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CHAPTER ONE

Introduction



Hamilton-Jacobi (HJ) equations are a class of first-order nonlinear partial differen-
tial equations (PDEs) that was originally developed as an alternative formulation of
classical mechanics [10]. Since then, HJ PDEs have been shown to have deep con-
nections to many scientific disciplines beyond physics, including optimal control [8],
differential games [51], imaging sciences [31, 37], and machine learning [34, 36, 32],
among many other fields. In this dissertation, we focus on the connections between

HJ PDEs, optimal control, and machine learning.

Optimal control problems are an important class of optimization problems with
many applications, including robot manipulator control [91, 73, 82, 54, 23], humanoid
robot control [50, 53, 85, 56, 52, 44], and trajectory planning [30, 121, 64, 42, 112, 90].
It is well-known that, under some assumptions, the viscosity solution to certain
HJ PDEs is equivalent to the value function of the corresponding optimal control
problems [8]. Furthermore, the optimal control in the optimal control problem can

be recovered from the spatial gradient of the viscosity solution to the HJ PDE.

In Part I, we utilize this connection between optimal control problems and HJ
PDEs to derive representation formulas for two classes of optimal control problems
with non-quadratic, state-dependent running costs or non-smooth constraints on the
control and their corresponding HJ PDEs. Representation formulas convert the solu-
tion to HJ PDEs (and their corresponding optimal control problems) to the solution
of an optimization problem over R™. We leverage our derived representation formulas
to develop efficient numerical algorithms based on optimization techniques to solve
these problems in high dimensions. In general, solving optimal control problems and
HJ PDEs is complicated computationally when the spatial dimension is high. For
example, when the spatial dimension is greater than about five, standard grid-based
numerical algorithms such as ENO [108], WENO [72], and DG [67] become infeasi-

ble since their complexity scales exponentially with the dimension, a phenomenon



known as the “curse of dimensionality” [11]. In each chapter of Part I, we show
that our algorithms overcome the curse of dimensionality, and we provide numerical
results when the spatial dimension is as high as 16. We also present implementations
of our algorithms on both central processing units (CPUs) and field-programmable

gate arrays (FPGAs) to demonstrate their potential for real-time applications.

Now consider the case where the time variable of the HJ PDE is a higher dimen-
sional quantity; in other words, consider the extension of HJ PDEs to the multi-time
case. Multi-time HJ PDEs were originally introduced in economics [118]. The solu-
tion to certain multi-time HJ PDEs was then shown to be able to be represented by a
multi-time Hopf formula [95], which is a generalization of the Hopf formula from the

single-time case and has been shown to have connections with imaging sciences [35].

In Part II, we establish a novel theoretical connection between specific optimiza-
tion problems arising in machine learning and the multi-time Hopf formula. Through
this connection, we increase the interpretability of the training process of certain ma-
chine learning applications by showing that when we solve these learning problems,
we also solve a multi-time HJ PDE and, by extension, its corresponding optimal
control problem. We then leverage our theoretical connection to adapt existing effi-
cient numerical algorithms from optimal control to design new training approaches
for machine learning. In the machine learning applications considered, the limiting
dimension is the size of the training dataset. Our proposed training approaches allow
the learned models to be continually updated without having to retrain the entire
model or having access to all of the previous data. In particular, the complexity
of these updates using our methods is independent of the size of the original train-
ing dataset. Thus, our proposed approaches provide potential computational and

memory advantages over conventional learning approaches.



Part 1

Efficient algorithms based on
representation formulas for certain

high-dimensional problems



In this part, we consider HJ PDEs of the following form:

a—S(a:,t)+H(zlc,t,VC,,S(af:,zf)) =0 xzeR"te(0,+0),
ot (1.1)
S(x,0) = J(x) x € R",

where the H: R" x [0,00) x R" — R is the Hamiltonian and J : R” — R is the
initial condition. Under some assumptions, the viscosity solution to the above HJ
PDE (1.1) is equivalent to the value function of the following continuous optimal

control problem with finite time horizon ¢t € (0, +00):

S(@,+) = min {/Otﬁ(w(s), s, au(s))ds + J(:c(O))} | (12)

subject to the constraint that a trajectory @(-): [0,¢] — R™ satisfies the following

backward ordinary differential equation (ODE):

In optimal control, we refer to £: R x [0,%] x A — R as the running cost (where the
control space A is a subset of a Euclidean space), J: R" — R as the initial cost, and
the objective function of the minimization problem in (1.2) as the cost of a control

a: [0,t] — A and the corresponding trajectory x(-).

The relationships between these optimal control problems and HJ PDEs are well-
known (see [8], for instance). In particular, the Hamiltonian H in the HJ PDE (1.1)

is related to the functions f and ¢ in the optimal control problem (1.2) via

H(a:,t,p) = Sup{(f(d?,t,d),p) - €<m7tv a)}7

acA



and the initial cost in the optimal control problem (1.2) is given by the initial data of
the HJ PDE (1.1). Moreover, the optimal control in the optimal control problem (1.2)
can be recovered from the spatial gradient V,S(x,t) of the viscosity solution S to

the HJ PDE (1.1).

Note that we could instead relate the HJ PDE (1.1) to an optimal control problem
with a terminal cost as follows. Consider the following continuous optimal control

problem with finite terminal time 7"

T
S(x,7) = min {/ l(x(s), s, a(s))ds + J(a:(T))} ) (1.3)
subject to the constraint that a trajectory x(-) satisfies the following (forward) ODE:

(s) = f(x(s), s, (s)) se(r,T),

As before, ¢ is the running cost and « is a control, which takes values in the control
space A. Unlike before, we now consider J to the be terminal cost, instead of the
initial cost. Consider the function S(z,7) := S(a,T — 7). Then, S also solves the
initial value HJ PDE (1.1) in the viscosity sense, where the Hamiltonian H, the

running cost ¢, and the dynamics f are now related by

H(a:,t,p) = sup{(—f(a:,T - tv a),p> - E(ij - t,a)},

acA

the PDE (1.1) now holds for ¢ € (0,7 — 7) instead of ¢t € (0,400), and the initial
data of the HJ PDE (1.1) is now given by the terminal cost of the optimal control
problem (1.3).

In general, handling state-dependent running costs (or equivalently, state-



dependent Hamiltonians) or constraints on the control are open problems in optimal
control and HJ PDE theory. In the literature, such problems are often solved us-
ing approximations in a grid-free manner as follows. Instead of approximating the
solution space by a finite-dimensional space (as grid-based methods do), grid-free
methods approximate the original optimal control problem by some simpler, more
easily computable optimal control problems. In doing so, the solution to the orig-
inal problem is approximated using the solutions to the simpler ones. Thus, an
important research direction is to enlarge the class of optimal control problems with
easily computable solutions; such problems and their corresponding exact solvers can
then serve as building blocks for solving more complicated optimal control problems.
Some well-known techniques for solving optimal control problems that often serve as
these building blocks include: the linear-quadratic regulator (LQR) [94, 125, 98, 30],
which corresponds to optimal control problems with linear dynamics and certain
quadratic running and initial costs; the Hopf and Lax-Oleinik representation formu-
las [31, 35, 38, 132], which correspond to optimal control problems whose running
costs do not depend on the state variable; and the max-plus (or min-plus) tech-
nique [1, 2, 49, 55, 58, 98, 97, 99, 100], which corresponds to optimal control prob-
lems whose running costs or initial costs are the maximum (or minimum) of several
simpler functions. However, there are still many more classes of optimal control

problems that cannot be solved (exactly) using these techniques.

In Chapter 2, we consider a class of optimal control problems (and their corre-
sponding HJ PDEs) with non-quadratic, state-dependent running costs. In Chap-
ter 3, we consider a class of optimal control problems (and their corresponding HJ
PDESs) with non-smooth constraints on the control. In each chapter, we derive ana-
lytical solutions to the optimal control problem and representation formulas for the

corresponding HJ PDEs, which solve these problems exactly and provide theoretical



guarantees for the properties of the solutions. To our knowledge, no numerically-
computable representation formulas for these classes of problems existed previously.
As such, our results enlarge the class of easily computable optimal control problems,
and thus, our proposed methods have the potential to serve as building blocks for

solving more complicated optimal control problems.

Another key challenge in HJ PDE theory and optimal control is designing ef-
ficient numerical algorithms for solving these problems in high dimensions. Many
practical engineering applications involve high dimensions. For example, robot ma-
nipulator control problems involve multiple joints and end effectors, each of which
yields several degrees of freedom, including velocities, angles, and positions. In
turn, each of these degrees of freedom results in a state variable. As a result,
robot manipulator control problems generally have high-dimensional state spaces
(e.g., with dimension greater than five). However, as discussed previously, stan-
dard grid-based numerical algorithms such as ENO [108], WENO [72], and DG
[67] suffer from the curse of dimensionality and, thus, are computationally in-
tractable when the dimension is high. Previously, several methods have been
proposed to overcome the curse of dimensionality when solving high-dimensional
optimal control problems and their associated HJ PDEs, which include, but are
not limited to, optimization methods [31, 35, 38, 132, 37, 89], max-plus methods
[1, 2,49, 55, 58, 98, 97, 99, 100], tensor decomposition techniques [47, 66, 127], model
order reduction [4, 86], polynomial approximation [78, 79|, sparse grids [13, 57, 80],
dynamic programming and reinforcement learning [3, 12, 133], and neural networks
6, 7, 46, 71, 62, 68, 69, 87, 105, 117, 120, 126, 92, 34, 36, 103, 104, 74, 75, 32, 107].
In each chapter of this part, we propose efficient numerical algorithms based on
our analytical representation formulas, convex optimization techniques, and min-

plus methods. We then show that our resulting algorithms overcome the curse of



dimensionality.

While, in scientific computing, efficiency is usually measured by computational
time alone, many real-life optimal control applications (e.g., the control of au-
tonomous vehicles) often require strict constraints on power/energy consumption
and computational resource availability in addition to computational speed (which
generally is required to be on the order of nanoseconds to microseconds). Thus,
although CPU implementations are standard in scientific computing for their fast
computations and high parallelizability, CPUs are generally unable to meet all of
these constraints. In contrast, FPGAs offer more flexibility than CPUs in designing

implementations that meet these constraints.

FPGAs are arrays of programmable logic blocks and memory elements connected
by reconfigurable interconnects (we refer the reader to [81] for a brief overview of FP-
GAs). One of the key advantages of FPGAs is the ability to specify which and how
many computational resources are used. These resources include general purpose
logics such as flip flops (FFs) and lookup tables (LUTS), specialized arithmetic units
such as digital signal processing units (DSPs), and memory such as Block Random
Access Memory (BRAMs). When applicable, FPGAs can achieve comparable or
faster computational speeds (typically 1-2 orders of magnitude greater) than CPUs,
while also consuming less energy and having more flexibility in specifying resource us-
age. In each chapter of this part, we provide numerical results using both a CPU and
an FPGA implementation. Although our CPU results already illustrate the efficiency
of our numerical solvers in terms of computational time, our FPGA results demon-
strate the potential performance boosts (i.e., at least an order of magnitude speedup
in most cases) that FPGAs are able to achieve over CPUs, while also tracking the
specific amounts of logic and memory resources consumed. As such, our numerical

solvers show promise in their ability to solve certain high-dimensional optimal con-
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trol applications involving state-dependent running costs and control constraints in

real time.

While FPGAs have existed since the 1980s, there has been limited progress in
utilizing FPGAs for scientific computing. For instance, much of the scientific com-
puting literature involving FPGAs centers on implementations for signal processing
[111, Chap. 28], [40, 113], neural network architectures [106], or computational lin-
ear algebra [41, 124, 134]. One of the main barriers to the progress of FPGAs in
scientific computing is the difficulty in FPGA programming, which originally would
require coding in hardware description languages (HDLs) like Verilog. Recently,
some high-level synthesis (HLS) technology has been developed, which allows users
to create FPGA implementations using C/C++ instead of working with the HDL
directly [29]. In both chapters of this part, we design our FPGA implementations
using Xilinx Vitis HLS 2022.2. Although HLS tools like Vitis HLS greatly improve
the workflow and ease of FPGA design, developing FPGA implementations using
these HLS tools still requires keeping the underlying hardware in mind (e.g., via
coding style or software-specific pragmas) and the behavior of the implementations
produced by these tools is still not fully understood. As such, when we present our
FPGA implementations, we also discuss some of the challenges that arose in the

design process and some possible solutions for overcoming those challenges.



CHAPTER TWwO

Hopf-type representation formulas
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In this chapter, we consider a class of optimal control problems whose running costs
consist of a quadratic on the control variable and a convex, non-negative, piecewise
affine function on the state variable. In general, when the running cost and corre-
sponding Hamiltonian depend on the state variable & (which occurs in many practical
applications, including [82, 23, 52, 64, 54, 30]), there are no known representation
formulas that are computable in high dimensions. Typically, Hopf and Lax-Oleinik
formulas are used to represent the solution of HJ PDEs. While Hopf and Lax-Oleinik
representation formulas are computationally tractable for solving high-dimensional
optimal control problems (see [31, 35, 38, 132]), they only apply to state-independent
Hamiltonians. Other approaches based on the Hopf and Lax-Oleinik formulas have
been introduced (see, for example, [28]) to handle cases where there is a state depen-
dence in the Hamiltonian, but these approaches require discretization in time and

hence, do not solve the problems exactly.

In this chapter, we provide the analytical solution to a particular class of optimal
control problems with state-dependent running costs as well as a Hopf-type represen-
tation formula for the corresponding HJ PDEs with state-dependent Hamiltonians.
Moreover, we show that the analytical solutions to these problems with convex ini-
tial costs and certain non-convex initial costs are easily and efficiently computable
in high dimensions using convex optimization algorithms and min-plus techniques.
As a result, our proposed methods have the potential to serve as a building block
for solving more complicated optimal control problems. More specifically, since the
running cost is non-smooth with respect to the state variable, our proposed methods
could be helpful in solving some non-smooth optimal control problems. The content
of this chapter is joint work with Jérome Darbon and Tingwei Meng [25]. My main
contributions include the development of a prototype implementation of our numeri-

cal solvers in MATLAB (the results of which are not shown, but would look identical
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to the figures in Section 2.2), the conceptualization of the CPU implementation, and

the creation of the FPGA implementation.

The organization of this chapter is as follows. In Section 2.1, we present the
class of optimal control problems and HJ PDEs considered in this chapter as well
as the analytical solutions of these problems. More specifically, we analyze the
one-dimensional problems in Section 2.1.1, we consider a class of separable high-
dimensional problems in Section 2.1.2, and we provide the Hopf-type representation
formula for the general high-dimensional case in Section 2.1.3. In Section 2.1.4, we
use min-plus techniques to extend the Hopf-type formula from Section 2.1.3 to solve
the general high-dimensional problem with a certain class of non-convex initial costs.
In Section 2.2, we propose efficient numerical solvers for these problems and present
some high-dimensional numerical results. Quadratic initial costs are considered in
Section 2.2.1, and the corresponding numerical solver serves as a building block for
the algorithm in Section 2.2.2, which handles more general convex initial costs. Then,
in Section 2.2.3, we generalize our proposed algorithms from the previous sections
to handle the class of non-convex initial costs discussed in Section 2.1.4. Several
high-dimensional numerical results as well as the computational runtime for each
example are provided in each of these subsections to illustrate the performance of
our proposed algorithms. In Section 2.2.4, we present an implementation of the
numerical solver from Section 2.2.1 on an FPGA and some corresponding numerical
results, which demonstrate the promising performance boosts FPGAs are able to
achieve over CPUs. Some proofs and technical lemmas are provided in Section 2.3,
and some computations for the numerical implementation are provided in Section 2.4.
Finally, in Section 2.5, we make some concluding remarks and list some possible

future directions.
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2.1 Analytical solutions

In this section, we provide the analytical solution to the following optimal control

problem:

Ste.t) = int { | t (312~ KGas)) ds + S@l0): o) =}, (2)

where t > 0 is the time horizon, & € R" is the terminal position, x(-): [0,f] — R”
is a locally Lipschitz function, and @(s) denotes its the derivative at time s, which
exists at s € (0,t) almost everywhere. Here, M is a positive definite matrix with n
rows and n columns. The matrix M and its inverse respectively define the norms

I llar: R" = Roand [| - [l : R* = R by

|v|ar := Vv, Mv), |[[v||y— = /{v,M~lv) VoveR",

where (-,-) denotes the standard Euclidean inner product in R™. The potential
energy is given by K: R"™ — (—o00,0], which is a piecewise affine concave function
satisfying some assumptions. The initial cost is given by the continuous function
J: R" — R. In the remainder of this chapter, if not mentioned specifically, we use
bold characters to denote high-dimensional vectors in R", and we use x; to denote
the i-th component of a high-dimensional vector & € R™. To avoid the ambiguity of
a trajectory and a vector, we use x(-) to denote the trajectory, which is a function

of the time variable, and we use x to denote the vector.
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The corresponding HJ PDE reads:

1
% @0) + 51V, )3+ K@) =0 @R te (0, +00),

(2.2)
S(x,0) = J(x) x € R",

where the potential energy K, the matrix M, and the initial data J are the corre-

sponding quantities in (2.1).

In what follows, we provide analytical solutions to the optimal control prob-
lem (2.1) and the corresponding HJ PDE (2.2) under various assumptions. In Sec-
tion 2.1.1, we solve the one-dimensional problems with convex initial cost J. Then,
in Section 2.1.2, we use the functions defined in Section 2.1.1 to solve the high-
dimensional problems, where M is the identity matrix, J is convex, and K has a
specific form. In Section 2.1.3, we solve the high-dimensional problems, where J is
convex and M and K satisfy more general assumptions. Finally, in Section 2.1.4,
we consider a certain class of non-convex initial costs J, and we generalize the rep-
resentation formulas provided in Sections 2.1.1, 2.1.2, and 2.1.3 to handle this case

using min-plus techniques.

2.1.1 One-dimensional case

In this section, we solve the one-dimensional versions of the problems (2.1) and (2.2).

More specifically, we consider the following one-dimensional optimal control problem:

Sz, 1) = int {/Ot <<"3(§>>2 _ K@:(s))) ds + J(2(0)): 2(t) = x} o @23)
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where K : R — (—o0, 0] is the positively 1-homogeneous concave function defined by

—ax x>0,
K(x) = (2.4)
bz x <0,

for some positive constants a and b. The corresponding HJ PDE reads:

%(m,t) + %(VxS(az,t))2 +K(x)=0 zeRte(0,+0),

(2.5)
S(z,0) = J(x) r € R.

In this section, we provide the analytical solution to the one-dimensional optimal
control problem (2.3). We also present a Hopf-type representation formula for the

viscosity solution to the one-dimensional HJ PDE (2.5).

A
.k\ﬂ,
3
&x
,/Q
+
91 93
b
X
&
L
+
2,
o7b >
Q
X =
) bt °
2 D/b)Q/g

Figure 2.1: An illustration of a two-dimensional slice of the sets {21, 29, Q3, Q4, Q5 on
the tx-plane.

First, we consider the case when the initial cost J is linear, i.e., when J(z) = px

holds for some p € R. In this case, we denote the solution to the HJ PDE (2.5) by
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R x [0,400) 2 (x,t) — S(z,t;p,a,b), and we denote the optimal trajectory in (2.3)
by [0,t] 3 s — v(s;x,t,p,a,b) € R. The function S is a function of x and ¢, which
are, respectively, the terminal position and the time horizon in (2.3). The function
S has three parameters: p € R, which is the slope of the initial cost J, and a,b > 0,
which are the two positive parameters in the potential function K. The function ~
is a function of the current (running) time s with five parameters: z € R, ¢ > 0,
p € R, and a,b > 0, which have the same meaning as the corresponding variables

and parameters in the function S.

If p > 0, we define the function R x [0,4+00) > (z,t) — S(z,t;p,a,b) € R as

follows:
fl(xvt;paaab) (xat7p)€Qla

fQ(xat;pyaab) (xat7p) GQQv
S(z,tip,a,b) = q fo(w, t;p,a,b)  (z,1,p) € Dy, (2.6)

f4($7t;p7aab) (xatap) 6947

\fS(:Eat;paaab) (.T,t,p) 6957

where the five regions {;}?_; C R x [0, +00) X [0, +00) are defined by

Qll

{(:v,t,p) € R x [0,400) x [0,400): 2pt+gt2},

{(:U,t,p):x<0,t<%}U{(:p,t,p):x<—g (t—%)Q,tEZ—;},

Qs = {(x,t,p): O§$<pt+%t2, t < %}

2.7)
a P\? a, p (

| ] (= E) < RN

{(x,t,p) 5 (t b) _x<pt—|—2t,t },

QQI

2
= { (o) € Rx [0, 406) x Do) 0 <2 < (1= F) o2

b 2
95::{(:v,t,p)e]Rx[O,+oo)><[0,—|—oo)i —§<t——> <zr<0,t> }a
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and the five functions f1, fs, f3, f1, f5 are defined by

a’ 3 a L,
fi(z, t;p,a,b) = _Et — Ept + atx — 3P t + pz,
by b oo 1,
fo(z, t;p,a,b) = _Et + épt — 5P t + px — btx,
f3(x,t;p,a,b) = _atb ((bt —p)* + ((bt — p)* + 2z(a + 2b))3/2)
Ve ? Y 3(a+ 2b)2
b B, b 1 (2.8)
— (bt —p)z — =2+ —pt> — ~p*t
oA O T T
(12 20 3/2 pS
t; b) = — | — — =
f4($7 D, @, ) 3 (CL> 6b7
v [ —22\? p?
t; b) = — | — — =,
fS(xa b, a, ) 3 ( b ) 6b
An illustration of a two-dimensional slice of the sets €;,7=1,...,5 for a fixed p > 0

is shown in Figure 2.1.

