

r = r
> 1 ( 97T2m2) <zm7r (Z+79) >
= > —exp|——F5— |exp
m=—00 r r
> 1 Om?m? imm (%
D g (‘ 2 )exp< ) )
Let
(m) = 1 _t97r2m2 (imﬂ'(&? —l—g])) (A.46)
g(m) := 5 exp s e | — — ) :
=:g1(m) =ig2(m)

and denote the Fourier transforms of g;(m), g2(m) as gi(m), g2(m), respectively.

Notice that

1 r?m?
g1(m) = — A4
() = o (<5, (A7)
Ga() = 6 (m _ x;y) , (A.48)

where 0(-) denotes the Dirac delta, and hence by the convolution theorem, the

Fourier transform of g is

1 r? @+
it = e (< (2~ 52) )
S — ) w0

> glm = Y gm). (A.50)
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implying that the infinite sum in (A.45) is equal to

1 > (2mr — 7 — §)?
Jind AZ lexp (— 10 > +
exp <— (2r — & + ZDQ)] ) (A.51)

46

which is obviously positive. Therefore, Ky(z,y,t = 1) is positive for all (z,y) €
[a, b] X [a,b]. |

A.11 Proof of Proposition 1

Using Lemma 9 and that [a, b] is a compact metric space, the hypotheses of [53,
Proposition 4 and Theorem 8] are satisfied. Therefore, the solution pair (¢1, o)
exists and is unique in the projective sense. Furthermore, the fixed point recur-
sion being contractive in Hilbert’s projective metric, converges (by contraction

mapping theorem) to this pair. [

A.12 Gradient in parameter space and differen-

tial in distribution space

Recall that the risk functional is R : F — R,. Let us define the following

functions:
e The objective function in parameter space:

FOrn 0) = F (711 i%) _R (i ixp(@») + :L S g(6).

i=1
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e The objective functional in distribution space: F(u) := R((V, u)) + (g, u).

By the chain rule, the gradient of f is

Vo, {6 6) = (RS WO, W6) + - Ve(6),  (A5)
and the differential of F' is
F (1)) = (R (0, ), W)+ g0). (A53)

Identifying (A.52) and (A.53), we see that nVe, f(01,...,0,) = VF'(u")(0;),

1
where p" = =~ 37" | dp,.

Observe that the gradient is scaled by n, which leads to nonlinear dynamics in
the mean field limit. A different scaling can lead to simpler, linearized dynamics
that are referred to as lazy training 67 or the kernel regime 123,220. Our analysis

is concerned with the fully non-linear regime.

The stochastic heavy ball dynamics in the parameter space is given by

91’ =Ti,

iy = =N, f(Or,. ., 0,) — yri + /2B 1 AW},

where ¢ = 1,...,n. Using nVy, f(61,...,0,) = VF'(u™) in the previous equation
yields (6.7).
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A.13 Consistency of the mean field limit

Proof of Theorem 5. The proof of consistency follows a standard martingale ar-

gument, which we briefly sketch here. Additional details can be found in 168,169.

Fori=1,...,n,let

. 0: , T , Odxd
Xpm (] ouh = | () = 257
r Fr([pd]7)(6;) — g Laxd
and consider the system of Itd stochastic differential equations:
dX; = b(X{, p) dt + o (X[, ) AW, (A.54)

where dW}, for each ¢ = 1,...,n, is the standard Wiener process in 7©.

For any compactly supported test function ¢ € CZ(7©), i.e., the space of all
bounded continuous functions ¢ : 7O — R with bounded continuous partial
derivatives of first and second order, we want to describe the time evolution of

the quantity

> elXD). (A55)
Using I[t0’s rule, we have

dp(X}) = Lupo(X]) dt + Vo ' (X])o(X], i) AW,
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wherein the infinitesimal generator L is defined as

L,p(x) := (b(x, 1), Vyo(x)) + ;trace (O'O'T(JZ, u)Hess(gp)) . (A.56)

Therefore,

d(p, up) = i EH: dep(X7)

i=1

1 . ‘ .
= (Lo, i) At + =3 V' (X))o (X, i) AW

=1

= (Lyp o, py') dt +dM, (A.57)

where M}" is a local martingale. Since ¢ € CZ(TO), we have |V o|< /287 19|V,¢| <
C uniformly for some C' > 0. Notice that the quadratic variation of the noise term

in (A.57) is

n 1 & t T 7 i, n\|2 tCQ
7] = =53 [V (XX )P ds < =,
n* = Jo n
and by Doob’s martingale inequality, we deduce that
2 2
n n\2 n)2 n 4tC
E (sup M, ) <E (sup(Mt ) ) <4E ((Mt ) ) < AE([M]]) < . (A.58)
t<T t<T n

So as n — 0o, the noise term in (A.57) converges to zero in probability, and we

get a deterministic evolution equation.