Now, we define the function [0,¢] 3 s — ~(s;2,¢,p,a,b) € R for p > 0. We define

the function 7 in five cases, which correspond to the five lines in (2.6), as follows:

1. When (z,t,p) € Q holds, which corresponds to the first line in (2.6), we define

V(s;@,t,p,a,b) by
v(s;x, t,p,a,b) :==x —p(t —s) — g(t2 — 5% Vs € [0,t]. (2.9)

In this case, we have v(s;z,t,p,a,b) > 0 for all s € [0,].

2. When (z,t,p) € Qy holds, which corresponds to the second line in (2.6), we

define 7(s; x,t, p,a,b) by
boo 2
v(s;z,t,p,a,b) ::x—p(t—s)+§(t —s°)  Vsel0,t]. (2.10)

In this case, we have v(s;z,t,p,a,b) <0 for all s € [0,].
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3. When (z,t,p) € Q3 holds, which corresponds to the third line in (2.6), we

define v(s;z,t,p,a,b) by

el sen),

(p—br)(s —7) + g(s —r)? selnt,

where 7 € R is defined by

(a+b)t+p—+/(bt —p)2+2(2b+a)x

2.12
2b+a ( )

By straightforward calculation using 0 < x < pt + %t2, we have 7 € [0,1],
and the function s — ~(s;x,t,p,a,b) is continuous in this case. Here, the
trajectory v is divided into two parts: ~y(s;x,t,p,a,b) < 0 for s € [0,7) and

v(s;x,t, p,a,b) > 0 for s € [1,t].

4. When (x,t,p) € Q4 holds, which corresponds to the fourth line in (2.6), we

define 7(s; x,t, p, a,b) by

(1 2 [ P
—Q—b(p—bs) s € __O, E)’
p 2x
’Y(S;xatap7a7b) = O SG b’t (I>7 (213)
9 -
a( 2x> 2x ]
—|s—t+14/— SE [t—1/—,1|.
2 a a
\ L

By straightforward calculation using (z,t,p) € (4, we have 0 < ? <t — %’3 <
t and the function s — 7(s;x,t,p,a,b) is continuous. Therefore, in this case,
the trajectory « is divided into three parts: (s;z,t,p,a,b) < 0 in the first
time period s € [0, %), it remains zero in the second time period [%’,t — ﬁ),

and it becomes non-negative in the third time period [t — 4/ %z, t].
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5. When (z,t,p) € Q5 holds, which corresponds to the fifth line in (2.6), we define

v(s;x,t,p,a,b) by

(1 2 P
_%(p - bS) ERS __07 E) ’
p 2|z|
V(S;xatvpa(hb) = 0 $ € E7t N T) ’ (214)
9 -
b s—t+ M se [t— M t
2 b b |

By straightforward calculation using (x,t,p) € 25, we have 0 < £ < ¢— % <

t and the function s — 7(s;x,t,p,a,b) is continuous. Therefore, in this case,

the trajectory is divided into three parts: the trajectory v is negative in the first
2|z|

time period [0, %’), it remains zero in the second time period [%’,t — T>=

and it becomes non-positive again in the third time period {t — @, t} .

So far, we have provided the analytical solution of the one-dimensional optimal
control problem (2.3) and the corresponding HJ PDE (2.5), with initial cost J(x) =
px for some p > 0. When the initial cost is J(z) = px for some p < 0, we define the

function R x [0, +00) 3 (z,t) — S(x,t;p,a,b) € R by
S(z,t;p,a,b) := S(—x,t;—p,b,a) Yz e R, t>0, (2.15)

where S(—zx,t; —p, b, a) on the right-hand side is defined by (2.6) since —p is positive.
Similarly, the optimal trajectory [0,¢] 3 s — v(s;x,t,p,a,b) € R for p < 0 is defined
by

v(s;x,t,p,a,b) == —v(s; —z,t,—p,b,a) Vs € |0,t], (2.16)

where the right-hand side is well-defined using (2.9), (2.10), (2.11), (2.13), and (2.14)

for different cases.
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Now, we consider a general convex initial cost J: R — R. The corresponding HJ

PDE is solved using the following Hopf-type formula:

S(z,t) = sup{S(x,t;p,a,b) — J*(p)} VzeR, t>0, (2.17)

peR

where the function S(x,t;p, a, b) on the right-hand side is defined by (2.6) and (2.15),
and the function J* on the right-hand side is the Legendre-Fenchel transform of the
initial cost J. By a one-dimensional corollary of Lemma 2.3.9, the function value
S(z,t) defined in (2.17) is finite and the maximizer in (2.17) exists. Moreover, for
any positive time horizon ¢t > 0, the maximizer is unique and we denote the unique
maximizer by p*(z,t) € R. Then, the optimal trajectory [0,¢] 5 s — ~(s;z,t) € R
is defined by

v(s;x,t) == (s;x, t,p*(x,t),a,b) Vs € |0,t], (2.18)

where the function y(s; z,t,p,a,b) on the right-hand side is defined by (2.9), (2.10),
(2.11), (2.13), (2.14), and (2.16) for different cases of z, ¢ and p.

Next, we provide some theoretical properties for the functions S and ~ defined
above. In Proposition 2.1.1, we prove that, under some assumptions, the function
S defined above is indeed the unique viscosity solution to the HJ PDE (2.5). In
Proposition 2.1.2, we show that the function ~ is the unique optimal trajectory

in (2.3), whose optimal value equals S(z,t).

Proposition 2.1.1. Let J: R — R be a convex function. Let a,b > 0 be positive
constants and K : R — R be defined by (2.4) with parameters a and b. Let S: R™ x

[0,4+00) — R be the function defined in (2.17). Then, the following statements hold:

(a) The function S is a continuously differentiable solution to the HJ PDE (2.5).
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(b) If J satisfies

[J(x) = J()] < Clo —yl(1 + |2° + |yI°)  Va,y €R, (2.19)

for some constants C' > 0 and § > 0, then the function S is the unique viscosity

solution to the HJ PDE (2.5) in the solution set G defined by

G:={WeCRx[0,+c0)): [[W[r < oo VR >0,3a € Rs.t. VI' > 0,

ACr e R s.t. W(x,t) — ax > CrVax € R,Vt € [0,T]},

where ||W||g is defined by ||W||g = sup{|W(z,t)| + |q|: (z,t) € Br(R) x
0,R],q € D, W (z,t)}, the set Br(R) denotes the closed ball in R with center
0 and radius R, and D W (z,t) denotes the subdifferential of W with respect

to x at (z,1).

Proof. 'This is a corollary of Proposition 2.1.3. O

Proposition 2.1.2. Let J: R — R be a convex function satisfying (2.19) and K be
the function defined in (2.4) with parameters a,b > 0. Let x € R and ¢ > 0. Then,
the unique optimal trajectory for the optimal control problem (2.3) is given by the
function [0,¢] 3 s+ v(s;x,t) € R defined in (2.18). Moreover, the optimal value of

the optimal control problem (2.3) equals S(z,?), as defined in (2.17).

Proof. This is a corollary of Proposition 2.1.4. O

Remark 2.1.1. If J is a linear function, i.e., there exists a scalar p € R such that
J(x) = px holds for all x € R, then J satisfies the assumption (2.19). In this case,

Proposition 2.1.1 shows that the function (z,t) — S(z,t;p,a,b) defined in (2.6)
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and (2.15) (where p is the slope of J) is the unique continuously differentiable so-
lution in the solution set G to the HJ PDE (2.5) with this linear initial data .J.
Moreover, Proposition 2.1.2 shows that the trajectory s — ~(s;x,t,p,a,b) defined
by (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16) for different cases is the unique
optimal trajectory of the optimal control problem (2.3), whose optimal value equals

S(x,t;p,a,b).

2.1.2 Separable high-dimensional case

In this section, we consider a special case of the high-dimensional problems (2.1)
and (2.2). To be specific, we consider the following high-dimensional optimal control

problem:

S(x,t) = inf {/Ot (%ch(sm? - K(m(s))) ds + J(z(0)): z(t) = :v} . (220

In the optimal control problem (2.20), the initial cost J: R” — R is a convex func-

tion, and the function K: R" — (—o0, 0] satisfies
K(z)=> Kiz;) Va=(r,...,2,) €R",

where each function K;: R — (—o00,0] is a positively 1-homogeneous concave func-
tion given by (2.4) with positive constants a; and b;. The corresponding HJ PDE

reads:

a8
ot
S(x,0) = J(x) x eR",

1
(@,t) + S VaS(z,t)|* + K(z) =0 @ € R",t € (0,+00),
2 (2.21)
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where the initial condition J and the potential energy K are the corresponding

functions in (2.20).

We will see later that each component of the optimal trajectory is independent
from each other as long as the initial momentum p* is determined. In other words,
the computation of the optimal trajectory can be done in parallel, and hence, we

call this problem separable.

The solution S: R™ x R — R is defined by the following Hopf-type formula:

S(x,t) :== sup {Z S(x4, t; piy aiy b)) — J*(p)} Ve eR", t>0, (2.22)

PER™ izt

where the function (z;,t) — S(x;,t; pi, a;, b;) on the right-hand side is defined in (2.6)
and (2.15). By Lemma 2.3.9, the function value S(x,t) defined in (2.22) is finite and
the maximizer in (2.22) exists. Moreover, for a positive time horizon ¢ > 0, the
maximizer is unique and we denote the unique maximizer by p* = (pf,...,p}) € R™.

Define the trajectory [0,t] > s +— ~(s;x,t) € R" by

y(s;x,t) = (y(s; 21, t,py,a1,01), - o, Y(S; X, t, Pl s an, by)) Vs €0, ¢, (2.23)

where the i-th element ~(s;x;,t,p!, a;,b;) on the right-hand side is the one-
dimensional trajectory defined in (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16) for
different cases of z;, ¢ and p;. Note that the components of ~(s; x, t) are independent
from each other, and hence they can be computed in parallel as long as p* is known.

Thus, we call this problem separable.

Now, we provide some theoretical guarantees for the functions S and -~ defined

above. Proposition 2.1.3 shows that the function S is indeed the unique viscosity
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solution to the HJ PDE (2.21) under some assumptions. Moreover, Proposition 2.1.4
proves that the function = is the unique optimal trajectory in (2.20) under some

assumptions and that the corresponding optimal value equals S(x,t).

Proposition 2.1.3. Let J: R" — R be a convex function. Let {a;,b;}_; be positive
constants and K;: R — R be defined by (2.4) with constants a; and b; for each
ie{l,...,n}. Let S: R" x [0,400) — R be the function defined in (2.22). Then,

the following results hold:

(a) The function S is a continuously differentiable solution to the HJ PDE (2.21).

(b) Furthermore, assume J satisfies

[J(x) = J(y)] < Cllz =yl + [lz]’ + [ly]*)  VeyeR",  (2.24)

for some constants C' > 0 and 0 > 0. Then, the function S is the unique

viscosity solution to the HJ PDE (2.21) in the solution set G defined by

G = {W € C(R" x [0, +00)): |[W|[r < 00 ¥R > 0,3 € R" s.t. VT > 0,
ICr € R s.t. W(x,t) — (o, ) > Cp Y € R",Vt € [0,T]},

(2.25)

where |||z is defined by

HWHR = Sup{|W(a:,t)\ + HqH (CC,t) € BR(Rn) X [OaR]7q € D;W(wat)}v
(2.26)
where the set Bgr(R™) denotes the closed ball in R™ with center 0 and radius

R and D, W (x,t) denotes the subdifferential of W with respect to « at (x,t).

Proof. The proof is provided in Section 2.3.2. O
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Proposition 2.1.4. Let J: R" — R be a convex function satisfying (2.24). Let
ai,...,an,b1,...,b, be positive constants and K;: R — R be defined by (2.4) with
constants a = a; and b = b; for each 7 € {1,...,n}. Then, for any x € R” and t > 0,
the unique optimal trajectory for the optimal control problem (2.20) is given by the
function [0,¢] > s — y(s;x,t) € R” defined in (2.23). Moreover, the optimal value

of the optimal control problem (2.20) equals S(x,t) defined in (2.22).

Proof. The proof is provided in Section 2.3.3. O

Remark 2.1.2. For the special case when J is a linear function, i.e., J(x) = (p, )
for all € R™ and for some constant vector p = (p1,...,p,) € R", the function J*
equals the indicator function of {p}, and hence the solution to the corresponding HJ

PDE (2.21) reads:

S(x,t) = ZS(wi,t;pi,ai, b;) Vx eR" t>0,
i=1
where the function S in the summation on the right-hand side is defined by (2.6)

and (2.15). In this case, the optimal trajectory of the corresponding optimal control

problem (2.20) equals

"Y(S,Cl:,t) = (7(8;x17t7p17a17b1)7 s 77($;Jjn7t7pn7anvbn)) \V/S € [Oat]v

where each component (s;x;,t, p;, a;,b;) on the right-hand side is defined by (2.9),
(2.10), (2.11), (2.13), (2.14), and (2.16) for different cases.
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2.1.3 The general high-dimensional case

In this section, we provide the analytical solution to the high-dimensional prob-
lems (2.1) and (2.2) under more general assumptions. Assume there exists a vector
uy € R” such that the function @ — K(x + ug) is positively 1-homogeneous and
there exists an invertible matrix P with n rows and n columns whose column vectors

Uy, ..., u, € R" satisfy

{x e R": K(x+up) > —1}=co (U {&uj, —blju]}> ) (2.27)

j=1 %7

for some positive scalars a;,b; > 0,7 € {1,...,n}, where co E denotes the convex

hull of a set E.

We define the function S: R™ x [0, +00) — R by the following Hopf-type formula:

S(x,t) ;== sup {ZS ((P_lar; — P gy, t i, ai,bi) — j*(P)} ; (2.28)

peR?

for any & € R™,t > 0, where the function S in the summation on the right-hand side
is defined by (2.6) and (2.15) and the function J* is the Legendre-Fenchel transform

of the function J: R"® — R, which is defined by
J(y) :== J(Py +u,) YyecR" (2.29)
By straightforward calculation, the function J* equals

J*(p) = J* (P™H'p) — (p, P ug) VpeR" (2.30)

Hence, for any @ € R™ and ¢ > 0, the Hopf-type formula (2.28) can equivalently be
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formulated as:

S ((qu — P~ ug);, b ps, CM»bi) - J ((Pfl)Tp) + (p, P1U0>}

S ((P_ll' — P_l'll,())i,t; (PTq)i,CLi7bi) — J*(q) + (q,u())} s

=1

(2.31)

where the second equality holds by the change of variable g = (P~1)Tp. Define the

trajectory [0,t] > s — v(s;x,t) € R" by
~(s;x,t) == P(s; P~ — ug),t) + uo, (2.32)

where the function s — 4(s;y,t) for any y = (y1,...,y,) € R" and t > 0 is defined
by

A(s;y,t) == (y(s;y1, t, 05, a1,b1), - V(S Yno £, D), ARy by)) Vs € (0,8, (2.33)

where p* = (pi,...,p}) is the maximizer in (2.28) and the i-th component
v(s; i, t, P, ai, b;) on the right-hand side is the one-dimensional trajectory defined
by (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16) for different cases of y;,t, and p;.
Note that for t > 0, by Lemma 2.3.1, the negative of the objective function in (2.28)
is 1-coercive and strictly convex. Therefore, the optimal value S(z,t) in (2.28) is
finite, and the maximizer p* exists and is unique. Hence, the functions S and = are

well-defined.

The following propositions show that the functions v and S defined above do
indeed solve the problems (2.1) and (2.2). Proposition 2.1.5 proves that the function

S is the unique viscosity solution to the HJ PDE (2.2) under some assumptions.
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Proposition 2.1.6 shows that the function - is the unique optimal trajectory of the
optimal control problem (2.1) under some assumptions and that the corresponding

optimal value equals S(x,t).

Proposition 2.1.5. Let J: R" — R be a convex function. Let K: R" — (—o0, 0] be
a piecewise affine concave function. Assume there exists a vector ug € R™ such that
x — K(x + u) is 1-homogeneous and there exists an invertible matrix P whose
column vectors uq, ..., u, € R" satisfy (2.27) with the vector ug and some positive
scalars a1,...,a,,b1,...,b, > 0. Let M be a matrix with n rows and n columns
satisfying M = PPT. Let S: R" x [0,+00) — R be the function defined in (2.28).
Then, the function S is a continuously differentiable solution to the HJ PDE (2.2).
Moreover, if J satisfies (2.24), the function S is the unique viscosity solution to the

HJ PDE (2.2) in the solution set G defined in (2.25).

Proof. The proof is provided in Section 2.3.4. |

Remark 2.1.3. Under the assumptions of Proposition 2.1.5, the set {& € R": K(x +
ug) > —1} (which is the shifted superlevel set of the function K) is a convex
polyhedral with 2n vertices. Moreover, the matrix M in the kinetic energy term
LI VaS(,t)||3, is related to the extreme points (and hence the shape) of the set
{z e R": K(x+up) > —1} in (2.27). For instance, if M is a diagonal matrix, then
the vectors uq, ..., u, are orthogonal to each other. In this case, the 2n vertices of
{x € R": K(x + up) > —1} can be grouped pairwise into n groups, where the i-th

group contains the points ¢+ and —3*. Then, by connecting the two vertices in each

(3

group, we obtain n line segments that are pairwise orthogonal to each other.

Proposition 2.1.6. Let J: R" — R be a convex function satisfying (2.24). Let the
function K: R™ — (—o0,0], the matrices P and M, the vector uy € R", and the

scalars aq,...,ay,by,...,b, > 0 satisfy the assumptions in Proposition 2.1.5. Then,
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for any & € R™ and ¢t > 0, the unique optimal trajectory of the optimal control
problem (2.1) is given by the function [0,t] 5 s — v(s;x,t) € R" defined in (2.32).
Moreover, the optimal value of the optimal control problem (2.1) equals S(x,t) as

defined in (2.28).

Proof. The proof is provided in Section 2.3.5. O

Remark 2.1.4. If the initial cost J is a linear function given by J(x) = (p, x) for all
x € R" and for some constant vector p = (p1,...,p,) € R™, then the solution S to

the corresponding HJ PDE (2.2) becomes

S(x,t) = Z S((P'e — P wg)i, typiyai b)) Ve € R* ¢ >0,

i=1

where the function S in the summation on the right-hand side is defined by (2.6)
and (2.15). The optimal trajectory of the optimal control problem (2.1) is defined
by (2.32) and (2.33), where the point p* equals p, which is the slope of the linear

initial cost J.

2.1.4 An extension to certain non-convex initial costs

In this section, we solve the high-dimensional problems (2.1) and (2.2) for certain

non-convex initial data J. To be specific, we assume the function J: R™ — R satisfies
J(x) = min J;(x) VxeR", (2.34)

where Ji, ..., J,: R" — R are convex functions satisfying (2.24).
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The solution S: R" x [0, 400) — R is defined by

S(x,t)= min Sy (x,t) YxcR" t>0, (2.35)

je{1,...m}
where for each j € {1,...,m}, the function S J; on the right-hand side is the solution
defined by (2.28) (or (2.17) and (2.22) for special cases) with the initial data J;.

Similarly, the optimal trajectory [0,¢] 3 s — ~(s;x,t) € R™ is defined by

Y(s;x,t) ==, (s;x,t) Vse€[0,t], wherer € argmin Sy (x,1), (2.36)

and the function s — v, (s;x,t) is the trajectory defined by (2.32) (or (2.18)

and (2.23) for special cases) with the initial cost J,.

In the following proposition, we prove that the function S defined above is the
viscosity solution to the HJ PDE (2.2) and the value function of the optimal control
problem (2.1) with initial data J. Moreover, we show that the trajectory s —
~(s; @, t) defined above is an optimal trajectory of the optimal control problem (2.1)
with initial cost J.

Proposition 2.1.7. Let J: R™ — R be a continuous function of the form of (2.34) for
some convex functions Ji,...,Jy,,: R"” — R satisfying (2.24). Assume the function
J is bounded below by an affine function. Let the function K: R" — (—o0, 0], the
matrices P and M, the vector uy € R", and the scalars aq,...,a,,by,...,b, > 0
satisfy the assumptions in Proposition 2.1.5. Let S be the function defined in (2.35)

and -« be the trajectory defined in (2.36). Then, the following statements hold:

(a) The function S is the unique viscosity solution in the solution set G in (2.25)

to the HJ PDE (2.2) with initial data J.

(b) Let @ be an arbitrary vector in R™ and ¢ > 0 be an arbitrary positive number.
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The trajectory s — ~(s;@,t) is an optimal trajectory of the optimal control
problem (2.1) with initial cost J. Moreover, the optimal value of the optimal

control problem (2.1) equals S(x,t).

Proof. The proof is provided in Section 2.3.6. O

Remark 2.1.5. The technique used in (2.35) is called the min-plus technique (or max-
plus if the optimal control problem is formulated as a maximization problem). For
more details, see [98, 84], for instance. The min-plus technique can also be applied to
solve the problems in Sections 2.1.1 or 2.1.2. The unique viscosity solution and the
optimal value are given by (2.35), where each S;, is the solution to the corresponding
HJ PDE in Sections 2.1.1 or 2.1.2 with initial data J;. An optimal trajectory is
given by (2.36), where the trajectory s — ~; (s;@,t) is the optimal trajectory of the

corresponding optimal control problem in Sections 2.1.1 or 2.1.2 with initial cost J,.

Remark 2.1.6. Note that the minimizer r in (2.36) may be not unique. Whenever
there are multiple minimizers, each minimizer r gives an optimal trajectory s
v (s;x,t). The optimal trajectory of the optimal control problem (2.1) may be
non-unique since (2.1) is not a convex optimization problem in this case (the initial

cost J is non-convex).

2.2 Efficient numerical algorithms

In this section, we present efficient numerical solvers based on some optimization
methods that evaluate the optimal trajectory of the high-dimensional optimal control
problem (2.20) as well as the solution of the corresponding high-dimensional HJ PDE

(2.21). We note that the algorithms we present in this section can be extended to
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solve (2.1) and (2.2), instead. To solve the more general problems in (2.1) and (2.2),
we apply our algorithms to compute the optimizer p* with the terminal position
x replaced by P~'x — P~'uy and the Legendre transform of the initial cost J*
replaced by J* as defined by (2.30). Then, we compute the optimal values and

optimal trajectories using (2.28) and (2.32), respectively.

Recall that in Section 2.1, we provided representation formulas for the problems
(2.20) and (2.21). Thus, we can numerically solve these problems using these rep-
resentation formulas if the optimization problem in (2.22) is numerically solvable.
In this section, we provide different methods to solve (2.22) for different classes of
initial costs J. More specifically, in Section 2.2.1, we present efficient numerical
solvers for quadratic initial costs based on explicit formulas for solving (2.22) ex-
actly. In Section 2.2.2; we solve (2.22) with more general convex initial costs using
optimization methods that utilize the numerical solver presented in Section 2.2.1
as a building block. For illustrative purposes, the alternating direction method of
multipliers (ADMM) algorithm (see [59, 15]) is applied. However, we note that
ADMM can be replaced by any other appropriate convex optimization algorithm. In
Section 2.2.3, we extend our numerical methods to address the class of non-convex
initial costs that are of the form of (2.34). In each of these three sections, we also
present high-dimensional numerical examples and timing results, which demonstrate
the efficiency of our proposed methods in each of these cases. All of the numerical
examples in Sections 2.2.1- 2.2.3 are run using a C++ implementation on an 8th Gen
Intel Laptop Core 15-8250U with a 1.60GHz processor. Finally, in Section 2.2.4, we
describe a high throughput FPGA implementation of our building block from Sec-
tion 2.2.1 and present some numerical results demonstrating the performance boost

that can be obtained using FPGAs.

To avoid confusion, we use S and « to denote the analytical solutions to the HJ
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PDEs and optimal control problems, while we use S and 4 to denote their numerical

approximations as obtained by our proposed methods.

2.2.1 Quadratic initial costs

In this section, we solve the optimal control problem (2.20) and the HJ PDE (2.21)

with quadratic initial cost defined by
J@) =5l —yl’ +a voeR"
)= —|x— a Ve
2)\ y Y

where y € R", A > 0, and a € R are some parameters. Recall that || - || denotes the
¢?-norm in R”. To solve these problems, we need to solve the optimization problem
in (2.22). Then, the solution is given by the explicit formulas (2.22) and (2.23). By

straightforward computation, the Legendre-Fenchel transform of J is

2

AH yH2_HyH —a WpeR™

i LAY (>

Therefore, for quadratic initial costs, the optimization problem in (2.22) is equivalent

to

- A Yi\?
i =S4, t; pi, as, b _<i —) : 2.1
I{gﬁg{é( (2, tipi s, bi) + 5 (pi+ )} (2.1)
Note that the optimization problem (2.1) can be divided into n one-dimensional
subproblems since each term in the summation, which corresponds to each state

dimension, is independent from each other. The i-th subproblem amounts to com-

puting

[\
N
S
+
>
N—
(3]
H,_/
o
2

A
p; = argmin {—S(l‘i, tip,ai,bi) + 5
pER
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which can be calculated using the numerical solver described in Section 2.4.1 with
parameters x = x;, @ = a;, b = b;, and ¢ = —%. Thus, solving (2.1) is embarrassingly
parallel. We also note that the minimizer in (2.2) is the proximal point of p
—%S (z5,t;p, as, b;) at —%-. This relation suggests that our proposed numerical solver

for quadratic initial costs may be a useful building block in proximal point-based

methods for solving the problems with more general initial costs.

Now, we apply our proposed numerical solver to solve the HJ PDE (2.21) with

the following quadratic initial cost:
1 2 n
J(m):§||:c—1|| Vo € R", (2.3)

ie, weset A =1, a = 0, and y = 1, where 1 denotes the vector in R™ whose
elements are all one. We also define the parameters @ = (ay,...,a,) € R" and

b=(by,...,b,) € R" by

( (
4 ifi=1, 3 ifi=1,
a; =16 ifi=2, and bi=49 ifi=2, (2.4)
5 ifi> 2, 6 ifi>2.
\ \

In Figure 2.2, we show the numerical solution to the HJ PDE (2.21) in dimension
n = 10. More specifically, Figure 2.2 depicts two-dimensional contour plots of the
solution S(z,t) for @ = (x1,2,0,...,0) and different times ¢. The running time for
this example in different dimensions is shown in Table 2.1. To compute the running
time, we first compute the overall running time for computing the solution at 102, 400
random points (x,t) € [—4,4]" x [0,0.5] and then report the average running time
for computing the solution S (x,t) at one point (x,t) over these 102,400 trials. From

Table 2.1, we see that on average, it takes less than 2 x 107¢ seconds to compute the
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solution at one point in a 16-dimensional problem, which demonstrates the efficiency
of our proposed solver even in high dimensions.
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(c) t=0.25 . -(d)t:0.5

Figure 2.2: Evaluation of the solution S(a,t) of the HJ PDE (2.21) with @ and b

defined in (2.4) and initial condition J(z) = || —1|]* for & = (z1,2,0,...,0) € R

and different times ¢. Plots for ¢ = 0, 0.125, 0.25, and 0.5 are depicted in (a)-(d),
respectively. Level lines are superimposed on the plots.

2.2.2 Convex initial costs

In this section, we solve the optimal control problem (2.20) and the corresponding HJ
PDE (2.21) with convex initial costs. To solve these problems, we need to solve the

optimization problem in the representation formula (2.22), which can be rewritten
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Algorithm 1: An ADMM algorithm for solving the optimal control prob-
lem (2.20) and the corresponding HJ PDE (2.21) with convex initial cost.

=

10

Inputs : Parameters in the problem: a,b € R", terminal position * € R",
time horizon ¢ > 0, running time s > 0 of the trajectory, and
Legendre transform J* of the convex initial cost J. Parameters
for ADMM: \ > 0, initialization d° € R", w" € R", error
tolerance € > 0.

Outputs: The optimal trajectory 4(s;,t) in the optimal control
problem (2.20) and the solution value S(z,t) to the
corresponding HJ PDE (2.21).

for k=1,2,... do

Update v*t! € R" by
k+1 . * )\ k k 2
" =argmin{ J*(v) + = |lv - d" + ||} (2.5)
vER? 2
Update d"™ € R”, where the i-th element @™ is updated by
k+1 : Aokt k2
d;" =argmin< —S(x;, t;d;, a;,0;) + (07 —d; +w;) . (2.6)
d;€R 2
Update w**! € R” by
B N o
if [|[oF ! — o¥||2 <€, ||dFT — dF|? <€, and ||[v*T! — d"|? < € then
set N =k+1 and vV = v";
break;
end
end
Output the optimal trajectory by

'3/(3; .’B,t) = (7(3;xlat>u{l\7> ay, bl)a s 77(5; T, T, uil\f’ Qs bn))a (27>

where the i-th component ~y(s; x;, ¢, u, a;, b;) is defined

in (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16). Also, output the solution
to the HJ PDE by

Q(m,t) = ZS (xi,t;uﬁv,ai,bi) —J (uN) , (2.8)
i=1

where the i-th component S (xi, t:ulN, a;, bi) in the summation is defined

I 1 )

in (2.6), (2.7), (2.8), and (2.15).
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n 4 8 12 16
running time (s) | 4.2330e-07 | 9.2605e-07 | 1.4404e-06 | 1.9732¢-06

Table 2.1: Time results in seconds for the average time per call over 102, 400 trials for
evaluating the solution of the HJ PDE (2.21) with quadratic initial condition (2.3)
for various dimensions n.

as

S(x,t) = — inf {—ZS(mi,t;pi,ai,bi) + J*(p)} : (2.9)

peR™

By Lemma 2.3.1, if J is convex and ¢ > 0, then the optimization problem in (2.9)
is a convex optimization problem with strictly convex, 1-coercive objective function.
Thus, the optimal value in (2.9) is finite, and the minimizer exists and is unique.
Furthermore, since the objective function is convex, (2.9) can be solved numerically
using convex optimization algorithms. Following the discussion in Section 2.2.1,
proximal point-based methods would be a reasonable approach. For illustrative
purposes, we demonstrate how ADMM can be applied to solve (2.9) when J* has
numerically-computable proximal point. The details of applying ADMM to this

problem is described in Algorithm 1.

In each iteration of ADMM in Algorithm 1, we first update v**! using (2.5). By

k

definition, v**! is the proximal point of the function JT at the point d* — w*, which

we denote by prox - (d* —w"). In some cases, this proximal point may not be easy

to compute, but the proximal point of x %J (Ax) is easy to compute. In these

k+1

cases, we can use Moreau’s identity [102] to obtain v"*! as follows:

vt = dF —w* —  prox (dF — w")
.'m—)%]()\w)

\ (2.10)
=d" — w" — argmin {J()\v) +3 |v—d"+ wk}|2} .

vER™

Thus, we compute v*! either via (2.5) or via (2.10) using any appropriate optimiza-

tion algorithm, where the choice of optimization algorithm may depend on the form
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of J* or J, respectively.

In the second step of each iteration, we update d*™! componentwise, as in (2.6),
which can be done in parallel. More specifically, we compute (2.6) using the numeri-
cal solver in Section 2.4.1 with parameters = z;, a = a;, b = b;, and ¢ = vf“ —i—wf.
We note that updating d*™ in Algorithm 1 is equivalent to solving (2.21) with
quadratic initial cost J(x) = 5 [|& + A(v*™ 4+ w")||?. Hence, the solver proposed in

Section 2.2.1 serves as a building block for ADMM in Algorithm 1.

Finally, to recover the optimal trajectory in (2.20) and the viscosity solution to
(2.21), we compute their approximations using (2.7) and (2.8), respectively. In these

N

two formulas, we use u” = vV to approximate the maximizer u* in the original

formulas (2.22) and (2.23).

In the following proposition, we prove that our numerical solutions 4 and S
converge to their respective analytical solutions as the number of ADMM iterates

approaches infinity.

Proposition 2.2.1. Let J: R® — R be a convex function and a, b be two vectors in
(0,+00)™. Let & be any vector in R" and ¢ > 0 be any scalar. Let S and « be the
functions defined in (2.22) and (2.23), respectively. Let A > 0 and the initializations
d’, w’ € R™ be arbitrary parameters for Algorithm 1. Let SN and A" be the output
solution and trajectory, respectively, from Algorithm 1 with iteration number N.
Then, we have

lim SN(x,t) = S(a,t) and lim sup |3V (s;x,t) — y(s; 2, 1) = 0. (2.11)

N—oo N—oo s€[0,4]

Proof. The proof is provided in Section 2.3.7. O
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Now, we present two numerical results for the optimal control problem (2.20) and
the HJ PDE (2.21) with convex initial cost J. For simplicity, we set the parameters
in Algorithm 1 to be A =1, e = 1078, d” = x, and w® = 0 in all of our numerical

experiments.

We first consider the following initial cost

J(x) =+/(x, Mx) VYV ecR" (2.12)

where M is a symmetric, positive definite matrix in R"*". Then, J*(p) = I.,,(p),
where [ is the indicator function defined by Io(x) = 0 if ¢ € C and Io(x) =
+00 otherwise and ey = {& € R" : (@, M'z) < 1} is the ellipsoid associated
with M. Thus, for this initial cost, v**! as defined in (2.5) is the projection of
d” — w* onto 4, which can be computed efficiently using the method described
in [38, Section 4.3]. We set the parameters a and b to be the values defined in (2.4).
For illustrative purposes, we set M to be a diagonal matrix with diagonal elements
(my:i=1,....,n)=(1,8,3,5,1,1,...,1). Figure 2.3 depicts two-dimensional slices
of the numerical solution S(a,t) to the 10-dimensional HJ PDE (2.21) as computed

using Algorithm 1 at different positions @ = (1, 22,0, ...,0) and different times ¢.

Figure 2.4 depicts one-dimensional slices of the optimal trajectory 4(s;x,t) of
the corresponding optimal control problem (2.20) using different terminal positions
(z,—x,0,...,0) € R and different time horizons ¢. In each subfigure, the time hori-
zon t is fixed, and the different trajectories correspond to different terminal positions.
We observe that the one-dimensional slices are piecewise-quadratic and continuous in

s, which is consistent with our formulas for v as defined in (2.9), (2.10), (2.11), (2.13),
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Figure 2.3: Evaluation of the solution S(z, t) of the high-dimensional HJ PDE (2.21)
with @ = (4,6,5,...,5) € R b = (3,9,6,...,6) € R and initial condition
J(x) = \/(x, Mx), where M is a diagonal matrix with diagonal elements (m;; : i =
1,...,10) = (1,8,3,5,1,1,...,1), for & € [—4,4]*> x {0}® and different times ¢. Plots
for t = 0, 0.125, 0.25, and 0.5 are depicted in (a)-(d), respectively. Level lines are
superimposed on the plots. The two axes in each figure correspond to the first and
second components of the spatial variable z € R'°.
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and (2.14).

In Table 2.2, we show the running time of this example for different dimensions
n. We use the same method to compute the running time as in Section 2.2.1. From
Table 2.2, we see that it takes, on average, less than 3 x 1075 seconds to compute the
solution at one point in a 16-dimensional problem, which demonstrates the efficiency

of our proposed algorithm even in high dimensions.
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Figure 2.4: Evaluation of the optimal trajectory 4(s; (z, —x,0,...,0),t) of the opti-
mal control problem (2.20) with a = (4,6,5,...,5) € R b= (3,9,6,...,6) € R,
and initial cost J(x) = /(x, Mx), where M is a diagonal matrix with diagonal
elements (m;; : i = 1,...,10) = (1,8,3,5,1,1,...,1) versus s € [0,t] for different
terminal positions (z, —z,0,...,0) (z € [—4,4]) and different time horizons t. The
different colors and line markers simply differentiate between the different trajecto-
ries. Figures (a)-(c) depict the first component of the trajectory versus s € [0, ¢] with
different time horizons ¢, while (d)-(f) depict the second component of the trajectory
versus s € [0,t] with different time horizons ¢. Plots for time horizons ¢ = 0.125,
0.25, and 0.5 are depicted in (a)/(d), (b)/(e), and (c)/(f), respectively.
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n 4 8 12 16
running time (s) | 6.9100e-06 | 9.7660e-06 | 1.5178e-05 | 2.1040e-05

Table 2.2: Time results in seconds for the average time per call over 102,400
trials for evaluating the solution of the HJ PDE (2.21) with initial condition
J(x) = /(x, Mz), where M is a diagonal matrix with diagonal elements (m;; :
i=1,...,n)=(1,8,3,5,1,1,...,1), for various dimensions n.

In the second example, we consider the nonsmooth convex initial cost
1 2 n
J(m):§||ac—1||1 Vo € R", (2.13)

where || - ||; denotes the ¢!-norm in R™ and 1 is a vector in R™ whose components are
all ones. For this example, we update v**! using (2.10), where the proximal point of
the mapping @ — +.J(Ax) is computed efficiently using the method described in [38,

Section 4.4]. We set the parameters a and b to the values defined in (2.4).

Figure 2.5 depicts two-dimensional slices of the numerical solution S (xz,t), as
computed using Algorithm 1, of the 10-dimensional HJ PDE (2.21) at different
positions * = (1,22,0,...,0) and at different times t. Figure 2.6 depicts one-
dimensional slices of the optimal trajectory 4(s;x,t) of the corresponding optimal
control problem (2.20), using different terminal positions = (z, —x,0,...,0) € R
and different time horizons t. We observe that the one-dimensional slices are piece-
wise quadratic and continuous in s, which is consistent with our formulas for v, given

by (2.9), (2.10), (2.11), (2.13), and (2.14).

In Table 2.3, we present the running time of this example for different dimensions
n. From Table 2.3, we see that it takes less than 4 x 10~* seconds on average to
compute the solution at one point in a 16-dimensional problem, which demonstrates

the efficiency of our proposed algorithm even in high dimensions.
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Figure 2.5: Evaluation of the solution S(z, ) of the high-dimensional HJ PDE (2.21)
with @ = (4,6,5,...,5), b=(3,9,6,...,6), and initial condition J(xz) = |jx — 1|}
for £ = (21, 75,0,...,0) € R'% and different times ¢. Plots for ¢t = 0, 0.125, 0.25, and
0.5 are depicted in (a)-(d), respectively. Level lines are superimposed on the plots.

n 4 8 12 16
running time (s) | 2.1192e-05 | 9.4819¢-05 | 2.0531e-04 | 3.2751e-04

Table 2.3: Time results in seconds for the average time per call over 102, 400 trials for
evaluating the solution of the HJ PDE (2.21) with initial condition J(z) = 1|z — 1|3
for various dimensions n.
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Figure 2.6: Evaluation of the optimal trajectory 4(s; (z, —x,0,...,0),t) of the opti-
mal control problem (2.20) with @ = (4,6,5,...,5), b = (3,9,6,...,6), and initial
cost J(x) = 1||@—1||] versus s € [0, ¢] for different terminal positions (z, —z,0, .. .,0)
(x € [—4,4]) and different time horizons ¢. The different colors and line markers sim-
ply differentiate between the different trajectories. Figures (a)-(c) depict the first
component of the trajectory versus s € [0,¢] with different time horizons ¢, while
(d)-(f) depict the second component of the trajectory versus s € [0, ] with different

time horizons t. Plots for time horizons t = 0.125, 0.25, and 0.5 are depicted in
(a)/(d), (b)/(¢), and (c)/(F), respectively.
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2.2.3 A class of non-convex initial costs

Algorithm 2: An optimization algorithm for solving the optimal control
problem (2.20) and the corresponding HJ PDE (2.21) with nonconvex initial
cost J of the form (2.34).

Inputs : Parameters a,b € R”, terminal position & € R", time horizon
t > 0, running time s > 0 of the trajectory, and the convex
functions Ji, ..., J,, in (2.34).

Outputs: An optimal trajectory 4(s; x,t) in the optimal control
problem (2.20) and the solution value S(z,t) to the
corresponding HJ PDE (2.21) with nonconvex initial cost J of
the form (2.34).

for j=1,2,...,m do

2 Numerically solve the j-th subproblem (2.16) using any appropriate

method (e.g., the solver in Section 2.2.1 or Algorithm 1 in

Section 2.2.2), and get the optimal trajectory 4,(s; x,t) of optimal

=

control problem (2.20) and the solution S;(z,t) to the corresponding
HJ PDE (2.21) with initial data J;;

3 end
4 Compute the index r by

r € argmin S;(x, t). (2.14)

In this section, we provide an algorithm based on the min-plus technique to solve
the high-dimensional problems (2.20) and (2.21) with certain non-convex initial data

of the form (2.34). The algorithm is summarized in Algorithm 2.

Recall that the solution S is given by (2.35) and the optimal trajectory =y is given
by (2.36). Thus, to solve (2.20) and (2.21) with initial cost J of the form (2.34),

we first divide the problem into m subproblems. In the j-th subproblem, which
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corresponds to the initial cost J;, we must solve the following optimization problem:

i=1

peR™

We can apply any appropriate algorithm to solve this convex optimization problem,
such as the methods in Sections 2.2.1 and 2.2.2. Note that the subproblems can be
solved in parallel and possibly using different algorithms, the choice of which depends
on the properties of J;. We then compute the final solution to the overall problem
using the solutions to each of the subproblems (i.e. the optimal cost S;(z, ) and the
optimal trajectory 4,(s) of the j-th subproblem for j = 1,...,m) and (2.15). As
defined in (2.14), the index r in (2.15) is the index of the minimal cost S, (2, ) among
all possible costs Sl(a:,t), o ,S’m(w, t). As noted in Remark 2.1.6, the index r and
hence the optimal trajectory ~(s;,t) may be non-unique due to the nonconvexity

of the initial data.

Note that [24, Proposition 8] still holds (since the proof only relies on the min-
plus technique), and hence, the convergence of Algorithm 2 is guaranteed. In other
words, as long as the algorithm for each subproblem converges, the numerical solution
S given by Algorithm 2 converges pointwise to the analytical solution. Moreover,
any cluster point of the numerical optimal trajectory 4 yields an optimal trajectory
in (2.20). As noted previously, since the initial cost J is non-convex, the optimal
trajectory of the optimal control problem (2.20) may be non-unique, and thus, the
output trajectory s — 4(s;x,t) may have multiple cluster points. Therefore, the
conclusion holds only for the cluster points of 4, and the convergence of 4 is not
guaranteed. Specifically, whenever the optimal trajectory is unique, the output tra-

jectories of Algorithm 2 converge as the error in each subproblem converges to zero.

Next, we present a high-dimensional numerical example using nonconvex J of
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the form (2.34). More specifically, we consider the following nonconvex initial cost:

1
J(x) = min J;(x) = min {§\|w—yj|\2+aj}, (2.17)

j€{1,2,3} J€{1,2,3}

where y, = (-2,0,...,0), y, = (2,-2,-1,0,...,0), and y; = (0,2,0,...,0) are
vectors in R™ and ay = —0.5, as = 0, a3 = —1 are scalars in R. Recall that || - ||
denotes the £2-norm in the Euclidean space R™. We also set a and b to be the vectors

defined in (2.4).

Figure 2.7 depicts two-dimensional slices of the solution S (x,t), as computed
using Algorithm 2, to the 10-dimensional HJ PDE (2.21) for different positions & =
(1,22,0,...,0) and different times t. In Figure 2.7(a), we clearly see that the
initial condition J is not smooth at the interfaces of the quadratics J;, e.g., there
are obvious kinks near (z1,z3) = (0,0), (—2,2), (0,—2), (2.5,0). We see that over
time, the solution also evolves with several kinks (Figures 2.7(b)-(d)). These kinks
provide numerical validation that the algorithm does indeed provide the non-smooth

viscosity solution to the corresponding HJ PDE.