Next, we argue that sequence {(y})i>0},., of measure-valued stochastic pro-
cesses converges to some probability measure-valued limiting process (p)i~o as
n — oo. To this end, we take {(u")i>0},—, to be the (random) elements of

Q= C([0,00), M(TO)), the set of continuous functions from [0, co) into M (7 O)
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endowed with the topology of weak convergence. Following 168,169, it can be
shown that the sequence P, of probability measures on €2 induced by the pro-
cesses {(1)")i>0}.-, weakly converges (along a subsequence) to some P, where P
is the measure induced by the limiting process (j)i~o. By Skorohod’s represen-
tation theorem ?, the sequence { (4} )i>0}, -, converges P-almost surely to (f)so-

Since the martingale term in (A.57) vanishes as n — 0o, we obtain

d(p, ) = (Lo, ) dt = (o, Ly pe) dt, (A.59)

which is valid almost everywhere for any test function ¢ € CZ(7©). In (A.59),
L* is the adjoint operator of L given by (A.56), and is defined as
. 1 & o2

2 ij=1 0xixj

(noa ™ (z,m))i;. (A.60)

This shows that p; is almost surely a weak solution to the nonlinear Fokker-Planck

PDE (6.8). u

A.14 Variations and bounds on the free energy

This section provides the details of the proofs in Section 6.3, and additional bounds

that are used in the proofs of the main results.
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A.15 Proof of Lemma 15

Proof. By assumption, p; satisfies the continuity equation dp, = —V - (pv;), thus

IV (pr) = (V'(pr), Oupr) by the chain rule
= (V'(p), =V - (prvr)) by the continuity equation

= <VV/(Pt)a ptvt>* )

where the last equality follows by duality of the gradient and divergence operators
V and V-, in the following sense: if f : 7O — R is a differentiable scalar function

and G : TO — R? is a vector field, then

The inner product in the first summand above is for vector fields whereas the

same in the second summand is for scalar-valued functions. |

A.16 Lyapunov function in the single particle

case
This section highlights a connection between Lyapunov functions for the single
particle case, and Lyapunov functionals for the mean-field dynamics. To simplify

the notation, let & = (0, 7) denote a position-velocity pair. Lemma 15 states that

if p; € P(TO) solves the continuity equation d;p; = —V - (pyv(p;)), then the time
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derivative of a functional V(p) along the solution trajectory p; is given by

d

V00 = (V) p(0), = [ (VV(0)(€). v(p0)(©) pr(€)ds. (A6

In the single particle case, if & € 7O solves the differential equation & = v(&)
for a vector field v, then the time derivative of a function V' (§) along & is, by the

chain rule,

SV(E) = (VV(€),v(6). (A.63)

Comparing the two expressions, we see that (A.62) can be viewed as an integral
version of (A.63). This connection is particularly simple in the linear case with
no interaction: suppose V(p) = (V, p) for a differentiable function V : TO — R,

and the vector field v does not depend on p. Then the following holds:

If (VV(€),v(£)) <0 for all &, then V is non-increasing along py, and V is non-

increasing along &;.

In other words, the same sufficient condition describes Lyapunov functions for &

and Lyapunov functionals for p;. In the nonlinear case, the condition becomes:

If (VV'(p)(€),v(p)(&)) <0 for all p and all &, then V is non-increasing along py,

and V'(p) is non-increasing along the solution to & = v(p)(&,).

In this case, the condition describes a family of single-particle dynamics v(p) and

corresponding Lyapunov functions V'(p), where the family is indexed by p.

We examine the case of the noiseless heavy ball dynamics as an example. In this
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case, we have

oun(p)(6, 1) = ( " ) , (A.64)
=V E'(p)(0) —r

Vi) 6,7) = F(p) + {51rT%, ) (A.65)

Vi (0)(0,7) = F'(p)(6) + 5P (A.66)

corresponding to equations (6.8),(6.9) without diffusion.

Viewed as a single-particle dynamics, vpg(p)(-) describes the damped nonlinear
oscillator with potential F’(p)(-). It is well-known from the optimization literature
that (A.66) is a Lyapunov function for the dynamics (A.64), see, e.g., 87. This

fact can be easily verified: for all 6, r,
VF'(p)(0 r
<VV£IB(p)(6.>T)avHB(p)(ear» - < ( (p)( ) ) ? ( )>
r =V (p)(0) —r
= —lrP< 0.