In Figure 2.8, we show several one-dimensional slices of an optimal trajectory
A (s; (z,—x,0,...,0),t) of the corresponding optimal control problem with a and b
defined above and initial cost J defined in (2.17), for different terminal positions
(x,—x,0,...,0) and different time horizons ¢t. We observe that the one-dimensional
slices are piecewise quadratic and continuous in s, which is consistent with our for-

mulas for v as given by (2.9), (2.10), (2.11), (2.13), and (2.14).

In Table 2.4, we present the running time of this example for different dimensions
n. From Table 2.4, we see that it takes less than 5 x 1076 seconds on average to

compute the solution at one point in a 16-dimensional problem, which demonstrates
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(c) t=0.25

Figure 2.7: Evaluation of the solution S’(a:,t) of the 10-dimensional HJ PDE
(2.21) with @ = (4,6,5,...,5), b = (3,9,6,...,6), and initial condition J(x) =
minjeqi o3 Ji(€) = minjepog{ille — y,l|* + oy}, where y, = (=2,0,...,0),
Yy, =(2,-2,-1,0,...,0), y3 = (0,2,0,...,0), ay = —0.5, ay = 0, and a3 = —1, for
x = (x1,22,0,...,0) and different times ¢. Plots for ¢ = 0, 0.125, 0.25, and 0.5 are
depicted in (a)-(d), respectively. Level lines are superimposed on the plots.
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4 ~
0 005 01 015 02 025 03 035 04 045 05

(c) First component, ¢t = 0.5

0 0.02 0.04 0.06 0.08 0.1 0.12

d) Second component, ¢t =
0.125

(e) Second component, ¢
0.25

0.25

-40 0‘05 0‘1 0‘15 0‘2 0‘25 0‘3 0235 O‘A 0‘45 0‘5
(f) Second component, t =
0.5

Figure 2.8: Evaluation of an optimal trajectory ~(s;(z,—z,0,...,0),f) of the
10-dimensional optimal control problem (2.20) with a = (4,6,5,...,5), b =
(3,9,6,...,6), and initial cost J(x) = minjeq1 2.3y J;(2) = minjeq 23 {5/lz — y;[* +
a;}, where y; = (—2,0,...,0), y, = (2,—2,-1,0,...,0), y3 = (0,2,0,...,0),
a; = —0.5, ap = 0, and ag = —1, versus s € [0,¢] for different terminal positions
(x,—x,0,...,0) (z € [-4,4]) and different time horizons ¢. The color of the lines

A

denotes which initial cost was used, i.e., r € argmin;cg 53y Sj(@,t) for r = 1,2,3

corresponds to red,

, and blue, respectively. The different line markers simply

differentiate between the different trajectories. Figures (a)-(c) depict the first com-
ponent of the trajectory versus s € [0,¢] with different time horizons ¢, while (d)-(f)
depict the second component of the trajectory versus s € [0,¢] with different time
horizons t. Plots for time horizons ¢t = 0.125, 0.25, and 0.5 are depicted in (a)/(d),
(b)/(e), and (c)/(f), respectively.
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the efficiency of our proposed algorithm even in high dimensions.

n 4 8 12 16
running time (s) | 9.9695e-07 | 2.2075e-06 | 3.3748e-06 | 4.4818e-06

Table 2.4: Time results in seconds for the average time per call over 102,400 trials
for evaluating the solution of the HJ PDE (2.21) with initial condition J(x) =
minje{17273} Jj(m) = HliIlje{LQ’g}{%HfB - ’yjHQ + Oéj}, where Y, = (—2, O, ce ,0), Yy =
(2,-2,-1,0,...,0), y3 = (0,2,0,...,0), oy = —0.5, s = 0, and a3 = —1 for
various dimensions n.

2.2.4 An FPGA implementation

In this section, we describe an FPGA implementation of our building block from
Section 2.2.1, i.e., our efficient solver for computing (2.22), or equivalently (2.1),
exactly. Specifically, we present an FPGA implementation with high throughput.
Throughput refers to the amount of data that can be processed in a given amount
of time. We achieve a high throughput by designing an implementation with an
iteration interval (II) of 1, which means that we can begin processing a new input
(in our case, a new (x;,t,7;) € R x [0,00) x R as defined in (2.1)) at every FPGA

clock cycle.

Our FPGA implementation uses a Xilinx Alveo U280 board with a target design
running at 300 MHz. Thus, having an I of 1 means that we can begin processing
a new input (i.e., a new (x;,t,7;)) every 3.3333 nanoseconds. Note that the Alveo
U280 board consists of three “chiplets”. Crossing chiplets consumes limited routing
resources, which can severely reduce the performance. To avoid this issue, we aim
for an FPGA design that uses less than 30% of any given FPGA resource type to

ensure that no chiplet is crossed.

Table 2.5 shows the amount of FPGA resources and the latencies used to imple-
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ment and run our building block on a Xilinx Alveo U280 board for various dimensions
n and 102,400 points (x,t,y) € R™ x [0,00) x R". We observe that since our de-
sign streams the points (x,t,y) elementwise (i.e., our FPGA kernel takes the inputs
(x;,t,9;)), the latency scales linearly in the dimension n and the amount of FPGA
resources used remains essentially constant in n. We also note that we use less than
30% of the FPGA resources available on the Xilinx Alveo U280 board, which implies
that we could either parallelize by implementing multiple copies of our FPGA kernel
to maximize usage of the FPGA board or use a smaller (i.e., cheaper) FPGA to

implement our building block with similar performance as we report here.

In Table 2.6, we highlight the performance boost that can be achieved using
FPGAs by comparing the performance of a CPU implementation of our building
block using C++ to our FPGA implementation. The CPU implementation used
here is identical to that used in Section 2.2.1 but using a fixed number of Newton
iterations (see Section 2.4.1 for more details) for better comparability with our FPGA
implementation. We observe that our FPGA implementation has a speedup of about
37 to 40 (depending on the dimension n) compared to the CPU implementation. Note
that using a Xilinx Alveo U280 board, we could parallelize our FPGA implementation
for a further speedup of x3 (i.e., a total speedup of about 111 to 122 overall depending
on the dimension n) by simply replicating our FPGA kernel on each chiplet of the
board. This parallelization would not experience any performance degradation due
to chiplet crossing, as each copy of the FPGA kernel would be independent, and
hence, no kernels/chiplets would need to communicate (as demonstrated in Table
2.5, each copy of the FPGA kernel would fit fully within a single chiplet since our
FPGA kernel uses less than 30% of the available FPGA resources).

Remark 2.2.1. In order to achieve an II of 1, every for loop inside of our FPGA

kernel must be unrolled completely. In terms of hardware, completely unrolling
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n Latency (ns) BRAM DSPs FFs LUTs

4 | 410,604 (1.369¢06) | 0 (0%) | 2,042 (22%) | 418,105 (16%) | 154,471 (11%)
8 | 820,218 (2.734e06) | 0 (0%) | 2,042 (22%) | 418,174 (16%) | 154,442 (11%)
12 | 1,229,826 (4.009¢06) | 0 (0%) | 2,042 (22%) | 418,434 (16%) | 154,465 (11%)
16 | 1,639,438 (5.464¢06) | 0 (0%) | 2,042 (22%) | 418,887 (16%) | 154,611 (11%)

Table 2.5: FPGA resources and latencies in cycles and nanoseconds (ns) for eval-
uating the solution of the HJ PDE (2.21) with quadratic initial condition (2.3) at
102,400 points (x,t,y) € R™ x [0,00) x R™ for various dimensions n using double
precision floating points on a Xilinx Alveo U280 board with a frequency of 300 MHz.

n | CPU time (s) | FPGA time (s) | Speedup
4 4.9845e-07 1.3369¢-08 37.2840
8 9.9128e-07 2.6699e-08 37.1280
12 1.6092e-06 4.0029e-08 40.2009
16 2.1701e-06 5.3359e-08 40.6698

Table 2.6: Comparison of the average time per call over 102,400 runs for evaluating
the solution of the HJ PDE (2.21) with quadratic initial condition (2.3) for various
dimensions n using a CPU implementation on a single Intel Core i5-8250U versus an
FPGA implementation on a Xilinx Alveo U280 board with a frequency of 300 MHz.

a loop means that each iterate of the loop is implemented with its own resources
on the FPGA board. Following the discussion in Section 2.4, the only step in our
implementation of the building block that requires a (completely unrolled) for loop is
the computation of the candidate minimizer p; using Newton’s method (2.4). Thus,
in order to prevent an explosion in resource usage, we fix the number of Newton
iterations to be 5. Since p3 is the root of a relatively well-behaved function and we
use a reasonable initialization, we find that 5 Newton iterations allows us to compute

ps3 sufficiently accurately.
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2.3 Some proofs and technical lemmas

2.3.1 Technical lemmas for Section 2.1

Lemma 2.3.1. Let S be the function defined in (2.6) and (2.15). Let x € R and
t,a,b > 0. Then, the function R 3 p — —S(z,t;p,a,b) € R is strictly convex,

1-coercive, and continuously differentiable.

Proof. 'We first compute the derivatives of fi1, fa, f3, f1, f5 with respect to p to obtain

afl(xat;p7avb) at2

= —— —pt
op g P +
8f2(x,t;p,a,b) th
=— —pt
ap 5 pt+ x,
afS(x>t;p7a7b> a+b 2
= —(bt — — bt)\/ (bt — p)? + 2 2b 2.1
5 o (SO0 o=V =P+ (et ) (2
L
at2op 2 P
8f4(:c, t;p7 a, b) _ 8f5($, t;p, a, b) _ _p_2
op N op 2%
From the above formulas, it is clear that fi,..., f; are continuously differentiable

with respect to p in their domains. Now, we compute their second-order derivatives,
which read as follows:
anl(xvt;p7a7 b) _ anQ(xvt;p7a7 b)
op? N op?
02 t; b 2 b bt — p)? 2b
fa(, ;p, a,b) @*‘>(m_p+ (bt = p)* + w(a + >>_¢7 22)

=—1<0,

Op* (e +2b)? V(b — p)2 + 22(a + 2b)
a2f4(xat;p>aab) _ a2f5(xat;p>aab) — _E <0
op? op? b —

Hence, the second-order derivatives of f; and fy with respect to p are negative, which
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implies that f; and f5 are strongly concave with respect to p in their domains. Note
that the domains of f; and f5 with respect to p are included in [0, +00), and hence,
their second-order derivatives with respect to p are negative almost everywhere. The
strict concavity of f; and f5 follows. Now, we prove the statement by considering

different cases.

First, consider the case where z € [0, %] In this case, according to the defini-

tions (2.6) and (2.15), the function p — S(x,t; p, a,b) reads

(

fQ(_'Tat; —-D, b’ a’) p<v 2ax — (lt,

fs(=x,t; —p,b,a) V2azxr —at <p <0,

S(z,t;p,a,b) = falz, t;p, a,b) 0<p<hb <t —1/ %) ) (23)

f3(z,t;p,a,b) pr(t—@).

By straightforward calculation, the function p — S(z,t;p,a,b) is continuously dif-

\

ferentiable. Now, we prove the 1-coercivity of —S by computing the limit of the

derivatives as p approaches 400 or —oo. As p approaches —oo, we have

. 0S(z,t;p,a,b) :
lim = — lim
p——00 ap q——+00 aq q——+00

= —|—OO’

8f2(—$,t;q, b7(l) — — lim a_t2 . qt—l’
2

(2.4)

where the change of variable ¢ = —p is performed to obtain the first equality. Simi-
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larly, when p approaches 400, we obtain

. aS(l‘7t7p7avb) . a.f?)('rat;pva?b)
lim = lim
p—+o00 dp p—r+00 op
o a+b 5 5
= Jm (=0t = p)* + (p = bt) /(L = p)? + 20(a + 20))
bu —l—bi? —pt
a—+2b 2 b
, a+b 2z(a + 2b) b bt
= lim ———=(p—0bt + ot
prtoo (a+2b)2(p )\/(bt—p)2+2m(a+2b)—bt+p avr2n 2 7
2z(a + b) 1 bx bt
T poteo a+ 20 22(a+2b) a+2b * o pl = =00,
L+ Trpp +1
(2.5)

where the last equality holds since we assume ¢ > 0. By (2.4) and (2.5), we conclude
that p — —S(x,t;p,a,b) is 1-coercive when x € [0, %] It remains to prove the
strict concavity of S with respect to p in this case. Since .S is defined piecewise and
continuously differentiable, it suffices to prove that each piece is strictly concave.
Recall that we proved the strict concavity of fo, f4, f5 using (2.2), and hence, the
first three lines in (2.3) are strictly concave functions. It remains to consider fs.

Some computation shows that W < 0 holds if and only if there holds

2

(a+b)?2® —t ((a +b)p+ %) ((p—bt)* + 2z(a + 2b)) < 0. (2.6)

The left-hand side in (2.6) is a second-order polynomial with respect to x with

positive leading coefficient. As a result, to check that the inequality in (2.6) holds

2

for all x € |0, %], it suffices to prove that the inequality holds at z = 0 and x = %
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Denote the left-hand side of (2.6) by P(x). Then, we have that

2

P(0) = —t ((a +b)p + %) (p—bt)* <0,

P at” = —tp (a+b)(bt—p)2+@+ a+é (a® + 2ab) +ab* | t* | <0,
2 4 2

(2.7)

where P(0) = 0 holds if and only if p = bt and where P(%) = 0 holds if and

92 f3(x,t;p,a,b)

only if p = 0. In other words, or?

< 0 holds in its corresponding domain
p > bt — b\/% except at finitely many points, which implies the strict concavity
of S with respect to p in this domain. Therefore, we conclude that the function
p+— —S(x,t;p,a,b) is strictly convex, 1-coercive, and continuously differentiable for
x € [0, %]

at?

Next, we consider the case where x > “-. In this case, the function p

S(z,t;p,a,b) reads:

(

fZ(_‘/Eat; _p7b’a’) p<07

t
S(x,t;p,a,b) = ¢ fi(z, t;p,a,b) 0<p< % - % (2.8)
x at
\f3(:(;,t,p,a,b) p>?_§

By straightforward calculation, p +— S(z,¢;p,a,b) is continuously differentiable.
Note that (2.4) and (2.5) still hold in this case, and hence, the function p
—S(x,t;p,a,b) is 1-coercive. As in the first case, the strict concavity of the first

two lines in (2.8) follows from (2.2). Hence, to prove the strict concavity of

92 f3(x,t;p,a,b)

2
o < 0 when > % and

p — S(z,t;p,a,b), it suffices to show that 5

p > % —9% ie., it suffices to check (2.6) for all z € (%,tp + ‘%2) Again, de-

note the left-hand side of (2.6) by P(x). Since P(z) is a second-order polynomial

with respect to x with positive leading coefficient, it suffices to show that P(x) <0
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at x = ‘%2 and x = tp+ % According to (2.7), P(%) < 0. After some calculations,
we get that

at? 3 2 a? 2,2 2 a’ 3
P tp+7 = —pt° ( b(a + b) +E(a+b) —pt° [ (a+0) + — (a+b)p°t,

which is < 0 we have a,b,p,t > 0. Therefore, for p > 7 — 4 the function p —
fs(z,t;p,a,b) is strictly concave. As a result, we have shown that the function
p+— —S(x,t;p,a,b) is strictly convex, 1-coercive, and continuously differentiable for

T € (%,—i—oo).

Now, we consider the case where x < 0. By (2.15), for all z,p € R, ¢t > 0,
we have S(z,t;p,a,b) = S(—x,t; —p,b,a). Therefore, the conclusion for z < 0 also
holds since we have already proved that the function —p — S(—=z,t;—p,b,a) is

strictly convex, 1-coercive, and continuously differentiable. O

Lemma 2.3.2. Let J: R — R be defined by J(z) = px forsomep € R. Let K: R — R
be the function defined by (2.4) for some constants a,b > 0. Let S be the function

defined in (2.6) and (2.15). Then, the following statements hold:

(a) The function (z,t) — S(x,t;p,a,b) is a continuously differentiable solution to

the corresponding HJ PDE (2.5).

(b) For all ¢t > 0, the function z — S(z,t; p, a,b) is convex.

Proof.  (a) We first prove the statement for non-negative p. Assume p > 0. By
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straightforward calculation, the derivatives of f3 with respect to x and ¢ read:

Ofslwtipa,b) _ bla+?) ((bt—p)2—|—(bt—p)\/(bt—p)2+2x(a—|—2b)>

ot (a + 2b)?
afg(x’;;p’ .5 _ aaj;b V/ (bt = p)? + 2(a + 2b) — %.
The derivatives of the functions f1, fs, f1, f5 read:
8f1(x,((1;;tp,a,b) _ _? ~apt + az — %2’ afl(xa(;;xpﬂa b) — at +p,
6’f2(x,((1;;tp,a,b) _ _? ot — b — p;, afz(x,(;;pm, b) — b,
8f4(x,;;tp,a,b) o 8f4(a:,(;;p,a, b) — \2axz,
8f5(x,;;tp,a,b) _o afs)(m’at;p’a’ b) N ;T
(2.10)

It is straightforward to check that these five functions all satisfy the differential
equation in (2.5). By straightforward calculation, the function (x,t) — S(z,t;p, a,b)
is continuously differentiable and satisfies the initial condition in (2.5). Therefore, S

is a continuously differentiable solution to the HJ PDE (2.5).

Next, we consider negative p. Assume p < 0. For all o, 5 > 0, denote by K, s(z)
the function K defined in (2.4) with constants @ = o and b = . Note that there

holds K, s(z) = Kpo(—x) for all z € R. By (2.15), we have

t: b 1
83(1” étp, = ) + §<Vx5(x7 tapv a, b))2 + Kavb('r)

—x.t—p. b 1
= aS( x’@’t p, 7a) + 5(_VzS(_x7 t; —p, ba CL>>2 + Kbva(_x)
0S(y, t; —p, b, 1
- (y ot : a) + E(Vﬂcs<y7 t; D b7 a))Z + Kbva(y)

=0,
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where the second equality follows from the change of variable y = —x and the last
equality holds since the function (y,t) — S(y,t;—p,b,a) is a solution to the HJ
PDE (2.5) with potential energy Kj,, according to the proof above for positive p.

We check the initial condition as follows:

S(x,();p,a, b) = S(—x,O; -, b> CL) = (—p)(—l’) = px.

Therefore, the function (z,t) — S(z,t;p,a,b) defined in (2.15) solves (2.5). It is
continuously differentiable since it equals S(—z,t; —p,b,a), which is continuously

differentiable with respect to (—zx,t).

(b) When ¢t = 0, we have S(z,t;p,a,b) = px, which is convex with respect to
x. It remains to consider the case when ¢ > 0. Recall that we have proved above
that the function S is continuously differentiable. To show the convexity of S with
respect to z, it suffices to show the convexity of each f; in its domain. Let p > 0.

By straightforward calculation, we obtain

32f4(x,t;p,a,b) a

82f1(l’,t;p, a, b) - 82f2(1},t;p, a, b)

Ox? Ox? ’ Ox? 2ax -0
82f3('r7t;p7a’7b> _ a+b >0 82f5<x7t;p7a7b) _ b > 0.
Ox? V/ (bt — p)? + 2z(a + 2b) 7 Ox? Vv —2bx

Therefore, the function x — S(x,t; p,a,b) is convex for all p > 0. The convexity of

x+— S(z,t;p,a,b) for p < 0 follows from (2.15). O

Lemma 2.3.3. Let a,b > 0 be any positive scalars and S be the function defined
in (2.6) and (2.15). Then, for all p € R, there exists a constant C), € R, such that

there holds

pr+ C, < S(z,t;p,a,b) < pr+tla+b)|z] VreRt>0. (2.11)
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Proof. In this proof, whenever there is no ambiguity, we write S(x,t;p) instead of

S(z,t;p,a,b).

We begin by proving the first, leftmost inequality in (2.11). Let p > 0 be an
arbitrary non-negative number. We first prove the statement for this p. For this, it
suffices to prove that

inf {S(x,t;p) — pr} > —o0, Vie {1,2,3,4,5}.

(,) ERX[0,+00)
s.t. (z,t,p)EQ;

For (z,t,p) € 4, we have z > pt + % and

a’t®  apt? p’t a’t®  apt? at? p*t
S tip)—pr=— P gy P> I (e ) B
(z,t;p) — px 5 5 + atx 5 2 g 5 +a (p + 2) 5
_ ot apt? pt
3 2 2

Note that the function t % + %;2 — % is a third-order polynomial with positive
leading coefficient % Thus, this function is continuous and coercive for t € [0, +00),
and hence, it has a finite lower bound. In other words, we have
2,3 2 2
a“t apt t
inf {S(xatp)_px}Z%gg{Tﬁ'%—%}>—OO

(2,1)ERX[0,+50)
s.t. (z,t,p)EQ

For (z,t,p) € Qs and t < £, we have x < 0, and hence,

b3 bpt? p?t b2t3 bpt?  p?t
S(x,t;p)—pr=—-+——— btz > ——- + — — —
3 3 2 3
> P oL __

— 6D 2b 3b
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For (z,t,p) € Qy and t > #, we have z < —g(t — £)?, and hence,

b3 bpt?  pPt 22 bpt?  p*t bt P2
Sz, tip) —pr = ——— + — — — — bt > ——— 4 — — —<t——)
(o tip) = pr = ===+ 757 = 5 6 2 2 2 b
v bpt?
3 2
The function t — % — % is a third-order polynomial with positive leading co-

efficient, which implies that this function is bounded from below for ¢ € [0, +00).

Therefore, we obtain

2 3 243 2
inf {S(x,t;p)—px}Zmin{—%,inf{b—t—bp—t}}>—oo.