Therefore, that Vyp is a Lyapunov functional for the mean-field dynamics is a
simple consequence of the single particle case. Proposition 16 is an extension of

this fact to the case with diffusion.
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A.17 Time-derivative of the free energy

Proof of Proposition 16. From the expression of the free energy £(p) = F([p]’) +

<%|T|2, p> + % (log p, p), we obtain,
/ / 1 -
E'(p)(@,r) = F'([p]°)(0) + §|T|2+5 Y1+ log p(6, 7)), (A.67)
and, using the shorthand ¢y := ~'Vylog p;, £, := 71V, log p;, we compute

9E(pr) = (VE (pr), prv(pr)).,

<(v9F’([pt]9)+£e) ) ( " )>
e, N\ VeF (o) ==ty )

<_7 <T‘, T) -7 <€r>€r> - 2'7 <7°, gr) + <£97T> - <€Ta VGF/([pt]9)> 7pt> .

We conclude by showing that ((¢s, ), pt), <<€T, VgF’([pt]9)> : pt> are equal to zero.
Indeed,

/T@ (Co(0,7),7) pe(0,7) dOdr

=/ [r (Vglog pi(0,7),7) pi(6,7) dfdr by definition of £,
©

=g [ (Vop(6,7),7) dbdr

=5 (pe(0,7), Vg -r)dodr by duality (A.61)
76O
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and similarly,

fo

S

6(0,7), Vo' ([p)(6))) pe(6,7) dOdr

g /Te <Vr log p(0,7), VGF/([Pt]G(@))> p:(6,7) dfdr by definition of ¢,
57 [ (Sel6.), Vo (10)')(6)) dodr
=" [r L (pu(0.7), Vo Vo ([0])(0) ) d0dr by duality (A.61)

=0,

where the last equality is due to the fact F’([p;]?) does not depend on 7. [

A.18 Additional bounds on the entropy and free

energy

We recall the expression of the free energy:

£(p) = F(ll’) + (51 0) + H(p)

= Follol’) + (9(0) + 52, p) + H(p),

where H(p) := (logp, p) is the negative entropy, Fo(p) = R((\, p)) is the unregu-

larized risk, and ¢ : © — R, is the regularization function.

Let I be the set
K:={peP(TO): (9(0) +Ir|*/2,p) < o0}. (A.68)

First, we provide the following lower-bound on the free energy. For p € P(TO),

214



we write logp = log™ p — log™ p, where log" p := max{logp,0} and log™ p :=
max{— log p, 0}.
Proposition 18. Suppose that assumptions (A1)-(A4) hold. Then there exists a
positive function C(a) such that for all p € K, and all o < 3

Cla)

Elp) = Fo([p)°) + (1 —a/B) {g,p) — 5 (A.69)

Proof. We can decompose & into

! ( <10g+ P, p> - <10g‘ P, p> ). (A.70)

Elp) = Fo([p)") + <9(9) + |r2|/2,p> + 3

We focus on bounding the last term. First, following ?, observe that for any

constant ¢ > 1, we have
zlog”z <c(x+e ) forallz>0.

The inequality is trivial for > 1 since the LHS is 0, by definition. For = € [0, 1],
this can be verified by noting that the difference d(z) := xlog™ z — ¢(x + ¢7°)

c—

attains its maximum at x = e 7!, and d(e ') < 0. Applying the previous

inequality with a function ¢ : 7O — [1, +00), we have

<10g_ P, p> < <c(9, r),p(0,r) + 6_0(9””)> .

Let o > 0 and take ¢(6,7) := 1+ a(g(8) + %), which is > 1 since the regularizer

g is non-negative by assumption. Then

2
|

2~ dédr.
(A.71)

2
B r —l-«a —a
<10g P P> <l4a <g(9) + |7“]2/2,p> +/®(1 +ag(0) —|—a|2|)e 1=ag(9)
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We shall prove that the last term, which we denote by C(a) := [;o(1 + ag +

|2 |r|2

al-)e~ 1729~ s finite by virtue of assumption (A4). Indeed, the assumption

guarantees that e~ is integrable. It also follows that ge~*¢ is integrable: indeed,

for any € € (0, ), using the inequality 1 + eg < e, we can write that ge=®9 <

e—agteg_o—ag

, and the upper-bound is integrable by assumption (A4).

To summarize, we obtain

(log™ p,p) < a{g(0) + |r[*/2,p) + C(a), (A.72)

for a finite, positive function C'(«). Using the last inequality in (A.70), and the
fact <logJr P, p> > 0, we obtain

C(a)

E(p) = Fol[pl") + (9(0) + 1°1/2.p) (1 = a/8) = ==

Finally, taking o < 3 guarantees that the term (|r|?, p) (1 — /) is non-negative,
and proves the claim (A.69). [

Proposition 19. Let p, € C ([0,00), P(TO)) be a solution to (6.10) with initial
condition py € P(TO), and suppose that py satisfies assumption (A5). Then
for all t > 0, the quantities £(py), Fo([pd]’), (9(0) + |r[*/2, pi), (log" pr, pr), are

bounded independently of t.

Proof. From (A.70), we have

FO([Pt]G) + <9(0) + |7’|2/2, Pt> + 6_1<10g+ Pt7,0t> = 5(Pt) + 6_1<10g_ Pt ,Ot>-

The terms on the left-hand-side are non-negative. We upper bound the right-
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hand-side using (A.72), to obtain

Fy ([0d°) + (9(0) + 1r1°/2, i) (1 — a/B) + B {log" i, pi) < E(p) + B7'C(ev).
(A.73)

Choosing a < 3, as in the proof of Proposition 18, and using the fact £(p;) is a

decreasing function of ¢ (Proposition 16), we have

0< Fy ([p)") + {g(0) + [rI*/2,p) (1 — @/ B) + B~ (log" p1, pr)
<E(p)+67'C()

< E&(po) + B 'C(a) <
where the £(py) is finite by virtue of assumption (A5). The statement follows. W

The following is a consequence of Propositions 16 and 19.
Theorem 9. Consider the set up in Propositions 16 and 19. Then the solution
trajectory (pi)i>o for (6.10) satisfies

lim T@\r + BV, log pi|*p; dOdr = 0. (A.74)

t—o00

Proof. Propositions 16 and 19 allow us to deduce that the functional £(p;) given
by (6.9) has a finite limit as ¢ — co. Now our strategy is to prove that G := 0, is

uniformly continuous in ¢. Then, by Barbalat’s lemma ?, the claim (A.74) follows.

To prove the uniform continuity of GG in ¢, it suffices to show that 0,G is upper

bounded for all ¢ > 0. First notice that

0GI= (VG (p1), prv)|= [By, VG 0] [ By, [IVG (0) ] \Ep, [Juif?], (A.T5)
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where the last inequality is due to Cauchy-Schwarz. By applying Cauchy-Schwarz

again,

Ep[Joil?] = [ (IrP+VoE (%) + 77 + 74, ) prcidr

< /T @((1 + 372)|r|2+372|€r|2+3|V9F'([pt]0)|2) pedfdr. (A.76)

Per Assumption (A3), VoF'(p?)(0) € L>(0), and hence [|VoF'(p!)[*p;d0dr < co.
From Proposition 19, we know that [|r|?p;dfdr < co. Noting that [|(,.|?p,d0dr =
g2 [ eelagdr = 4872 |V, /pi|?d6dr, and that V,./p € L*([0,T],76) for
any T > 0 (see e.g., 7), we have [|(,]*p;dfdr < oo. Putting these together,
we find that (A.76) is finite for all ¢ > 0. We also note that the finiteness of
[16-2pedOdr = 372 [ Iv%O%Fdﬁdr implies that p, is positive almost everywhere,

and that the Fisher information [ Wp%‘Qd@dr < 0.

To show that the other factor in the right-hand-side of (A.75) is finite, let G; :=
_7<|T|27pt>7 G2 = _2/7 f<ra E'I’)ptdedra G3 = _7<|€T|27 pt)a and notice that

G = —’y/ |7’ + &«’2/013 dodr = G1 + G + Gs. <A77)
TO
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Direct calculation of the functional derivatives yield
G = —lrf? (A.782)

! —1 O —1
Gl =284V (9) . 0V€9>pt< (T) v (9) pt> — 248 ', (A.78D)

r

_|vrpt|2 o

A | ) 7

B Vool2 2 9 o (IVep2 2
= —B7%y (—' §t| - ;Arpt + 102|Vrpt‘2> = -3 (’péﬂ - AM) :
t

t t t Pt

Combining (A.77) and (A.78), we get
G = —ylr|*+2dB~ v = B2 (p 2| Vepe P =20 Arpr) -

Therefore,

VoG’ 2V (p 2| Vepi 2201 A,
vor— [ V) B2V (i |VemilP =20 A ) | (A.79)
v, G’ 2r + 7V, (pt‘ 2 |Vepe =207 1Arpt)

Recalling that 872p; %|V,p|?= |(,]?, we get

IVG']’< 377 (47~2+v<9> 16,

r

2 2
* 46_4‘v<0) pt_lATpt ) ) (ASO)

T

and hence E,, [[VG'|?] (the other factor in the RHS of (A.75)) is less than or equal
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to

2 2
1242 / |7 |? p,dOdr +3~? / ‘v NG| prdfdr +126742 / ’v APy Drpe| pdfdr
term 1 (T> <T>
term 2 term 3
(A.81)

By Proposition 19, the term 1 in (A.81) is finite. Showing the finiteness of the
terms 2 and 3 in (A.81) requires somewhat tedious estimates. We only sketch the

main ideas for the same.