(z,t)ERX[0,+00) >0 | 3 2
s.t. (z,t,p)EQ2

Consider (z,t,p) € Q3 and let A := (bt — p)* + 2z(a +2b). If 0 < ¢t < 2, we have

0<z<pt+ % By Lemma 2.3.2, S(z,t;p) — px is continuous with respect to
(z,t), and hence, it is bounded from below in the compact domain {(z,¢) € R?: 0 <
t<P0<uz Spt+§}. Ift > % we have (t — £)* < z <pt+“7t2, and hence,

A > (bt —p)* +ala+2b)(t — £)? = (1 + 2)*(bt — p)*. Therefore, we obtain

S(z,t;p) — px
a+b b b2t3  bpt? PPt
= (bt —pP AV - (bt —plr— —— P
3(a+26)2(( P+ A% - o (b e - S S = T e
(a+0b)(bt —p)? a\3 (b*t+ (a+b)p)x B> bpt?  p?t
> Z _ _ _ £
—  3(a+2b)? 1+<1+b> a+2b 6 T 2
(a+0b)(bt —p)? a\3 b’t + (a+ b)p at?
> 1+ (1+5) )| - ————Z (pt+ —
=30+ 20)2 +(1+3) ar2n U3
bt3 bpt?  p?t
"6 T2 T2
=:g(t),

(2.12)

where the function g defined in the last line is a third-order polynomial with respect
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to t whose leading coefficient reads:

s (1+(1+9)) - sy — &

(a4’ +(a+0b)*  3ab® 4 b°(a + 2D)

3(a+20)? 6(a +20)
_(a+b)(a®+ab+1?) = (2a+b) o -
B 3(a + 2b) 377

Therefore, the function ¢ is bounded from below for ¢ € [0, +00), which implies

inf  {S(z,t;p) — px} Zmin{ inf {S(z,t;p) —pfﬂ}’}fggg(t)}

(z,t)ERX[0,+00) 0<t<P 0<z<pit+ >
s.t. (z,t,p)EN3 SIS USTEPIT

> — OQ.

If (z,t,p) € Q4, we have z > 0. By (2.10), we obtain

2

9 0, +00) z> ]2?—,
a—x(S(x,t;p)—px)I\/an—pe @,
p

—00,0] 0< 2z < —.

(~o0,0] 0sw<l-
Hence, the minimal value of S(x,t;p) — px is attained at z = %, and we have

2 3 3 3 3

. p p p p p
(z,t)eﬂl@g[o,+oo){ (v.t;p) = pr} 2 (2@7 ,p) 2a¢ 3a 6b 2a >

s.t. (x,t,p)EQ

If (x,t,p) € Q5, we have z < 0. By (2.10), we obtain
0
5 (P& tp) —pw) = =V =2br —p < 0.

Then, the minimal value is attained at = 0, and we have

3
' D
inf S(z,t;p) —px} > S(0,t;p) = ——= > —o0.
(x,t)eRx[0,+oo){ ( p) p }— ( p) 6b
s.t. (CC,t,p)Eﬂg,
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Therefore, we have inf,cr>0{S(x,t;p) — pr} > —oo for all p > 0, and hence, the
first inequality in (2.11) holds for all p > 0. If p < 0, we get
xe%l&fZO{S(x7 tip,a, b) - pl‘} = :relﬂgfzo{s(_x7 t; —p, b7 CL) - p[L’}

= ye{é}tfzo{s(y,t; q,b,a) — qy} > —oo,

where the first equality holds by (2.15), the second equality holds by the change of
variables ¢ = —p and y = —x, and the last inequality holds since we have already
proved the first inequality in (2.11) for the positive ¢ case. Therefore, the first

inequality in (2.11) also holds for all p < 0.

Now, we prove the second inequality in (2.11). We first consider the case where
p > 0. Since the function = +— px + t(a + b)|z| is linear in [0, +00) and (—o0, 0]
and the function z — S(z,t;p) is convex by Lemma 2.3.2(b), then to prove that
S(x,t;p) < pr + t(a+ b)|z| holds for all z € R, it suffices to prove it for x = 0,
r > C, and z < —C for some large scalar C' > 0. In other words, it suffices to
consider the cases where x = 0, (z,t,p) € €, and (z,t,p) € y. Note that for all
p > 0and ¢t < %, the value S(x,t;p) at © = 0 equals the function f>(0,t;p,a,b),
according to the continuity of S. Therefore, we only need to consider the following

three cases:

1. If # =0 and ¢t > £, we have

3

S(x,t:p) = S(0,t:p) = f2(0,t;p,a,b) = —% <0 =pz+t(a+b)z|

2. If (z,t,p) € Qy, we have x > 0 and

t? °t
S(z,t;p) = ——— — WY atr — % + pr < atx + pr < px + t(a + b)|z|.
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3. If (z,t,p) € Qy, we have z < 0 and

S(x,t,p)——7 T—T—bm—l—px
t 3p\° P
—prtbt|z]|— - (b —22) 2T

px + bt|x| 6( 2) 3

< px + bt|z| < pr+t(a+0b)|x|.

Therefore, the second inequality in (2.11) holds for all ¢,p > 0, and z € R. If p < 0,

letting ¢ = —p and y = —x, we have

S(x,t;p,a,b) = S(y,t;q,b,a) < qy + t(a+b)|y| = px + t(a+ b)|z|,

where the first equality holds by (2.15) and the first inequality holds since we have
already proved it above for the positive ¢ case. Therefore, the second inequality

in (2.11) also holds for all p < 0. O

Lemma 2.3.4. Let a,b > 0 be positive scalars and S be the function defined in (2.6)

and (2.15). Then, there holds

‘ dS(x,t;p,a,b)

o ‘ < C(Ry, Ry, Ry) < +00, (2.13)

for all x € [-R,, R,|, t € [0, Ry}, and p € [-R,, R,|.

Proof. ~ We first consider the case where p > 0. Let |z| < R,, t € [0, R], and
p € [0, R,]. We obtain the derivatives of S with respect to z in (2.9) and (2.10). If

(x,t,p) € Qq, we have

5 ‘:|at+p|§aRt+Rp=I C1.
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If (z,t,p) € Oy, we have

‘ 98 (z,t;p,a,b)

If (z,t,p) € Q3, we have

9S(x,t;p,a,0)|  |(a+b)y/(bt — p)* + 2x(a + 2b) b
= - (bt —p)
ox a—+2b a+2b
(a+ b)\/zbmf +2R2 +2(a + 2b)R, + bR, + bR,
< =:(j.
- a—+ 2b Cs

If (z,t,p) € Q4, we have

‘ dS(z,t;p,a,b)

o ‘ = V2azx < \/2aRx =: C}y.

If (z,t,p) € Q5, we have

9S(x,t;p,a,b)
ox

‘ = (_\/—sz‘ < \/2bR, =: Cs.
Therefore, the bound in (2.13) holds at (z,t, p) for the constant C(R,, R, R,) = Cap
defined by

Ca,b = Imax {Cl, Cg, 03, 04, 05} .

Now, we consider the case where p < 0. Let || < R, t € [0, Ry], and p € [-R,,0).
Let ¢ = —p and y = —z. Hence, we have ¢ € (0, R,] and y € [-R,, R,]. By (2.15),

we have

0S(x,t;p,a,b)| | 9S(y.t;q,b,a)
ox N oy

S Cb,aa

where the inequality was proved in the beginning of this proof since the parameter
q is positive. Therefore, the inequality (2.13) holds for all z € [-R,, R.], t € [0, Ry],
and p € [—R,, R,| with the constant C(R,, R, R)) := max{Cy, Cp,}. O
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Lemma 2.3.5. Let a,b > 0, z,p € R, and t > 0. Let S be the function de-
fined in (2.6) and (2.15) and K be the function defined in (2.4) with param-
eters a,b. Let [0,t] 2 s — ~(s;z,t,p,a,b) € R be the trajectory defined
in (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16) for different cases. Then, we have

2 ds7

t 1 2
/ <_ (i (s;x,t,p,a,b)) - K(V(S;I,t,p,@,b))) ds +p7(0;$,t,p,(l, b)
; (2.14)

= S(z,t;p,a,b).

Proof. If (x,t,p) € Qy, the left-hand side of (2.14) equals

/ot (%(p+as)2+a<x—p(t—5)_g(t2_82)))ds+p<x_pt_a§>

t 2 2,2 2
t t
:/ a®s® + 2aps + B + ax — apt — ) ds + px — p*t — L
; 2 2 2
a’t? p’t a’t? apt?
=— +apt’ + — + atx — apt® — — + pxr — p*t — —
3 + apt” + 5 + D 5 +p P 5
a’t®  apt? p*t
e ey
6 2 o P
=S(z,t;p,a,b).

If (z,t,p) € Q, the left-hand side of (2.14) equals

/Ot (%(p—bsf—b(x—p(t—s)+g(t2—32)))ds+p(x—pt+b§)

t 2 b2t2 th
:/ (b252—2bps+%—ba:+bpt—7)ds+px—p2t+p—
0

2
b33 & b3 bpt?
:T—bpt2+%—bxt+bpt2—7+px—p2t+%
b3 bpt? pPt
= ———+— = — bt
6 + 5 5 + px T

=S(x,t;p,a,b).
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If (z,t,p) € Q3, let A € R be defined by A := (bt — p)? + 2(2b+ a)x and 7 be the
scalar defined in (2.12). Then, the left-hand side of (2.14) equals

[ s te-al)eotor?)

—1—/: (1(P—b7+a(8—7))2+a((p—b7)(3—7)+g(3—7)2>)ds

2
T b2 72 b
:/ (b22 2bps + = +pr——T)ds—pT+£
; 2 2 2
t—T 1 ) a2
+ E(p—bT—iras) +a<(p—br)s+§s> ds
0
b23 2 b2T3 prZ
=TT BT g T2
3 pT + 7 + pT 5 pT+ — 5
t—1 —b 2
+/ <a232+2a(p—b7)3+% ds
0
23 bpr? PP a2(t—7')3 ( —b7)3(t —7)
- pT aRTT) —br)(t - .
R 5 T talp =) )%+

Letr i=t—7="2% QI;i‘F and A := bt — p. After some calculations, the left-hand

side of (2.14) equals

(a+b)(a+ 2b)r3 (2a + 3b)r? , Ut bpt? p’t
Cp) 2T — LI AT
3 R e e U e R
a+b 3
= (44% + 34*VA 2b)z A A
3(a+2b)2< +3A%VA + 6(a + 2b)z —|—\/_>
2a + 3b
— (AP APVA 20)x A
(a+2b>2< + AVA + (a+ 2b)z )
AP+ AWA P bpt? pht
a—+2b 6 2 2

a+b 3 brA b2t3 bpt? PPt
90 (3L VA ) _ _ _pt
3(a+2b)2< ar2b 6 2 2

=S(x,t;p,a,b).



If (z,t,p) € Q4, the left-hand side of (2.14) equals

T
B
N =
VR
s
VR
w

|

~

|

)
2|5
~
~__—

[\
+

<
N
VR
w

|

~

+

)
N
~

[\
Q

V)

i1 2 1 ) P’

+/0 (2(p—bs) ~|—b(2b(p—bs)))ds+p(—2b>
t 2$ 2 % 9 p3
_ 2 (o e _ _ P
—/t_ = (s t+4/ a) ds—l—/o (p—bs)"ds 5%

= / a’s’ds + / b2 s’ds — il
0

2b
a? (22\*? B 3 PP
_3(?> +3(G) -3
If (z,t,p) € Qs, the left-hand side of (2.14) equals

2 2
! 1 2|z| b 2|z|

—|(b|ls—t—1\/— bl = —t — d

/t_ ER 2( <s b + 5 S + b S

2
¢ 2|z 8 P’

2 —be) e —
—/t_ 2|;|b <s t+ 2 ds—l—/o (p—bs) ds 5

1/% b 3
:/0 ' bzs2d8+/0b b s%ds — g—b
b2 /9 3/2 2 3 3
_ b (2 Py

3 b 3 \b 2b

=S(x,t;p,a,b).

Therefore, (2.14) holds for any z € R, p,t > 0.
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Now, we consider the case where p < 0. By definition, we have ~(s; x,t, p, a,b) =

—(s; —x,t,—p,b,a) and S(z,t;p,a,b) = S(—=x,t;—p,b,a). Let K;, denote the fol-
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lowing function:

—by y =0,
Kpa(y) = K(-y) = (2.15)

ay y<0.

Then, the left-hand side of (2.14) equals

t 1 d 2
/ Y (——’}/(S;—l',t, -, b> CL)) - K<—"}/(S;—.’E,t, -D, b: (I)) ds
o \2 ds

- p’}/(o) -, t) —-b, ba a’)

t(1/d 2
= / (5 (%V(Sﬂy7tuq7 b7 a’)) - Kb,a(fy(s;y7t7Q7 b7 a))) ds +qf>/(07y7t7Q7 b7 Cl)
0

=S(y,t;q,b,a) = S(—x,t;—p,b,a) = S(x,t;p,a,b),

where the first equality holds by (2.15) and the change of variables y = —x and
g = —p and the second equality holds since we have already proved above that (2.14)

holds in the positive ¢ case. Therefore, (2.14) holds for all z,p € Rand ¢t > 0. O

Lemma 2.3.6. Let a,b > 0, x,p € R, and t > 0. Let S be the function de-
fined in (2.6) and (2.15) and K be the function defined in (2.4) with param-
eters a,b. Let [0,t] 2 s — ~(s;z,t,p,a,b) € R be the trajectory defined
in (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16) for different cases. Then, we have

%%%tanZVWWJWﬂ&) (2.16)

Proof. We prove (2.16) using (2.1) and straightforward calculation. If (z,t,p) € Qy,

we have

S t?
a_p(xat;p7aab) = _% _pt+ T = 7(0;x7t7p7a7b)'
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If (z,t,p) € Oy, we have

bt?
g—i(ﬂf,t;p,a,b) =3 —pt+x=7(0;z,t,p,a,b).

If (x,t,p) € Q3, let A := (bt — p)® + 22(20 + a). Then, we have

2
g—i(:r, t;p,a,b) = —(aa++2[;)2 (—(bt )P+ (- bt)\/Z) + - ff% + b% —pt
_ (a+D)(bt —p)? Lot bt i (a+b)(p— bt)VA
(a + 2b)? a+2b 2 (a + 2b)?
(a+0b)p* (a®+2ab+20%)pt  (a® + 2ab + 2b%)bt?
 (a+202  (a+20)2 2(a + 20)?
L b (a+0)(p—bt)VA
a+2b (a + 2b)?

(2.17)

Let ¢ € R be defined by ¢ := (a+b)t 4+ p and 7 be the scalar defined in (2.12), which

c—VA

ora - Lhen, by definition, we have

equals

@_p\/ﬁ—pc be? 4+ bA — 2beV/A

7(0;$7t7p7a7b) = —pT +

2 2+ a 2(2b + a)? (2.18)
b+ DA —2pc(2b+a)  2(2b+a)p — 2bc\/z '
B 2(2b + a)? 2(2b 4 a)?
By some calculations, we have
be? + bA — 2pc(2b + a)
=b((a+b)** +p* +2(a+ b)tp + (bt — p)* + 2z(2b + a))
—2(2b+ a)(a + b)tp — 2(2b + a)p (2.19)

=b(bt — p)* — (3b+ 2a)p* — 2(a + b)*tp + b(a + b)*t* + 2bx(2b + a)

= —2(a+b)p* —2((a+b)*+b)tp+ ((a + b)* + b*)bt* + 2(2b + a)be,
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and
2(2b+ a)p — 2bc = 2(2b+ a)p — 2b(a + b)t — 2bp = 2(a + b)p — 2(a + b)bt. (2.20)
Combining (2.17), (2.18), (2.19), and (2.20), we obtain (2.16) for (z,t,p) € Q3.

If (z,t,p) € Q4 UQ5, we have

oS p2

a_p(mat;paaﬂ b) 2b 7(0 z,t,p,a, b)

Thus, we have proved (2.16) for any € R and ¢,p > 0.

If p<0,let ¢ = —p. Then, we have

oS oS

a_p(:v7t7pa a, b) = T

a <_x7t7Q7 b7 CL) = _,7(07 _'Iat7Q7b7 CL) = 7(07$7t7pa a, b)a
q

where the first equality holds by (2.15), the second equality holds since we have
already proved (2.16) in the positive ¢ case, and the third equality holds by (2.16).

Hence, (2.16) also holds for any z € R, ¢ > 0, and p < 0. O

Lemma 2.3.7. Let J: R® — R be a convex function. Let {a;, b;}"_; be positive
constants and K;: R — R be the function defined by (2.4) with constants a = a; and
b=0b; foreach i € {1,...,n}. Define the function £: R" x [0, +00) x R" — RU{+00}
by

l(x,t,p) : ZS xi, b piy ai, b)) + J5(p), (2.21)

forall x = (z1, - ,2,) € R", p=(p1,...,pn) € R", and ¢t > 0, where each function
S(x;,t; pi, ai, b;) on the right-hand side is the function defined in (2.6) and (2.15).

Let M > 0 and a € R be arbitrary scalars. Then, there exists M, > 0, such that
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((x,t,p) > « holds for all ¢t € [0, M] and for all ,p € R™ satisfying ||z|| < M and

Ipll = M.

Proof.  Since J is a finite-valued convex function, its Legendre-Fenchel transform
J* is 1-coercive, and hence, the function p — J*(p) — M||p|| is also 1-coercive. As

a result, there exists My, > 0, such that

n

J*(p) = M|pl| > M*) (a; +b;) + o, (2.22)

=1

for all p € R™ satisfying ||p|| > M,. By straightforward calculation, for all ¢ € [0, M]

and for all p, x € R” satisfying ||p|| > M, and ||z| < M, we have

n

l(w,t,p) = — Z S(wi, s piy aiy bi) + J*(p) > — Z(pzxz + t(a; + b;)|zi|) + J*(p)
i=1

=1

> —|lplllla] — tll2l Y (a; +bi) + J*(p)

=1

> —M|pll — M*> (a; + b)) + J*(p)

=1

>«

- Y

where the first inequality holds by Lemma 2.3.3 and the last inequality follows

from (2.22). O

Lemma 2.3.8. Let J: R" — R be a convex function. Let {a;, b;}"_; be positive
constants and K;: R — R be the function defined by (2.4) with constants a = a;
and b = b; for each i € {1,...,n}. Let S: R" x [0,400) — R be the function defined

in (2.22). Then, the function S is continuous in R™ x [0, +00).

Proof.  First, we show the existence of the maximizer in (2.22). Let ¢: R™ x

[0,4+00) X R = R U {+00} be the function defined in (2.21). The function p
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—{(z,t,p) is the objective function in the maximization problem (2.22) at (x,t).
Since J is finite-valued and convex, its Legendre-Fenchel transform J* is convex,
lower semi-continuous, and 1-coercive. By Lemma 2.3.1, if ¢ > 0, the function
pi — —S(x;,t; i, a;, b;) is convex for each ¢ € {1,...,n}. If t = 0, by straightforward
calculation, we have —S(z;,t;p;,a;,b;) = —p;x;, which is a convex function with
respect to p;. Therefore, for all x € R™ and ¢ > 0, the function £ is convex, lower semi-
continuous, and 1-coercive with respect to p. As a result, the maximizer in (2.22)
exists for all & € R™ and ¢ > 0 (see [63, Definition IV.3.2.6]), and hence, the function

S is finite-valued in R™ x [0, 400).

Let € R" and ¢t > 0. Now, we show the continuity of the function S at
(x,t) by showing it is lower semi-continuous and upper semi-continuous. We begin
by proving lower semi-continuity. Let p* be a maximizer in (2.22) at (x,t). By
Lemma 2.3.2, each function (x;,t) — S(x;,t;p;, a;, b;) is continuous, and hence, the
function (x,t) — {(x,t,p) is continuous for all p in the domain of J*. For any
sequence {(z*,t*)} CR" x [0, +00) converging to (x,t), we have

liminf S(x*, t*) > liminf —¢(x, t* p*) = —((x,t,p*) = S(=x, 1),

k—o00 k—o00

where the inequality holds by definition of S in (2.22), the first equality holds since
the function («,t) — {(a,t, p*) is continuous, and the last equality holds since p* is
a maximizer in (2.22) at (x,t). Therefore, the function S is lower semi-continuous

at (x,t).

Now, we prove that S is upper semi-continuous at (x,t). Let § > 0 be an arbitrary

positive number. Our goal is to find a neighborhood N of (x,t) in R™ x [0, 4+00),
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such that there holds
S(y,s) < S(x,t)+0 V(y,s) € Ny, (2.23)

Note that by definition of S in (2.22), the inequality in (2.23) holds if and only if
there holds
—l(y,s,p) < S(x,t)+0 VpeR"™ (2.24)

Therefore, it suffices to find a neighborhood N, of (z,t) in R™ x [0, +00), such
that (2.24) holds for all (y,s) € Nz, and p € R™. Let M > 0 be a scalar. By
Lemma 2.3.7 with o = —S(«, t) — 0, there exists M, > 0, such that for all y,p € R”

and s > 0 satisfying ||y|| < M, s < M, and ||p|| > My, we have

((y,s,p) > a=—S(x,t)— . (2.25)

Now, we consider the case when ||p|| < M, holds. By Lemmas 2.3.1 and 2.3.2,
the function (y,s,p) — S(y, s;p, a;,b;) is continuous in R x [0,+00) x R for each
i € {1,...,n}. Hence, there exists a neighborhood N, C R"x [0, +-00) of (z, t), such
that |S(vi, s; iy ai, b)) — S(i, 6504, i, bi)| < % holds for all (y,s) € Ny, |Ipll < M,
and ¢ € {1,...,n}. Recall that we use z;, y;, and p; to denote the i-th component of
the vectors x, y, and p, respectively. Therefore, for all (y, s) € Nm,t and ||p|| < M,

we have

Uy, s,p) ==Y S s pi,ai, bi) + J"(p)
=1

g 5
i=1 n (2.26)

i=1

=/l(x,t,p) —§ > —S(x,t) — 0.
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Combining (2.25) and (2.26), we conclude that (2.24) holds for all p € R™ and (y, s) €

Nay N (Byr(R™) x [0, M]). Therefore, the function S is upper semi-continuous at

(x,t).