Letting u := |(,|?, term 2 equals [|Vu|*p;dfdr = [(Vu, p;Vu)d@dr, which upon

integration-by-parts and setting the boundary term to zero becomes:

—/uV - (peVu)dodr = — /u ((Vpr, Vu) + pAu) dodr (A.82)

= —E,, [(Vlog pi, uVu)] + E,, [uAu]. (A.83)
Thus, term 2 in (A.81) can be written as

/ IVul?pdédr = |-E,, [(V log p,, uVu)] + E,, [uAu] |

<E,, [|-(Vlog pi, uVu) + uAul]
< E,, [|[-(Vlog py,uVu)|] + E,, [Julul]

< [V log pe| 22 (o) [w V0| 22y F ] 1 o) | Att] oo () (A.84)

wherein we used the Jensen’s, triangle and Holder’s inequalities, respectively.
Finiteness for two of the four terms in (A.84) have been pointed out before:

\V1log pi| 2o = | Wp%‘szdr (the Fisher information) < oo, and
| L1 ()= /|€T]2ptd9dr < 00.
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Following some calculation, the same estimates can be used to bound the remain-

ing two terms.

For term 3 in (A.81), notice that p; 'A,p, = 5%(,|*+8V, - £, and hence term 3

equals

2

T
2ﬁ2 <a£7‘> gr + /BVT’ (V’r ' gr) .

2
+ E
pt I

E,,

.
232 (‘2@) 6+ BV (V- £,)

Similar estimates as before show the finiteness of the above. We summarize: since
each of the two factors in the RHS of (A.75) are finite, 9;G is upper bounded for
all t > 0, which suffices to conclude that G is uniformly continuous in ¢. Then by

Barbalat’s lemma ?, (A.74) follows. [

A.19 Stationary solutions and convergence

A.20 Proof of Theorem 6

We seek to prove that any stationary solution p* decomposes into the product of

_glr?
exp(—B15-)

7 [p*]?, where [p*]? is a solution to the Boltzmann equa-

marginals p* =

tion (6.13).

Proof. Let p; be the solution initialized at p*. Since p* is stationary, we must have
3t5(pt) = 0, i.e.,
/|?“ + BV, log p*|*dp* = 0, (A.85)

exp(fg\ﬂz)

by Proposition 16. Let p*(0,r) = 7

n(0,r). To prove the first part of

the claim, we seek to show that n(0,-) is a constant for a.e. 6. We have r +
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71V, log p* = 371V, logn, thus (A.85) yields
V,logn =0 n-a.e.

This implies that for a.e. €, the function (6, ) is constant on its support; but it
is also constant (equal to 0) outside its support, thus by continuity it is constant

on its entire domain. This proves the first part of the claim.

So far, we have shown that there exists 7 € P(0) such that

exp (—2r2
o(0,7) = p(ZfH)n(@),

and we seek to characterize 7. By the continuity equation (6.10), since p* is

stationary, we must have V - (p*v(p*)) =0, i.e.,

0=V (p"r) +V, - [p"(=VF(n) =y =47V, log p*)]

=V (p'r) =V, [p*VF'(n)] since V,logp* = —pr,

_Bp2 _ B2
= <eXp(Zf|T|)r7 V677> _ <77V9F'(77),Vrexp<zl2|rl)>

B2
exp (—57| )
= <(Zf>r Vo + BV F (n>> ,

where the equality is for a.e. r,60. Therefore, Von + 8nVeF'(n) = 0. This is
equivalent to

Vologn + VeF'(n) =0, n-a.e.,

and integrating, we obtain: logn = —VeF'(n) + a constant. This is equivalent

to the Boltzmann fixed point equation (6.13), as desired. [
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A.21 Proof of Proposition 17

We seek to prove that the operator

exp(—FF'(p))

T:p—T(p)= 700)

admits a unique point on P(©). Note that 7" is well-defined for all p by virtue
of assumption (A4). Indeed, F'(p) = F{(p) + g, and assumption (A4) states
that F{ is uniformly bounded on P, and exp(—/g) is integrable, thus if M is an
upper bound on ||F{(p)]|e0, we have exp(—FF"(p)) < exp M exp(—Lfg), which is

integrable.

Proof of existence: We will use Schauder’s fixed point theorem 7.7, stated below.
Recall that a subset of a metric space is precompact if any sequence in that subset

has a converging subsequence.

Theorem (Schauder’s fixed point theorem). Let X be a Banach space and M C X
be non-empty, conver and closed. If T : M +— M 1is a continuous operator such

that T(M) is precompact, then T' has a fized point.

Let B={pe LY(O):p >0,|pl:< 1}. Note that T(B) C P(©), since T(p) is
normalized. Thus, to prove that T has a fixed point on P, it suffices to prove
that 7" has a fixed point on B. To this end, we apply Schauder’s theorem with
X =L'©) and M = B.

Let (pn) be a sequence of elements in B. We shall prove that (T'(p,)) has a
converging subsequence. We have that F’ decomposes into F'(p,) = Fj(p,) +
g. By assumption (A4), (F{(pn))n is uniformly equicontinuous and uniformly

bounded, thus by the Arzela-Ascoli theorem, there exists a subsequence (F{(px,,))
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that converges uniformly to some continuous, bounded function ¢. We will show
that T'(p,) converges in L' to p := exp(—3(¢ + g))/|lexp(—=B(¢ + ¢))|l1, which
is well-defined since ¢ is bounded and g is confining. Observing that for all n,
| T (pr,)l1= llpll1= 1, we have by Schefté’s lemma ? that poitwise convergence
of T(py,) to p implies convergence in L'. Thus it suffices to prove pointwise

convergence.

By continuity of the exponential function, we have

exp(—BF (pr,)) — exp(=B(L + g)), (A.86)

where the convergence is pointwise. By assumption (A4), {F{(p),p € B} is uni-
formly bounded and exp(—fg) is integrable, thus, by the dominated convergence

theorem,

lexp(=BF"(pr,)) = [lexp(=B(€ + g))l1- (A.87)

By (A.86) and (A.87), we have T'(p,) converges pointwise to p, which concludes

the proof.

Proof of uniqueness: Suppose p1, p2 € P(O) are two fixed points of T'. Then we
have for i € {1, 2},

log Z(p;) = —log pi(0) — BF'(p;)(0) for a.e. 6. (A.88)
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We have

0= (log Z(p1) — log Z(p2), p1 — p2) since log Z(p;) are constants
= —(logpy + BF'(p1) —log po — BF'(p2), p1 — p2) by (A.88)
= —(F"(p1) = F'(p2), p1 — p2) — Dxcr(p1llp2) — Dxr(pzllpr)

< —Dxw(p1llp2) — Dkr(p2llp1) by convexity of F.

where Dxkp(p1]|p2) = <10g %,p1>. Note that pi, p2 are both normalized by as-
sumption, so both KL divergences are non-negative, with equality if and only if

p1 = p2 a.e. This concludes the proof. |

A.22 Proof of Theorem 7

Proof. (i) Recall from Section 2.2 that under the stated conditions on the ini-
tial measure g, the equation (6.10) admits a unique solution (p);>0 satisfying
wr € C ([0, 00), M(TO)), that is, (p)e>0 is a continuous measure-valued trajectory

satisfying [du; < oo for all ¢ > 0.

From Proposition 19, we know that the quantities Fy([i]?) < o0, [7o(g(0) +
r|?/2)du; < 00, [r¢log" puduy < oo for all ¢ > 0, with their upper bounds being
independent of t. Hence by the Dunford-Pettis theorem ?, the solutions (14):>0
are weakly compact in L'(7©). Thus, there exists u* and a subsequence (pu, )r>1

such that (p, )k>1 converges weakly to p*.

To prove i is absolutely continuous (w.r.t. the Lebesgue measure) for each t > 0,
we now show that the sequence of random vectors (Xj)g>1 := (04,71, )k>1 are

uniformly integrable. By de la Vallée-Poussin’s criterion 7, the latter holds if and
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only if there is an increasing function ® : Ryg — R.q satisfying lim, @ =
+00, such that supy>, E,, [®(X))] < 0o. To apply this in our context, we set
®(x) = 22, and use the result from Proposition (19) that [+¢|r, [*du, is uniformly
upper bounded for all £ > 1. Therefore, (X)r>1 are uniformly integrable, and
equivalently, the measures p, are absolutely continuous, and the corresponding
joint PDFs exist for all & > 1. Taking {f;}r>1 to be an arbitrary sequence, we
deduce that p, is absolutely continuous for each ¢t > 0. Taking {tx}x>1 to be the
sequence corresponding to the weakly convergent subsequence (p, ),>1 mentioned

in the previous paragraph, we deduce that p* is absolutely continuous.