Since (x,t) is an arbitrary point in R™ x [0, 4-00), we conclude that the function

S is continuous in R™ x [0, 4+00). O

Lemma 2.3.9. Let J: R® — R be a convex function. Let {a;, b;}"_, be positive
constants and K;: R — R be the function defined by (2.4) with constants a = a;
and b = b; for each i € {1,...,n}. Let p*(x,t) be the set of maximizers in (2.22).
When the maximizer is unique, we abuse notation and also use p*(z, t) to denote the
unique maximizer (as opposed to the singleton containing the maximizer), whenever

there is no ambiguity. Then, the following statements hold:

(a) For any € R™ and ¢ > 0, the maximizer in (2.22) exists and is unique.

(b) For any € R" and t = 0, the maximizer in (2.22) exists, and we have

p*(x,0) = dJ(x).

(c) For any @ € R", t > 0, and any neighborhood N, of p*(x,t), there exists a
neighborhood N of (x,t) in R™ x [0, +00), such that p*(y, s) € N, holds for
all (y,s) € Ngs.

(d) The function p*: R™ x (0, +00) — R™ is continuous.

(e) For any R > 0, the set {p: x € Br(R"), t € [0, R], p € p*(x, )} is bounded,

where Br(R"™) denotes the closed ball in R™ centered at 0 with radius R.

Proof. In the proof of Lemma 2.3.8, we have proved the existence of the maximizer

in (2.22) for all € R™ and ¢t > 0. Hence, the set p*(x,t) is non-empty for all
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x € R and ¢t > 0. Let ¢ be the function defined in (2.21). Recall that the function ¢

is convex and lower semi-continuous with respect to p. Now, we prove the statements

as follows:

(a)

Let « € R™ and ¢ > 0. By Lemma 2.3.1, the function p; — —S(x;,t; p;, a;, b;) is
strictly convex for each i € {1,...,n}. Therefore, the function p — ¢(x,t, p) is
strictly convex, and hence, the maximizer in (2.22) is unique. We have already
proved the existence of the maximizer in the proof of Lemma 2.3.8. As a result,

the set p*(x,t) is a singleton.

Let € R" and t = 0. We have S(z;,0; p;, a;, b;) = piz; for each i € {1,...,n}

and any p; € R. Hence, the maximization problem in (2.22) becomes

pER" i=1 pER”

S(x,0) = sup {inpi - J*(p)} = sup {(z,p) — J*(p)} = J(x). (2.27)

The set of maximizers equals 0.J(x), which is a non-empty, convex, and com-

pact set.

We prove this statement by contradiction. Assume it does not hold. Then,
there exist & € R", ¢ > 0, an open neighborhood N, of p*(z, t), and a sequence
{(y"*,s")} in R" x [0,4+00) converging to (,t), such that p¥ & AN, holds for
all k£ € N, where p* is a maximizer in (2.22) at (y*,s*). Let § > 0 be any
positive scalar. Since the function S is continuous according to Lemma 2.3.8,

we assume

|S(y*,s*) — S(x,t)| <5 VkeN (2.28)

by taking the tail of the sequence {(y*, s*)}. Note that the sequence {(y*, s*)}

is bounded. Then, according to Lemma 2.3.7, there exists M, > 0, such that
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there holds

U(y"*, ", p) > =S(x,t) + 6, (2.29)

k

for all p € R” satisfying ||p|| > M,. Since p” is a maximizer in (2.22) at

(y*, s*), we have

((y*, ", p") = —S(y*, ") < =S(x,t)+6 VkeEN, (2.30)

where the inequality follows from (2.28). Note that (2.30) contradicts
with (2.29), and hence, we get ||p*| < M, for all k € N. Therefore, the
sequence {p*} is bounded. By taking a convergent subsequence, we assume
{p*} converges to a point in R denoted by p°. After some calculation, we
obtain

S(e,t) = lim S(y*,s") = — lim £(y", 5", p*) < —l(,1,p"),

k—o0 k—o0

where the first equality holds since S is continuous by Lemma 2.3.8, the second
equality holds since p* is a maximizer in (2.22), and the last inequality holds
since £ is lower semi-continuous and {(y*, s*, p¥)} converges to (x, ¢, p°). Then,
by definition of S(z,t), we conclude that p® is a maximizer in (2.22) at (x,t).
Hence, we have p® € p*(x,t) C N,. However, since p is the limit of {p*} and
each p* is not in the open set N, the limit point p° is also not in the set A/,

which gives a contradiction.

By (a), the maximizer in (2.22) at any (x,t) € R™ x (0, 400) is unique, and we
denote the unique maximizer by p*(x,t). According to (c), for any & € R,
t > 0, and any neighborhood N, of p*(x,t), there exists a neighborhood N,
of (z,t) in R™ x (0,400), such that p*(y,s) € N, holds for all (y,s) € Ng..

This proves the continuity of the function p*: R™ x (0, +00) — R".
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(e) We first prove the boundedness of p*(x,t) for all x € R" and ¢t > 0. If ¢t > 0,
the set p*(a,t) is a singleton by (a), and hence, it is a bounded set. If t = 0,
the set p*(x,t) equals 0J(x), which is a bounded set since J is a finite-valued
convex function. Now, we prove (e) by contradiction. Assume (e) does not hold.
Then, there exist sequences {x*} C Bgr(R"), {t*} c [0, R], and {p*} C R",
such that p* is in p*(x*,t*) for all k € N and ||p*|| increases to infinity as k
goes to infinity. Since {(x*,*)} is a bounded sequence, by replacing it with
a convergent subsequence, we can assume that {(z*,t*)} converges to a point
denoted by (x*,t*) € R™ x [0,+00). Let A, be a bounded neighborhood
of p*(x*,t*), which exists since we have proved the boundedness of the set
p*(x*,t*). According to (c), there exists a neighborhood Ny« 4+ of (*,t*) such
that p*(y,s) C N, holds for all (y,s) € Ny . Since the sequence {(x*,t")}
converges to (x*,t*), by replacing it with a tail sequence, we can assume that
{(x*,t*)} is in the neighborhood N . Hence, the set p*(x*,t*) is included
in the bounded set N, for all k € N, which contradicts the assumption that p*
is in p*(x*, t¥) for all k € N and ||p*|| increases to infinity as k goes to infinity.

Therefore, statement (e) holds.

Lemma 2.3.10. Let J: R™ — R be a convex function. Let {a;,b;}!; be positive
constants and K;: R — R be the function defined by (2.4) with constants a = a;
and b = b; for each i € {1,...,n}. Let §: R" x [0, +00) — R be the function defined

in (2.22). Then, the function S is continuously differentiable in R" x (0, +00), and
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its gradient at (z,t) € R™ x (0, 4+00) equals

VS(CU,t) _ (35(1’1, apla(:7 ),al, 1)7“'783(1'71’ ;p%(;v, ),an, n)’
. (2.31)
Z aS(l‘l)tap:(ma t)) a;, bz)
=1 at 7

where p*(x,t) = (pi(x,t),...,pl(x,t)) denotes the unique maximizer in (2.22) at

08 (i,t;p] (=,t),a4,b;) S (xi,t;p} (x,t),0i,b;
ox and ot

(x,t) and the functions ) on the right-hand side
denote the derivatives of the function defined in (2.6) and (2.15) with respect to x

and t, respectively.

Proof.  In this proof, whenever there is no ambiguity, we write p* = (p},...,p})
instead of p*(x,t) = (pi(=x,t),...,p:(x,t)), and we write S;(x,t;p) instead of
S(x,t;p,a;,b;), for simplicity. Let @ € R™ and t > 0. Let p* = (p},...,p}) be
the maximizer in (2.22) at (z,t). By Lemma 2.3.9(a), the maximizer p* exists and

is unique.

We first compute the directional derivative of S at (a,t). Consider the spatial
direction y € R™ and time direction s € R. Let (y*,s*) € R x (0,+00) be the
perturbed vector around (zx,t) along the direction (y,s). To be specific, define
y* = x + ofy and s¥ := t + oFs where {a*} is a sequence of positive numbers
converging to zero. Let p* € R™ be the unique maximizer in (2.22) at (y*, s*).

Denote the i-th component of y* and p* by y¥ and p¥, respectively. By definition of

S, we have

Sy, s5) = Silwl,s"ipl) = T (") = ) Silyfs5pp) - T (p"),
=1 =1
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for all £ € N. On the one hand, we have

k k) __
i 25 8%) = S, 1)

k—o00 ok
i i iy SiwE 8 p7) — T (p7) — (DL Silwi tipg) — J*(p))
T k—oo Oék
" fim inf S0 85500 — Sili, 6 p)
k—o0 ok

i=1

— Z(VSZ-(% tp7), (Yir 5)),

where V.S;(x;,t; pf) denotes the gradient of the function (z,t) — S(z,t;pf, a;, b;) at

(x;,t) and y; denotes the i-th component of y. On the other hand, we have

S(y*, s*) — S(z,t)

lim sup

k—o00 ak
< lim sup Z?:1 Si(yf7 3k§p§) - J*(pk) - (Z?:l Sy, t;pf) - J*(pk))
o k—o00 ak

n

Si(yy, 8% pF) — Sixi, t;pr
:thsup (yms 7pz>k (557 ?pz)
i1 k—o0 (07

k—o0

= Z lim sup(V S;(z; + ffyi, t+ st;pf), (v, 9)),
i—1

= (VSi(z:,t:0}), (v, 5)),

i=1

where the second equality holds for some constants £F € [0, o*] for each i € {1,...,n}
and k € N by Taylor’s theorem and the last equality holds since we have limy,_,, £F =
0 for each i € {1,...,n}, limy_ o p* = p* by Lemma 2.3.9(d), and each function

S; is continuously differentiable with respect to (z,¢,p) by Lemmas 2.3.1 and 2.3.2.
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Therefore, we conclude that

S(y*, s*) — S(x,t)

lim

k—o0 ak
= (VSi(wi, ;1)) (4::5))
i=1
= < (%(:ﬂl;taZ)l), ey 3x (xnytvpn)7 - 8t ('r“t7pi)) s (’y, S)> .

This equality holds for any direction (y, s) € R™ x (0,4+00). As a result, the function
S is differentiable at (x,t), and the gradient satisfies (2.31). Note that (x,t) is
an arbitrary point in R” x (0,400), and hence, the function S is differentiable in

R"™ x (0, +00) with gradient equal to (2.31).

It remains to prove the continuity of the gradient of S. By Lemmas 2.3.1
and 2.3.2, each function (z,t,p) — S(z,t;p,a;,b;) on the right-hand side of (2.31)
is continuously differentiable in R x (0, 4+00) x R. Moreover, the function p* is also
continuous by Lemma 2.3.9(d). Therefore, the right-hand side of (2.31) is continuous
with respect to (x,t) € R" x (0,400). As a result, the function S is continuously dif-

ferentiable with respect to (z,t) in R"™ x (0, +00), and the gradient satisfies (2.31). O

Lemma 2.3.11. Assume J: R"™ — R is a continuous function satisfying (2.24) and
is bounded from below by an affine function. Let K: R" — (—o0,0] be a Lipschitz
continuous function and M be a symmetric positive definite matrix with n rows and
n columns. Let S: R x [0, +00) — RU{—00} be the value function defined by (2.1).

Then, the following statements holds:

(a) The function S is finite-valued for all € R™ and ¢ > 0, and it is a viscosity

solution to the HJ PDE (2.2) in the solution set G defined in (2.25).
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(b) Assume that for all & € R"™ such that  — J(x) — (o, x) is bounded from
below, the function (x,t) — S(x,t) — (o, x) is also bounded from below.
Then, the function S is the unique viscosity solution to the HJ PDE (2.1) in

the solution set G.

Proof. (a) Since J is bounded from below by an affine function, there exists a vector
a € R" and a scalar § € R satisfying J(x) > (a,x) + ( for all « € R". Define
J:R" = R by

J(x) = J(x) — (a,x) VaeR" (2.32)

Then, the function J is bounded from below. Now, consider another optimal control

problem, which reads:

S(x,t) = inf { /0 ((x(s), u(s))ds + J(x(0)):
(2.33)

(s) = f(x(s), u(s)) Vs € (0,1), =(t) = w}

where the Lagrangian function /: R™ x A — R and the source term f: R" x A — R

are defined by

1 1
Uz, u) = §||'u,||?\4_1 —K(m)—§||a||§w, flx,u) =u+Ma, Vz,ucR" (2.34)
Here and in the rest of this proof, the set A denotes the domain of the control variable

u, which equals R™ in our case. By straightforward calculation, the cost in (2.33)
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As a result, there holds

S(z,t) = inf { /Ot ("“(S;H?V“ ~ K(x) - ”0‘2”%4> ds + J(z(0))

@(s) = u(s) + Ma Vs € (0,1), (t) = o}
—inf{/ot (HM ) ;”O‘”M ' K (a) — ”O‘”?Vf) ds + J(@(0)): (1) —a:}
e { [ (B~ (ee)) s+ s(20) - (0 2l0) ~
_ inf{/ot (”‘”“)2”%41 K (a ))) ds + J(@(0)): @(t) = :c} (o, @)
=S(z,t) — (o, ).
Therefore, we have
g(w,t) =S(xz,t) — (a,x) Y ecR" t>0. (2.35)

Now, by applying [9, Theorem 3.2], we will prove that the function S defined in (2.33)

is the unique viscosity solution to the HJ PDE defined by

6—3(33,15) + 1||Vm§(:1:,t) +ali;+K(z)=0 xcR"te(0,+00),
ot 2 (2.36)

S(x,0) = J(x) x € R",
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in the solution set G defined by

G :={W € C(R" x [0, +00)): W is bounded from below in R™ x [0, T|VT > 0
and |[W||gr < +00 VR > 0},
(2.37)

where || - ||g is defined in (2.26). Here, we need to check the assumptions of [9,

Theorem 3.2], which include:

(Hp) The domain A of the control variable u is a closed subset of a normed space.

(Hy) f: R*x A — R" is continuous, and there exists a constant L > 0, such that

(f(:c,u)—f(y,u),a;—y>§L||:I;—y||2 ‘v’w,yER”,ueA.

(Hs) ¢: R" x A — R is continuous and bounded from below.
(Hs) J:R™ — R is continuous and bounded from below.

(Hy) A > 0. Note that A is the discounting factor in [9]. In our case, there is no

discounting factor, and hence, A is always zero.

(Hs) There exists o > 1, such that for any compact K C R", there exists a constant

fx > 0 satisfying

1f (2, w)|| < fre(1+ [[ull?) V(e u) € K x A

(Hg) There exist £y > 0, Cy > 0, §; > o (where o is the constant in (H5)), such that

Uz, u) > lo||lul|® —Cy V(x,u) € R" x A.
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(2.1) There exist 6, > 0 and ¢ > 0, such that there holds

(@, u) =y, w)| < e —y||(1+ [[u]™ + [z + [yl|*) Ve,yeR"uec A
(2.38)

(2.13) There exists d2 > 0 and g > 0, such that there holds

[J(@) = J(y)| < glle —yll(L+ |lz] + [lyl|?) Y,y e R ue A (239

In our case, the set A equals R"™, the function f does not depend on the state variable
@, and there is no discounting factor in the optimal control problem (i.e., the param-
eter A in [9] is zero). Hence, assumptions (Hy), (H1), and (Hy) hold. By definition
of f in (2.34), assumption (Hs) holds with 0 = 1 and fx = max{1,||[Mal|}. Since
the potential energy K is continuous and non-positive, the function ¢ is continuous
and bounded from below by —1i||c||3;, which implies (H,). Moreover, we obtain a

lower bound for ¢ by

1 1 1
tfa,w) = S ulf — K@) - Sllali > 5 ul -

1 9 1

—le|?, > Collul|? — =||a|?,,
Sl > bllul? - 3 el
for any =, u € R®, where ¢, is the smallest eigenvalue of the matrix M1, which is
positive since M1 is symmetric positive definite. Hence, assumption (Hg) holds for

6, =2 and Cy = 5| a|3;. Note that we have o =1 in (Hs) and &, = 2 in (Hg), and

thus, the inequality o < d; in (Hg) is satisfied. After some calculation, we have

0@, u) — (y,u)| = |K(z) - K(y)| < |z —y| VYz,yueR",

where £ is the Lipschitz constant of K, and hence, (2.38) holds. Now, it remains to
check the assumptions for the initial condition J. Recall that J is continuous and

bounded from below, and thus, (Hj3) is satisfied. By assumption, J satisfies (2.24).
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Then, by (2.32), we obtain
(@)= J(y)| < |J(@)=I () +allz—yl < Cllz—yll(1+]z]*+y]*)+e] -yl

for any x,y € R". Hence, (2.39) holds with § = C' + ||a|| and d5 = §. Therefore,
all the assumptions in [9, Theorem 3.2] are satisfied. Then, applying [9, Theorem
3.2] (with the time reversal technique applied to the optimal control problem) to any
time horizon T > 0, the function S defined in (2.33) is the unique viscosity solution
in the solution set G in (2.37) to the HJ PDE whose initial condition is .J, and the
Hamiltonian equals

H(z,p) = sup {(f(z,u),p) — {(z,u)}

ucR”

1 1
= sup {tut Map) = Sl + K@) + gl

ueR”

1
= Slp+all, + K ().

Therefore, the function S is the unique viscosity solution to the HJ PDE (2.36) in

the solution set G. By straightforward calculation using (2.35), we obtain
D™ S(x,t) = D~ S(z,t) + {(a,0)}, D*S(a,t) = D*S(x,t) + {(a,0)}, (2.40)

for all x € R",t > 0, where D~W and D*W respectively denote the subdifferen-
tial and superdifferential of a continuous function W. By applying (2.40), (2.32),
and (2.35) to (2.36), we conclude that the function S is a viscosity solution to the

HJ PDE (2.2).

To prove statement (a), it remains to prove that the function S is in the solution
set G. Since the function S is in the solution set C;, the function S is continuous in

R™ x [0,400), and hence, S is also in continuous in R™ x [0,4+o00). For all T" > 0,
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the function S is bounded from below in R™ x [0, 7], and thus, the function (z,t)
S(x,t) — (o, x) is bounded from below in R™ x [0, T]. Moreover, by straightforward

calculation, for all R > 0, there holds

IS1r = sup {IS(@. )| + IIp|: (@,t) € Ba(R") x [0, Bl p € D; S(a.)}
= sup {‘g(a:,t) + (a,w)‘ + g+ a: (x,t) € Br(R") x [0,R],q € D;S‘(m,t)}
< sup {|S(2,0)| +llall: (@,) € Ba(®") x 0. Bl.q € D;5(@,t) } + |l R + ||

=[Sl + lled B + fle]| < 400,

where the second equality follows from (2.35) and (2.40). Therefore, the function S

is in the solution set G, and the statement is proved.

(b) Let W be a viscosity solution to (2.2) in the solution set G. By definition of G,
there exists a € R", such that for all 7' > 0, the function (x,t) — W(x,t) — (a, x)
is bounded from below in R™ x [0,7]. By picking t = 0, we get that the function
x— J(x)— (a,z) = W(x,0) — (o, x) is bounded from below in R™. Hence, by
assumption, the function (z,t) — S(x,t) — (o, x) is also bounded from below in

R” x [0, 400). Define the functions S, W: R™ x [0, +00) — R by

S(x,t) = S(x,t) — (a,x), W(x,t)=W(x,t)— (a,x), VrecR" t>0. (2.41)

By definition, (2.40) holds for both functions S and W. Note that S and W are
both viscosity solutions to the HJ PDE (2.5) in the solution set G (recall that S was
proved to be a viscosity solution in (a)). By straightforward calculation using (2.40),
the functions S and W are two viscosity solutions to the HJ PDE (2.36) in the solu-
tion set G. However, by [9, Theorem 3.2], the viscosity solution to (2.36) is unique
in G, which implies S = W, and hence, S = W holds. Therefore, S is the unique

viscosity solution to the HJ PDE (2.2) in the solution set G. O
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2.3.2 Proof of Proposition 2.1.3

(a) By Lemma 2.3.8, the function S is continuous in R" x [0, +00). By Lemma 2.3.10,
the function S is continuously differentiable, and its gradient at any point (x,t) €

R™ x (0,400) satisfies

88 (. 1) Za—s (@i, t;pf (2, 1), s, by)

z_:( ( (23, 6 Pl (, 1), az,bz))2+Ki(xi))

- —§||vm5(m,t)ll2 - K(=),

where p}(x,t) denotes the i-th component of the unique maximizer in (2.22) at (x, t),
the first and the third equalities hold by (2.31), and the second equality holds since
each function (z;,t) — S(x;,t; pf, a;, b;) satisfies their corresponding one-dimensional
HJ PDE by Lemma 2.3.2. Hence, the function S satisfies the differential equation
n (2.21). Also, the initial condition is satisfied according to (2.27) in the proof of
Lemma 2.3.9. Therefore, the function S is a continuously differentiable solution to

the HJ PDE (2.21).