(ii) Let us consider the joint PDF trajectory (p:):>¢ corresponding to the measure-
valued trajectory (u:)>o that solves (6.10). From part (i), we know that (p;)i>0

exists and is weakly compact in L'(7©). Letting

Gi(s,0,1) := prys(0,1),

we now prove that ((;)¢>o is strongly compact in C([0,T], L'(T©)) for any T > 0.

From Theorem 9, we can write

T
lim / OE(t +s)ds =0, (A.89)
0

t—o00

which combined with Proposition 16 yields

}i{({g”r\/a + 25_1vr\/a||L2([o,T]xT®): 0. (A.90)

The remaining proof follows the same line of arguments as in 7. Specifically, for
any given sequence {fy }r>1 with limy_,. ¢ = oo, letting (j := (;,, one shows that

the sequence of {(; }x>1 is relatively compact in C ([0, 7], L*(7©)) for any T > 0.
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Consequently, (x — (o strongly in L' (7©), which is to say p; — p* (equivalently,
we — p*) strongly in L'(7©), as desired. [ |

A.23 Proof of Theorem 8

We start by showing that p* is a minimizer of £(p) over K, by adapting the
argument from the first-order case 7. We omit some details and emphasize the

differences.

Recall that
K ={peP(TO): {(g(0) +|r*/2,p) < oo}.

Lemma 20. Let p* be the unique solution of the Boltzmann fixed point equa-

tion (6.13). Then for all p € IC, E(p) > E(p*).

Proof. First, we argue that £ has a minimizer over K. Note that £(p) is lower-
bounded on I by Proposition 18. Thus, inf,cx £(p) is finite and there exists a
sequence py, € K such that limy_,o, £(px) = inf, e £(p). Furthermore, by the same

argument as the proof of Proposition 19, the quantities

Fo([px)”), {9(0) + 1*/2, pr) , (log™ pr, pr.) (A.91)

are bounded uniformly in k. Thus, by de la Vallée-Poussin’s criterion ?, there
exists po, € K such that a subsequence of p, converges weakly to p.. By lower

semi-continuity of £, we have £(po) = inf e E(p).

Second, we show that any minimizer of £ on I, must, in fact, be equal to p*. Let p

be such a minimizer. Then p must be positive a.e., otherwise, a perturbation of p
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can decrease the value of £. Indeed, suppose that there exists a bounded subset S
of positive Lebesgue measure, such that p = 0 on S, and define p. = (1 —€)p+€usg,
where ug = 1g/||1s|1 is the uniform distribution over S. Then p, is in K (since S

is bounded), and there exist constants Ay and By such that

F([pd®) < (1= e)F([p]°) + €Ag by convexity of F
<|r]2/2,/36> <(1-—e¢) <|r|2/2, p> + €By by boundedness of S
H{(pe) = (log((1 = €)p + eus), (1 — €)p + eus)

< (1 —€¢)H(p) + elog

€
2

Summing the previous inequalities, we see that there exists a constant C' such that
E(pe) < (1—¢€)&(p) +eC+ %elog(e), which is strictly less than £(p) for € < e,

a contradiction. Therefore p must be positive a.e.

Once we have established that p is positive a.e., we can show that p satisfies the

Boltzmann fixed point equation (6.13). Indeed, consider the set T, := {(6,7) : <
p(0,7r) < k}, and let Ty = {f € C*(TO) : support(f) € I, [[flle< 1,/ f = 0}.
In other words, 7, is a set of tangent vectors such that p + %7} C K. The

directional derivative of £ in the direction f € Ty is well-defined and given by

i S D) = E7)

e—0 €

- <F'([p]9) + ;]r|2+(1 +log p), f> (A.92)

and since p is a minimizer of £ on I, (A.92) must be non-negative for all f.
Therefore one must have that the integrand F'([p]?) + 1|r|>+(1 +log p) is zero a.e.
on I'y. But since 7O = Up>1I'y, it must be zero a.e. on 7TO. This implies that p
is a solution to the Boltzmann fixed point equation (6.13), which admits a unique

solution p* by Proposition 17. This concludes the proof. |
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Proof of Theorem 8. Let F)\ denote the regularized functional with regularization
coefficient A, i.e. Fi\(p) = Fo(p) + A(g,p). We shall prove that there exists a

constant C such that, for all g > 1,

) Ci+dlogp
F_ %) < f F _
yp() < b Fin) + ———

By Lemma 20, we have £(p*) < E(p) for all p € K, and observing that p* € K, we
have by Proposition 18 applied to p* and o = 1, Fy_1,5([p*]?) < E(p*) + C(1)/8.