(b) To prove that the function S is the unique viscosity solution in the solution

set G, we first prove that the function S is in G. Let p be any vector in the domain



90

of J*. By (2.22) and Lemma 2.3.3, we have

S(CE,t) Z Zs(miat§pi7aiabi) - J*(P) Z Z(pzxz + Cl) — J*(p)
= n = (2.42)
= (p,x) + Zci — J*(p),

for all @ € R™ and t > 0, where C; is the constant C' in the lower bound in
Lemma 2.3.3 with constants a = a;, b = b;, and p = p;. Hence, S is bounded
below by an affine function. Then, to prove S € G, it remains to prove that ||.S||z is
finite for all R > 0. Let R > 0 be an arbitrary number, and let p*(«,t) denote the
set of maximizers in (2.22) for any & € R™ and ¢ > 0. If the set is a singleton, by a
slight abuse of notation, we denote both the set and the element in the set by p*(«, t)
and we denote the i-th component of the element by pf(x,t). By Lemma 2.3.10 and

straightforward computation, we get

D=S(a.8) = {VS(x,t)} zeR"t>0, (243

0J(x) =p*(x,0) ze€R"t=0,

where

85(:1:1, tapi (wa t)v ay, bl) 8S<xn7 tap* (CU, t)? Qn,, bn)
:IBS ;t == g ey n .
(Vasta) = { @ 2
For any x,p € R and a,b > 0, the function x — S(z,0;p, a,b) equals zp, and hence

we get W = p. Therefore, (2.43) is simplified to

D_S(z,t)

o as(xbt;plaalabl) as(xn7t7pn7a‘n7bn) . *
_{< a!lf [ a$ (p177pn)€p($7t) )

(2.44)
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for any ¢ € R™, ¢ > 0. By Lemma 2.3.9(e), the set {||p||: « € Br(R"), t € [0, R], p €
p*(z,t)} is bounded for all R > 0, and we denote the bound by R,. Then, by

Lemma 2.3.4, for all x € Br(R"), t € [0, R], and p € p*(x,t), we get

H (as :Elat p17a17b1) aS(:Eth pnaaTw )H

g e e ey

2.45
0S (i, t; pi, a;, by) ? ( )

<[ D _Ci(R,R,R,)?,

=1

where C; is the function in the upper bound defined in Lemma 2.3.4 for the param-
eters a; and b;. (Note that in different contexts, we may reuse the notation C; to
denote different bounds if there is no ambiguity.) Combining (2.44) and (2.45), we

have

ISle < sup  [S(m, )|+ ,| > CilR, R, R,)* < +o0.

x€BRr(R),t€[0,R] i—1

Therefore, S is a function in G. We have proved in (a) that S is a continuously

differentiable solution, and hence, S is a viscosity solution in G.

Then, we apply Lemma 2.3.11 to prove the uniqueness of the viscosity solution.
To apply Lemma 2.3.11, we need to check its assumptions. The assumption on J
is satisfied since J is a convex function satisfying (2.24). The assumption on M is
satisfied since M is the identity matrix in this section. The assumption on K is
satisfied since K is a non-positive 1-homogeneous concave function, which implies
that K is Lipschitz continuous. Now, it remains to check the assumption on S in
Lemma 2.3.11(b). Let & € R" be a vector such that « — J(x) — (o, x) is bounded
from below. The convexity of J implies that e is in the domain of J*. Using (2.42)

with p = a, we have that

S(x,t) — (o, ) > zn:Ci —J'(a) € R.

=1
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In other words, the function (z,t) — S(x,t) — (a, ) is bounded from below. There-
fore, the assumptions for Lemma 2.3.11(b) holds, and the viscosity solution to (2.21)

in G is unique. O]

2.3.3 Proof of Proposition 2.1.4

Let € R™ and ¢ > 0. In this proof, we write «(s) instead of ~(s;,t) whenever

there is no ambiguity. By Lemma 2.3.5 and the definition of ~, we have

/ (B~ iy <>>)d +I((0)
=3 [ (S5 i) e a0 (2.46)

= ZS(wi,t;p:,ai,b» = (") + T (4(0)),

where =, denotes the i-th component of 4 and p* = (p},...,p:) is the unique
maximizer in (2.22). By Lemma 2.3.6, for each ¢ € {1,...,n}, we have
g*; (@i, t;pf,ai, b)) = v(0; 24, t, pf, i, b;). Note that (2.22) is a concave optimization
problem by Lemma 2.3.1 and the convexity of J*. Since p* = (p},...,p.) is the
maximizer in (2.22), by the first order optimality condition, we have

( oS oS

ap (xbt plaalabl) 8]? (xnat;p;>an7bn)) € &]*(P*),

where 0J* denotes the subdifferential operator of J*. Therefore, we conclude that
~(0) € 9J*(p*), which implies that J(v(0)) — (p*,~v(0)) + J*(p*) = 0. In other

words, by (2.46), we have

/0 (H')’(Q)” — K(~(s ))) ds + J(v ZS (xi, t; 5, ai, b)) — J*(p*) = S(a, t).
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Moreover, by Lemma 2.3.11(a) with M being the identity matrix (whose assumptions
are proved in the proof of Proposition 2.1.3(b)), the value S(z, t) is the optimal value
of the optimal control problem (2.20). Hence, the cost of 7 equals the optimal cost
S(x,t). By straightforward calculation, the function = is Lipschitz continuous and
satisfies v(t) = x. Therefore, v is an optimal trajectory, and the corresponding op-
timal value equals S(x,t). The optimal trajectory is unique since the problem (2.20)

is a strictly convex problem. ]

2.3.4 Proof of Proposition 2.1.5

Define S: R x [0, +00) — RU {+oc} by

S(y,t) .= S(Py + ug,t) = sup {i S(yi, t; pi, a;, b)) — j*(p)} ) (2.47)

PER™ =1

for any y € R", ¢t > 0, where the second equality follows directly from the definition
of S in (2.28). By definition (2.29), the function J is the composition of the convex
function J with an affine map, and hence, J is also convex. By (2.47) and Proposi-
tion 2.1.3, S is a continuously differentiable solution to the HJ PDE (2.21) with the

convex initial data J. By straightforward calculation, we have

~ oS
VS(y,t) = (PTVwS(Py + ug, t), E(Py + uy, t)) . (2.48)
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Applying (2.48) and the change of variable = Py + ug to the HJ PDE (2.21), we
conclude that S is a continuously differentiable solution of the following PDE:

08 PTV.S(z b)|? < _ -

5 (1) | 2( ) +;Ki((P e — P lug)) =0 xR t>0,

S(x,0) = J(x) x e R"

(2.49)

Since we assume M = PPT, after some computation, we get that

%HPTVwS(:c,t)HQ _ %VwS(a:,t)TPPTVwS(:c,t) _ %VwS(:v,t)TMVwS(w,t)

1
= 9.5, 1)}

Then, to prove that S solves (2.2), it suffices to prove that K = K, where K : R* —

(—00, 0] is defined by

K(x) := Zn:Ki((P_lm — P lug);) VY eR™

i=1

Recall that each function K;: R — (—o0, 0] is 1-homogeneous, and hence, the func-
tion @ — K(x 4+ ug) = Y1, Ki((P~'x);) € (—o0,0] is also 1-homogeneous. Since
any non-positive 1-homogeneous function is uniquely determined by its superlevel

set at —1, to prove K=K , it suffices to prove

{x eR": K(x+up) > -1} ={x e R": K(x+up) > —1}. (2.50)
Denote by A,, the simplex set, i.e. define A,, by

A, = {(ag,...,a) €10,1]": Zai =1}
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By straightforward calculation, we have

{x e R": K(x +ug) > —1}

— {m € R": zn:Ki((P_lzc)i) > —1}

i=1

= |J{z eR": K((P'2);) > —ou Vi € {1,...,n}}

acA,
= U {:13 cR": (P 'x); € {—%,%] Vi € {1,...,n}}
acA, i i
= {az eR": P 'z eco (U {ﬁ,—ﬁ}>}
— la; b
Jj=1
! 1
=CO (U {G—J’U/J,—E’U,J}>
j=1

={x e R": K(x + ug) > —1},

where ey, ..., e, € R" denote the standard basis vectors in R"™. Therefore, (2.50)
holds, and we obtain K = K. As a result, the HJ PDE (2.49) coincides with (2.2),
and hence, the function S defined in (2.28) is a continuously differentiable solution

to the HJ PDE (2.2).

Now assume that J satisfies (2.24). Then, after straightforward calculation, we

obtain that for any @,y € R",

j<$)—J(y) = |J(Px +ug) — J(Py + uo)|

< C||Pz — Pyll(1 + [P + uoll’ + [Py + uol)
< C|IPllllz = yll (1+2°(1P)°l]l® + [lwoll®) + 2° (1PN lyll1* + woll®))

< C|| Pl max{1 + 2" uol®, 2’| PII”Hlae — yll (1 + [l ]° + [ly]°) -

Hence, J is a convex function satisfying (2.24). By Proposition 2.1.3(b), the function

S defined in (2.47) is in the solution set G. Since the function S is the composition
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of S and an affine function, it is straightforward to check that the function S is also

in the solution set G.

Now, we prove the uniqueness of the viscosity solution to the HJ PDE (2.2) in
the solution set G. Note that for any viscosity solution W € G to the HJ PDE (2.2),

the corresponding function W: R" x [0,400) — R defined by

W(y,t) :=W(Py +up,t) YVyeR" t>0

is a viscosity solution to the HJ PDE (2.21) with initial condition J. By Proposi-
tion 2.1.3(b), the function W is the unique viscosity solution in the solution set G to
the HJ PDE (2.21) with the initial condition J. Then, the uniqueness of the viscosity
solution W follows since we have W (x,t) = W (P~ (x — uo),t) by definition of W.
In other words, the function S is the unique viscosity solution in the solution set G

to the HJ PDE (2.2). 0

2.3.5 Proof of Proposition 2.1.6

Let € R™ and ¢t > 0. First, we prove that the problem (2.1) is equivalent to
another optimal control problem in the form of (2.20). For any trajectory s — x(s)
satisfying the constraint in (2.1), define another trajectory y(s) := P~1(x(s) — ug).
Note that the trajectory s — y(s) satisfies the constraint in the following optimal

control problem:

inf { / <§||y<s>||2 -3 ny(s))) ds + J(y(0): y(t) = P~ (@ - u0>} - (@251)
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Now, we prove that the cost of &(-) in (2.1) equals the cost of y(-) in (2.51). By

straightforward calculation, the cost of x(-) in the problem (2.1) equals

| (31 - Kate) ) s+ I(a(0)
— /0 (%upy(s)nfwl — K(Py(s) + uo)) ds + J(Py(0) + uo) (2:52)

- /0 (%pr(sﬂﬁwl — K(Py(s) + uo))) ds + j(y<0))a

where the last equality holds by definition of .J in (2.29). Since M = PPT holds and
P is invertible, we have

1PY(s)[[3— = 9(s)" PTM ' Py(s) = g(s)" PT(PT) " P~ Py(s)
(2.53)

=9(s)"y(s) = [ly(s)*-
By assumption, the function y — K(Py + ug) is non-positive, concave, and 1-

homogeneous and its superlevel set at the value —1 is calculated as follows:

{y e R": K(Py +ug) > -1} =P <Co (U {iuj, —blu]})>

Jj=1

"1 1
= CO (U {a—jej,—b—jej}> s

j=1

where the first equality holds by (2.27) and the second equality follows from straight-
forward calculation (recall that ey, ..., e, € R™ denote the standard basis vectors in

R™). As a result, we have
K(Py + uo) = Z Ki(y)) Yy=(y1,..-,yn) € R (2.54)

=1

where each K; is the function defined in (2.4) with parameters a = a; and b = b;.
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Combining (2.52), (2.53), and (2.54), we conclude that the cost of x(-) in (2.1)
equals the cost of y(+) in (2.51). Moreover, this relation between the trajectory a(-)
and the trajectory y(-) is a bijection. Hence, the two problems (2.1) and (2.51)
are equivalent. By Proposition 2.1.4 (whose assumptions are checked in the proof of
Proposition 2.1.5), the unique optimal trajectory of the problem (2.51) is s — y(s) :=
~(s; P~Y(x —uy),t) as defined in (2.33), and the optimal value of the problem (2.51)
equals S(x,t) in (2.28). Therefore, the unique optimal trajectory of the problem (2.1)
is the corresponding trajectory x(-) given by x(s) = Py(s) + ug = Py(s; P~1(x —
ug),t) + ug = y(s;x,t), and the optimal value of the problem (2.1) also equals
S(z,t).

2.3.6 Proof of Proposition 2.1.7

We prove (b) first. Since each J; is a convex function satisfying (2.24), by Proposi-
tion 2.1.6, the value S (2, t) is the optimal value of the optimal control problem (2.1)

with initial cost J;. In other words, we have that

. e
1.0 = int { [ (G143~ Kals) ) ds-+ J@(0): o) =o |
for any j € {1,...,m}. After some calculations, we obtain

S(x,t) = min Sy (x,1)

Je{1,...,m}
= st f [ (Gl — KGe(9) ) ds +1(e0): olt) = o
—iut{ | t (318G ~ Kae) ) ds+ _min 1(@(0): alt) =

—iut{ | t (F18)R - ~ K(a(e)) ) ds + J(a(0): 2() = .
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Therefore, S(x,t) is the optimal value of the problem (2.1) with initial cost J.

Now, we show that the trajectory s — ~(s;@,t) is an optimal trajectory. We
abuse notation and use ~(s;x,t) and (s) interchangeably whenever there is no
ambiguity. Let r be the index in (2.36). By Proposition 2.1.6 and (2.36), = is
the optimal trajectory of the problem (2.1) with initial cost J,.. As a result, its
cost equals the optimal value S; (x,t), which equals S(x,t) since r is a minimizer

in (2.34). Hence, we get

S(@.t) = [ (G156~ K(9)) ds-+ 310
> [ (GO~ KGO dst min 53(0) > S(a.0).

Therefore, the inequalities above are equalities. In other words, the cost of ~ in the
optimal control problem (2.1) with initial cost J equals the optimal value S(x,t),

and hence, v is an optimal trajectory of (2.1) with initial cost J.

It remains to prove (a). We will prove (a) by applying Lemma 2.3.11. We need to
check the assumptions in Lemma 2.3.11. Note that each J; satisfies (2.24) for some

constants Cj,0; > 0. Choose C := 3max;ef1,..m) C; > 0 and 0 := max;eqy,.. m) 05 >

.....

0. For each j € {1,...,m}, we have

[Ji(2) = Ji()] < Cjllz =yl + =17 + [ly]*”)
< Cjllz =yl (1+ QA+ [l2]) + (1 + [lyl))
<3Gz =yl L+ lI2]° + yll°)

<Cllz =yl + 21" +lyl*)  VzyeR™
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For any z,y € R", letting k € argmin;c g J;j(y), there holds

J(z) = J(y) = J(2) = July) < Je(2) = Ju(y) < Cllz =yl L+ 12" + llyl°).

Similarly, letting k € arg min;cg Jj(z), we have

J(z) = J(y) = Je(z) = I(y) = Je(2) = Ju(y) = =Cllz = yll(1 + [2]° + |yll°)-

Therefore, the function J also satisfies (2.24). Recall that by assumption, J is
continuous and bounded below by an affine function. Thus, the assumptions of
Lemma 2.3.11 on J hold. The assumptions of Lemma 2.3.11 on K and M also
hold by straightforward reasoning. It remains to show that the assumptions on S
in Lemma 2.3.11(b) hold. Let e« € R™ be a vector such that  — J(x) — (o, x) is
bounded from below, and denote the lower bound by f € R. By (2.34), for each

j€{1,...,m}, there holds
Jj(w) - <a,w> > J(CU) - <a7w> > 5 Va € Rn:

which implies that e is in the domain of J7. Recall that the function S;; is defined
by (2.28) with initial data J;, and hence, Sy, satisfies (2.31) with initial condition

J;. By Lemma 2.3.3, we have

Sy (@, t) =Y S (P& — P lug)i t; (PT )y, ai,b;) — J(er) + (o, )

J
=1

> Z (P — P ug)i(P )i + C;) — JF () + (o, ug)

i=1

= (P — P lug, Play) + ) Ci— J7 (@) + (e, uo)
=1

= (o, @)+ > C— T (),

=1
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where each C; is the constant in the lower bound in Lemma 2.3.3 with constants

a=a;, b=1"b;, and p = (PTa);. Then, by (2.35), there holds

S(x,t) = min Sy (x,t) > min }{(a,w)%—ZCi—J;‘(Q)}

.....

the assumption on S in Lemma 2.3.11(b) is satisfied. Therefore, all the assumptions
in Lemma 2.3.11(a)-(b) are satisfied. Applying Lemma 2.3.11, we get that the value
function in (2.1) is the unique viscosity solution to the HJ PDE (2.2) in the solution
set G. Moreover, by (b), which we proved earlier, the function S is the value func-
tion in (2.1). Therefore, the function S is the unique viscosity solution to the HJ

PDE (2.2) in the solution set G. O

2.3.7 Proof of Proposition 2.2.1

Let vV, dV, and p" be the corresponding vectors in the algorithm at the N-th

iteration. Define the function F': R — R by
i=1

Then, the objective function in (2.22) equals F — J*. Let p* = (p},...,pl) be

the optimizer of the optimization problem in (2.22), which exists and is unique by
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Lemma 2.3.9(a). By [15, Section 3.2], we have

lim (F(@¥) — J(6™)) = F(p') — J*(p") = S(a.1).
According to [43, Theorem 2.2] whose assumptions are proved using [43, Remark 2.2],
both vV and d” converge to the point p* as N approaches infinity, and hence, p" in
Algorithm 1 also converges to p*. By Lemma 2.3.1, the function F' is continuously
differentiable, and hence, it is also Lipschitz in any compact domain. Let L be its
Lipschitz constant on a compact domain containing {d" } and {v"}. Then, we have

lim |S(z,t) — S(z,t)|

N—o0

< lim |[F(d") - J*(v") = S(x,t)| + lim |F(d") — F(v")]

~ N—oo N—oco

< lim L||@"¥ —o"|| =0.

N—oo

Now, it remains to prove the second formula in (2.11). By definition of ~
in (2.9), (2.10), (2.11), (2.13), (2.14), and (2.16), the function p — y(s;z,t,p, a,b) is
continuous. Since p" converges to p*, 4 converges to v pointwise for any s € [0, t].
Moreover, by straightforward calculation, the function s — v(s; z,t,p, a,b) is contin-
uously differentiable with respect to s, and its derivative is bounded by |p|+ (a+ b)t.
Also, the function s — ~y(s; z,t,p,a,b) is bounded by |z| + |p|t + (a + b)t*. Thus, the

second formula in (2.11) holds by the Arzela-Ascoli theorem. O]
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2.4 Some computations for the numerical imple-

mentation

: s S(x,t;p,a,b)
2.4.1 Proximal point of p — —==5"~

In this section, we provide a numerical method for solving the following problem:

p" = argmin {—s<x,t;p,a,b> - c>2} | 1)

peR
where z,¢c € R and t¢,a,b, A\ > 0 are some parameters and S is the function defined
in (2.6) and (2.15).

By Lemma 2.3.1, the objective function in (2.1) is strictly convex, 1-coercive, and
continuously differentiable. Therefore, the minimizer exists and is unique. Moreover,

p* is the minimizer if and only if the objective function has zero first-order derivative

at p*, i.e., if and only if p* satisfies

O(—=S(z,t;p,a,b) + 5(p—¢)?)

0=
Ip Ip p=p*

e (2.2)

- (_8S(x,t;p,a,b) Ao C))

Recall that the function V is defined piecewise. Thus, we compute the first-order

derivative using (2.1) and solve (2.2) on each piece.

First, we consider the case where p > 0. If (z,t,p) € Q, then we have

0S(z,t;p,a,b t?
(xappa )+/\(p—c):a7+pt—:c+)\(p—c),




104

which has the root

—9 4 e
t,a,bc) = —2——
p1($7 , A, 76) t+/\
If (z,t,p) € 2y, then we have
0S(z,t; b bt?
— (x,a,pp,a, )+)\(p—c):—7 +pt—2+Ap—c),
which has the root
(.4, 0,b,¢) = % 4+ + A
p2\Z,l,a,0,C) = t+/\

If (z,t,p) € 3, then we have

0S(z,t;p,a,b)
ap +Ap—rc)
o atb oo B —
= —(a+2b)2< (bt —p)* + (p — bt)/ (bt — p) +2:c(a—|—2b)) (2.3)
bx bt?
Taxm g AR

We apply Newton’s method to compute the root ps of (2.3). In Newton’s method,

the value is iteratively updated as

oS (z,t;p,a,b
_% +Alp —¢) r A

k+1 _ k. A
Ps =DP3 _w_'_)\ =DP3 A27 (24)
P
where the numerator A; equals
A= _a——i_b <_(bt - p)2 +(p— bt)\/(bt —p)?+2zx(a+ 26))
! (a + 2b)?
bx bt?
- - — t+ Ap —
a + 2b 2 +p + (p C)?

and the denominator A, equals

__2(atb) _ (bt — p)* + x(a + 2b)
Ay = (a—|—2b)2 (bt p \/(bt—p)2+2x(a—{—2b)>+t+/\'
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To make Newton’s method more robust, we also enforce a lower bound p defined by

x at 2|z|
- Sy WO Y (el
p max{t 5 p }

and an upper bound p defined by
p = max{bt + |c| + 1,]_9}.

The lower bound p is given by the definition of {23. The upper bound p is set to be
max{bt + |c[+1,p} since the corresponding function value in (2.3) is positive and the
function in (2.3) is increasing with respect to p for p > p, which implies that no root
in (23 can be larger than bt + |c[+ 1. If the function value corresponding to p in (2.3)
is also positive, then there is no root in 23, and we simply set p3 to be p. Here,
the choice of initialization for Newton’s method is not crucial. For convenience,
in Sections 2.2.1 and 2.2.3, we initialize Newton’s method with p3 = p+ 1, and
in Section 2.2.2, we initialize Newton’s method with the value of ps found in the

previous iteration of ADMM in Algorithm 1.

If (z,t,p) € Q4UQ5, we have

9S(z,t;p, a,b) P

whose largest root is given by

pa(,t,a,b,¢) = —bA + VBH2A2 + 2bAc,

which is non-negative if and only if ¢ > 0. In other words, if ¢ is negative, p, is not

a candidate for the minimizer.
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Now, we consider the case of p < 0. By (2.15), we have

0S(z,t;p,a,b) 0S(—x,t;q,b,a)
0= — Ap—c) = A—q — 2.5
o +Ap—¢) a4 +AM=q—c), (25
where we apply the change of variable ¢ = —p. From (2.5), we observe that the vector

q is the positive solution of (2.2) where the parameters (z,t,a,b, c) are replaced by
(—x,t,b,a,—c). Hence, the roots are in the set {p/: i = 1,2, 3,4}, where each p, is
defined by

pi(x,t,a,b,¢) = —pi(—xz,t,b,a,—c).