Combining the previous bounds, we have for all p € IC,

Rl < €0+ 5 (A.99)

In order to conclude, we shall bound the difference between £ and F. Note that
E(p) = F([pl?) = 5 (Ir|%, p) + % (log p, p), which can be arbitrarily large due to the
entropy term. To resolve this issue, one can take a convolution with a Gaussian
to control the entropy. More precisely, let n € P(©), and define p, € K as the

product:

pn(0,7) = [g1 % n](0)g2(r)

where ¢q, g2 are two Gaussian PDFs over 6 and r respectively, each with mean
0 and variance 1/, and % denotes the convolution. Our goal is to bound the

difference between &(p,) and F(n). Following the same line of argument as in ?,
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there exists a constant K such that

F@*msmm+§,
1, d)2
(5rfe) = %=
Hlpy) < (H(g1) + H(ga)) = —dlog(2me/B).

Summing the inequalities above, we obtain

K +d/2 — dlog(2me/3)
3 :
(A.94)
Finally, we combine the inequalities (A.93) and (A.94), to obtain, for all n € P(O),

&) = Flgrsn) + 5 (Irf02) + 5 Hlp)) < Fla) +

Cy + dlog(B)

Fioy5([p7)°) < F(n) + 5 ,

where (' is a constant equal to C'(1) + K + d/2 — dlog(2me). Taking the infimum

over 7 yields the desired result. |

A.24 The case of quadratic loss

In this section, we illustrate the assumptions in the quadratic loss case.

Let R be given by R(¢) = $E(up(¥(x) —y)* = 5||v — y||%, where (z,y) are the

input feature and labels, respectively, and D is the joint data distribution. The
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functional F' is the sum F(u) = Fo(p) + (g, p), where for p € M(0),

Fo(p) = R((Y, 1)

1
= 0w — 3
1 1
= W) = (00, 1))+ 5 ol (4.95)

The first term in (A.95) can be written as

w13 = SE. ([ W(Q)(x)du(9)>2 -: j J Ea[2(0)(2)¥ (0) (@) dpu(0)du(d)

1

- iU[:uv M]?

where U(6,0) := E,[W(0)(z)¥(A)(x)], and the symbol Uy, v] denotes the double

integral [[ U(6,0)du(f)dv(#). The second term in (A.95) can be written as

() 9 = ~Eqa |y [ WO)@)du(0)] = (Vo).

where V(0) := —E, ,[yV(0)(z)]. The last term in (A.95) is a constant independent

of p. To summarize, the functional Fy can be written as

Fufp) = 50T ] + (V) + 5 Iyl (A.96)

We now discuss our assumptions in this quadratic case. In particular, we show
that the assumptions made in 158 (for the first-order gradient flow) imply our

assumption (A4).

First, it is assumed in 158 that a quadratic regularizer is used, g(6) = |0|*/2,
which is confining since limjg_,o g(6) = oo and exp(—S3g) is integrable for all

f > 0. This proves the second part of assumption (A4). They also make the
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following assumptions on U, V.

(B1) U and V are uniformly bounded i.e., there exists Cy, Cy > 0 such that

[UC o< Cry o [[VE)loo< Co

(B2) U and V are differentiable, and have bounded gradients, i.e., there exist
(5, Cy such that

IVU(-0) oo < C for all 6, [VV(-)]lae < Cs.

To prove that (A4) is satisfied, we need to show that the family {F{(p),p € B} is
uniformly equicontinuous and uniformly bounded, where B = {p € L}(0), ||p|:<

1}. From (A.96), the Fréchet differential of Fj is given by

Fo(p)(0) = Ulpl(0) + V(9),

where the symbol Ulp] denotes the function U[p](8) = [ U(6,)p(6)dd. Then,
e By (B1), U[p] + V is bounded, uniformly in p € B.

e From (B2), it also follows that for U[p] + V is Lipschitz continuous, with a
Lipschitz constant independent of the choice of p € B and thus the family

{U[p] +V,p € B} is uniformly equicontinuous.
Thus assumption (A4) is satisfied.

Note that in 158, the regularization term g(6) = (|6]?/2, u), together with the
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boundedness assumptions (B1)-(B2), are crucial to guarantee integrability of

exp(—BF" (1)),

so that the Boltzmann distribution (6.13) is well-defined. In the linear case de-
scribed in Section 6.2.3, it is also common to assume that the potential (which in

this case is the same as our regularizer g) is confining, see for example ?.

Assumption (A4) generalizes the conditions on Fy from the quadratic setting to
the convex setting, and replaces the quadratic regularizer with a more general

confining regularizer.

A.25 Proof of Theorem 3

The derivation of (4.19a)-(4.19b) follows [44, Appendix C]. By substituting the
identity Vg = exp(V/0)(Vp +pVV/0) in 0 = (Vyp,v) = (Vq,v), we find (4.19¢).
|
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