Therefore, we get several candidates for the minimizer p*. We denote the set of

candidates by C', which is defined by

C = {pi(x,t,a,b,c), pi(x,t,a,b,c):i=1,2,3,4}.

Note that we can simplify the set C. By straightforward calculation, we obtain

p&($7 t7a’ b7 C) = pQ(:E,t, a? b? C)? pl2($7t7 a‘7b7 C) = pl('x7t’a'7 b’ C)'

Moreover, we have

pi(x,t,a,b,c) =a\ — Va2 ?* — 2alc,

which is negative if and only if ¢ < 0. In other words, if ¢ is non-negative, p/ is not

a candidate for the minimizer. Define p4(z,t,a, b, c¢) by

p4(x,t7a,b, C) & 2 07
pa(z,t,a,b,c) =

py(x,t,a,b,¢) ¢<O0.

Then, ps(x,t,a,b,c) can replace py(z,t,a,b,c) and p)(x,t,a,b,c) as candidate mini-
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mizers. Similarly, if = is negative, then (z,t, p) cannot be in the set €3, and hence ps3
is not a possible candidate. Meanwhile, if x is non-negative, then (—z, ¢, —p) cannot
be in the set Q3(b, a) (which denotes the set 23 with parameters b, a, instead of a, b),
and hence, pj is not a possible candidate. Thus, we define ps(z,t,a, b, c) by

p3(w7t7a7bac) X Z Oa

ﬁg(l’, t7 a, b7 C) =

ps(x,t,a,bc) <0,

and we use ps to replace p3 and pj as candidates. As a result, we simplify the set C

to

C= {p1($,t,a,b, C>7 pg(:c,t,a,b, C)> ]53(.T,t,&, ba C)a ﬁll(l'at?aa b7 C)}

Finally, the minimizer p* is selected among the four candidates as follows:

A
P = argmin{—s(rr,t;p,a,b) +5 - 0)2} :

peC

2.4.2 An equivalent expression for S

Let S be the function defined in (2.6) and (2.15). In this section, we present an

equivalent expression for S, which is used in our numerical implementation. When



p > 0, the function S can be written as follows:

e

fi (z,t,p) € Q,
f2 ('T7t7p) c QQ:
S(z,t;p,a,b) =
max{f37f4} (ﬂf,t,p) € Q3UQ47
\f5 (I,t,p) S Q57
4 t2
fl l’Zpt‘i‘%y
b
fa <t<%,x<0) or (a:<—§(
- at?
max{ fs, f1} 0<zx <pt+7,
p 2|z]

A SO el bl

\f5 t b= b , T < O,

108

where fi,..., f5 are the functions defined in (2.8), or equivalently in (2.6), below.

Here, we use the notation f; instead of f;(x,¢;p,a,b) for simplicity. By straightfor-

ward calculation, when p < 0, the formula reads:

( bt?
fa $§pt—7>
fi <t<—z—?,x>0> or (x>%<
a
S(xat;paaa b) = < bt2
max{ f3, 1} pt—7<x§0,
2
£l S I )
\ a a

)

where f] denotes f;(—x,t; —p,b,a). The above equivalent expressions for S are ad-

vantageous since they slightly reduce the amount of conditional branching required

by our implementation as well as simplify the conditions that need to be checked.

Thus, both of these differences help promote the performance of our implementation.

Furthermore, the equivalent formulas for f; and f/ in our implementation are given



as follows:

fi = g - (atg;mg +a(at +p),

fom -l D ),

Js= 3(;6:28)1))2 (08 =90+ VAT) - mcfl:tu—;bp) B

fi= 3(2aa++bb)2 ((at )+ VA7) %Jjbp)
8 3 3

fa= §|$| —%7

fi= @ + g—z,
T

g

P

3

where we define A = (bt — p)* + 2z(a + 2b) and A’

6a’
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p* (bt—p)®
6b 6b
p* (at+p)?
6a 6a '

(at + p)? — 2x(2a + b).

These equivalent expressions are formulated in order to reduce extraneous arithmetic

operations in the implementation as well as to avoid any potential complications with

undefined square roots.

2.5 Summary

In this chapter, we presented analytical solutions to certain optimal control prob-

lems with quadratic running costs on the velocity and certain piecewise affine convex

running costs on the trajectory. Moreover, we presented a Hopf-type representation

formula for the corresponding HJ PDE with quadratic kinetic energy and piecewise

affine non-positive concave potential function. We also presented efficient algorithms

for solving these problems with convex initial costs and certain non-convex initial
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costs. We demonstrated that our algorithms do not suffer from the curse of dimen-
sionality and have promising speedup when implemented on FPGAs in comparison
to CPUs. A possible future direction is to combine the proposed algorithms with
other building blocks, such as the solver in [48] and/or the LQR solver, to handle
more general optimal control problems. Additionally, it would be worthwhile to ex-
plore FPGA implementations of ADMM (or other proximal point-based methods),
where we use our numerical solver for quadratic initial costs as a building block to
compute the proximal point of S; exploring these implementations would give us a
better understanding of how our solver can be combined with existing methods for

real-time applications.



CHAPTER THREE

Lax-Oleinik-type representation

formulas
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In this chapter, we focus on a class of optimal control problems with certain non-
smooth control constraints and a running cost that is quadratic in the state variable.
Constraints on the control are important for many practical applications, where the
control often corresponds to some physical quantity, such as the velocity, acceler-
ation, or jerk of a vehicle, which must be finitely bounded in practice. Typically,
these control-constrained optimal control problems are not solved exactly. Instead,
many algorithms [22, 21, 96, 17, 70, 110, 19, 5] use LQR as a building block to solve
these control-constrained problems, even though there is no constraint on the con-
trol in the LQR problem. These algorithms then also employ other approximation
and discretization methods, such as time discretizations, splitting methods, barrier
methods, or spectral methods, to obtain an approximate solution. Hence, these al-
gorithms do not directly provide the solution to control-constrained optimal control

problems.

In this chapter, we present analytical solutions for a particular class of control-
constrained optimal control problems and Lax-Oleinik-type representation formulas
for the corresponding HJ PDEs, which solve these problems exactly without dis-
cretizations or approximations of the original problems. Note that this differs from
numerical algorithms in the existing literature, which only approximate the solution.
We then use these representation formulas to design efficient numerical solvers for
these problems in high dimensions. Therefore, we provide both theoretical guar-
antees and efficient numerical methods for this class of problems. As a result, our
numerical methods have the potential to complement LQR as a building block in
numerical algorithms for solving control-constrained optimal control problems. We
also present both low latency and high throughput FPGA implementations of our
numerical solvers, which demonstrate the potential of our solvers for real-time op-

timal control applications. The content of this chapter is joint work with Jérome
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Darbon and Tingwei Meng [24]. My main contributions include the development
of a prototype implementation of our numerical solvers in MATLAB (the results
of which are not shown, but would look identical to the figures in Section 3.2),
the conceptualization of the CPU implementation, and the creation of the FPGA

implementations.

The organization of this chapter is as follows. In Section 3.1, we present the
class of optimal control problems and HJ PDEs considered in this chapter as well
as the analytical solutions of these problems. In Section 3.1.1, the one-dimensional
problems are analyzed. In Section 3.1.2, we consider a class of separable high-
dimensional problems. In Section 3.1.3, we provide a Lax-Oleinik-type representation
formula for our most general high-dimensional case. In Section 3.2, we propose
efficient numerical solvers for these problems and present some high-dimensional
numerical results. More specifically, in Section 3.2.1, we present an efficient exact
solver for quadratic initial costs, which will be used later as a building block for
more general initial costs. In Section 3.2.2, we present an ADMM algorithm using
the building block from the quadratic case to solve certain optimal control problems
with more general convex initial costs. In Section 3.2.3, we generalize our proposed
methods to certain nonconvex initial costs using min-plus techniques. In each of
these subsections, we present corresponding high-dimensional numerical results using
both a CPU and an FPGA implementation. Some proofs and technical lemmas are
provided in Section 3.3, some computations for the numerical implementation are
provided in Section 3.4, and some convergence results are provided in Section 3.5.
Finally, in Section 3.6, we make some concluding remarks and list some possible

future directions.
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3.1 Analytical solutions

In this section, we provide the analytical solutions to certain optimal control prob-
lems, where the running cost depends on the state variable. We also provide a
Lax-Oleinik-type representation formula for the corresponding HJ PDEs, where the

Hamiltonian depends on the state variable.

Specifically, we consider the following problem. Let vy be a vector in R", {a;},
and {b;}_; be positive scalars, P be an invertible matrix with n rows and n columns,
and M := PPT be a symmetric positive definite matrix which defines a norm
|z||a := \/(x, Mx). We use (-,-) to denote the Euclidean inner product in R"
whose associated ¢?-norm is denoted by || - ||. In this chapter, we use bold characters
to denote high-dimensional vectors in R", and we use x; to denote the i-th compo-
nent of a high-dimensional vector & € R™. Our goal is to solve the following optimal

control problem:

S(x,t) = min { / %Hw(s) — v||3,ds + J(x(0)): z(t) = =,
" (3.1)

i=1

Pla(s) € ﬁ[—bi,ai] Vs € (0,75)}7

where vg, {a;}",, {b;},, and P satisfy the above assumptions, the time horizon is
t > 0, the terminal position is & € R", and the initial cost is a lower semi-continuous
function J: R™ — R. In the optimal control problem, the function x(-): [0,¢] — R"
is assumed to be a Lipschitz function, and @(s) denotes its derivative at time s,
which exists at s € (0,¢) almost everywhere. Any trajectory s — x(s) is called
feasible if it satisfies the constraints in the problem (3.1). To avoid the ambiguity of

a trajectory and a vector, we use x(-) to denote the trajectory, which is a function
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of the time variable, and we use @ to denote the vector.

In the literature, it is well-known that optimal control problems are highly related
to HJ PDEs. Specifically, the optimal values in the optimal control problems are
equal to the viscosity solutions to the corresponding HJ PDEs, and the optimal
controls are related to the spatial gradient of the viscosity solutions to the HJ PDEs
(see [8]). In our case, the optimal control problem (3.1) corresponds to the following

HJ PDE:

1
%—f(w,t) + K(VgS(x,t)) — in —vll3; =0 x € R™te(0,+00),

S(x,0) = J(x) x € R",

(3.2)

where K: R"™ — [0,400) is a piecewise affine, positively 1-homogeneous convex
function related to the parameters {a;},, {b;}";, and P in the optimal control

problem (3.1).

In Section 3.1.1, we provide the analytical solution for the one-dimensional case.
In Section 3.1.2, we solve a simple separable high-dimensional case where vy is the
zero vector and P is the identity matrix. In Section 3.1.3, we present the analytical

solution to the high-dimensional optimal control problem (3.1) and the HJ PDE (3.2).

3.1.1 One-dimensional case

In this section, we consider the one-dimensional optimal control problem, which

reads:

S(z,t) = min { /0 “”"(;)st + J(@(0)): #(s) € [~b,a] Vs € (0,1), a(t) = x} . (33)
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where x € R and ¢t > 0 denote the terminal position and time horizon, respectively,
and a,b > 0 are positive scalars which give the restrictions on the velocity z(s). The

corresponding HJ PDE reads:

S x?

—(x,t) + K(V,S(x,t)) — —=0 xR, te(0,+00),

ot 2 (3.4)
S(x,0) = J(z) z € R,

where K : R — [0, 4+00) is the positively 1-homogeneous convex function defined by:

ax x>0,
K(z)= (3.5)
—br x <0,

where a and b are the positive parameters in (3.3).

In what follows, we will present the analytical solutions to the optimal control
problem (3.3) and the HJ PDE (3.4). First, we start with the case when J(x) =
Ity (x) for some u € R, where I,; denotes the indicator function of the set {u}.
Recall that the indicator function Io: R" — R U {+o0} of a set C' C R™ is defined

by:

0 x e,
[C(l') =
+oo x ¢ C.

Under this initial cost, the initial position in the optimal control problem (3.3) is

fixed to be the point u. Thus, the optimal control problem (3.3) becomes

min {/Ot 9“"(23)2(13: i(s) € [=b,a] ¥s € (0,4), (0) = u, 2(t) = x} C(36)

We denote by S(z,t;u,a,b) the optimal value in the minimization problem (3.6),
which is a function of (z,t) € R x [0, 4+00) with parameters © € R, a > 0, and

b > 0. The variables x and t are the terminal position and time horizon, respectively,
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the parameter u denotes the parameter in the initial cost Iy,;, and the parameters
a and b are the positive parameters in (3.6). The optimal trajectory is denoted
by s — v(s;z,t,u,a,b). In the notation of the optimal trajectory, there are five
parameters: z, t, u, a, and b, which have the same meaning as the corresponding

variables or parameters in the notation of the optimal value S(z,t;u, a,b).

Now, we define the functions S and 7. In Lemma 3.1.1, we will prove that
the following definitions are indeed the optimal value and optimal trajectory in the
corresponding optimal control problem (3.6). When u > 0, we define the function

R x [0, +00) 3 (z,t) = S(z,t;u,a,b) € RU {400} by

(u? 23 1 1 au + br — abt\”
T (R N il R Y R AR=Re
6 " 6a (&1+(%> ( atb ) if (2,8,u) €,
w2l
—+ — if (z,t,u) € Q,
S(x,t;u,a,b) = ¢ 6b  6Ga ( ) 2
w oo

3
&G if (z,t,u) € Q,

—+00 otherwise,
(3.7)

where the three sets ; C R x [0,4+00) X [0,4+00) with i = 1,2, 3 are defined by:

Qyz{@ﬁﬂ%0§t<%,u—ng§u+a*

u au
U{(x,t,u):tzg, at—TSISU-i—at}, (3.

QQ::{(x,t,u)eRx[0,+oo)x[O,+oo):t ,O§x<at—a—u},

b

U
>
- b
Q3 = {(x,t,u) € R x [0,+00) x [0, +00): t > %, u—bt <x< 0}.

An illustration of a two-dimensional slice of these three sets for a fixed v > 0 is

shown in Figure 3.1. After some computation, we conclude that the domain of the
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function (z,t) — S(x,t;u,a,b) is

dom ((z,t) — S(z,t;u,a,b)) = {(z,t) € R" x [0,400): u—bt <x <u+at}.

(3.9)

Figure 3.1: An illustration of a two-dimensional slice of the three sets €2y, y, {23 on
the xt-plane.

To define the trajectory s — ~v(s;x,t,u,a,b), we consider three cases, which
correspond to the first three lines in (3.7), respectively. We define the trajectory

[0,t] 2 s v(s;x,t,u,a,b) € R in these three cases as follows:

1. When (z,t,u) € €; holds, which corresponds to the first line in (3.7), we define

v(s; @, t,u,a,b) by:

—x +u+at
u — bs ERS |:O7T)’
v(s;z,t,u,a,b) = +a+ . (3.10)
—rx+u+ta
a(s—t)+z se€ [—,t].
a+b

The trajectory 7(s;x,t,u,a,b) is non-negative for all s € [0,¢]. The velocity

%7(5; x,t,u,a,b) is —b in the first line and a in the second line. In other words,
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the controlled object goes left in the first time period, and it goes right in the

second time period.

2. When (z,t,u) € Q9 holds, which corresponds to the second line in (3.7), we

define v(s;x,t,u,a,b) by:

( [ou
_b 07_>7
U S S € R
7(8;1‘71:’“7@’ b) = 0 S € E,t— §)7 (311)
Lb a
r T
a(s—t)+z se t——,t].
\ L a

The trajectory 7(s;x,t,u,a,b) is non-negative for all s € [0,¢]. The velocity
%’y(s; x,t,u,a,b)is —b in the first line, 0 in the second line, and a in the third
line. In other words, the controlled object first goes to the left, then stays at

zero, and then goes to the right.

3. When (x,t,u) € Q3 holds, which corresponds to the third line in (3.7), we

define 7(s; x,t,u, a,b) by:

( ru
., )
u — bs 5 € O,b ,
I
v(s;z,t,u,a,b) =<0 5 € g;t— ) (3.12)
—b(s—t)+z se€ t—%,t].

In the first line, the trajectory is positive, and the velocity is —b. In the
second line, the trajectory and the velocity are both zero. In the third line, the
trajectory is negative, and the velocity is —b. In other words, the controlled

object first goes to the left, then stays at zero, and then goes to the left again.

So far, we have presented the representation formulas for the optimal values and

the optimal trajectories of the one-dimensional optimal control problem (3.6), where



120

the initial position u is non-negative. Note that the domain of the value function S
is given in (3.9), and the optimal trajectory v is well-defined if and only if (x,t) is

in the domain of S.

Now, we consider the case when u is negative. In this case, we define the optimal
values and the optimal trajectories by symmetry. To be specific, for any v < 0, the

function R x [0, +00) 3 (2,t) — S(z,t;u,a,b) € RU {400} is defined by:

S(z,t;u,a,b) == S(—x,t; —u,b,a) VreR, t>0, (3.13)

where the right-hand side is defined in (3.7). After some computation, we conclude
that the domain of the function (z,t) — S(x,t;u,a,b) also satisfies (3.9) in this
case. Similarly, for any x € R, t > 0, and u < 0, the optimal trajectory [0,¢] 3 s —

v(s;x,t,u,a,b) € R is defined by:

v(s;x,t,u,a,0) := —v(s; —x,t,—u,b,a) Vs e|[0,t], (3.14)

where the right-hand side is defined in (3.10), (3.11), and (3.12) for different cases.
Note that ~(s;—z,t, —u,b,a) on the right-hand side of (3.14) is well-defined if
and only if the corresponding optimal value S(—z,t; —u,b,a) is finite. Hence,
v(s;x,t,u,a,b) on the left-hand side of (3.14) is well-defined if and only if (z,t)

is in the domain of the function (z,t) — S(z,t;u,a,b), which equals the set in (3.9).

In the following lemma, we prove that the function S and the trajectory =,
whenever they are well-defined, are indeed the unique value function and optimal

trajectory for the optimal control problem (3.6).

Lemma 3.1.1. Let a,b,t be positive scalars and x,u be real numbers satisfying

u—>bt < x < u+ at. Define the function [0,t] > s — ~(s;z,t,u,a,b) € R
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by (3.10), (3.11), (3.12), and (3.14) for different cases. Then, s — ~(s;x,t,u,a,b)
is the unique optimal trajectory of the optimal control problem (3.6). Moreover, the

optimal value equals S(x,t;u,a,b), as defined in (3.7) and (3.13).

Proof. The proof is provided in Section 3.3.2. O

Now, we consider a general lower semi-continuous initial cost J: R — R. We
define the function R x [0,400) 3 (z,t) — S(z,t) € R as follows:

S(xz,t):= inf {S(z,t;u,a,b) + J(u)} VreR,t>0, (3.15)

u€[x—at,x+bt]

where the term S(z,t;u,a,b) is defined in (3.7) and (3.13). This is a Lax-Oleinik-
type representation formula. In Propositions 3.1.2 and 3.1.3, we show that S(z,t)
is the optimal value in the optimal control problem (3.3) and that the function S is

the viscosity solution to the HJ PDE (3.4).

Let u* be a minimizer of the minimization problem in (3.15). Note that the
minimizer u* exists since the objective function in the minimization problem in (3.15)
is a lower semi-continuous function with compact domain [z — at, x + bt] (see [119,
Theorem 1.9]). However, the minimizer may be not unique. When there are multiple
minimizers, let u* be one such minimizer. We define the function 7(s;x,t) using u*
as follows:

v(s;2,t) == (s;2,t,u",a,b) Vs €[0,1], (3.16)

where the term ~(s;z,t,u*, a,b) on the right-hand side is defined in (3.10), (3.11),
(3.12), and (3.14) for different cases. Note that the minimizer u* satisfies u* €

[z —at, x4+ 0bt]. In other words, (x,t) is in the domain in (3.9) with u = u*, and hence
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the right-hand side in (3.16) is well-defined. We prove in Proposition 3.1.2 that this
trajectory s — 7(s;x,t) is indeed an optimal trajectory of the problem (3.3). When
there are multiple minimizers in (3.15), by Proposition 3.1.2, for any minimizer u*,
the corresponding function s — 7(s;x,t) defined in (3.16) with «* is one optimal

trajectory.

Now, we present the main results for the one-dimensional problems (3.3)

and (3.4).

Proposition 3.1.2. Let J: R — R be a lower semi-continuous function and a,b
be some positive scalars. Then, for all x € R and t > 0, the function [0,t] >
s+ (s;x,t) € R defined in (3.16) is an optimal trajectory for the optimal control
problem (3.3), whose optimal value equals S(x,t) as defined in (3.15). Moreover, if

J is convez, then the trajectory s — ~y(s;x,t) is the unique optimal trajectory.

Proof. 'This is a corollary of Proposition 3.1.4. |

Proposition 3.1.3. Let J: R — R be a continuous function and K be the function
defined in (3.5) with parameters a,b > 0. Let S be the function defined in (3.15).
Then, the function S is the unique viscosity solution to the HJ PDE (3.4) in the

solution set C(R x [0,400)).

Proof. This is a corollary of Proposition 3.1.7. |
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3.1.2 Separable high-dimensional case

In this section, we consider the following high-dimensional optimal control problem

with separable running cost:

o ()] ) —
S(x,t) = min { /0 Tds + J(x(0)): x(t) = x, -

(s) € [ [[=bi ai] Vs € (O,t)},

=1

where & and t are the terminal position and time horizon, respectively, {a;} and {b;}
are positive scalars which provide the restrictions on the velocity @, and the initial
cost J: R™ — R is a lower semi-continuous function. Note that we call the running
cost separable since it is the sum of n functions, the j-th of which only depends on
the j-th component of x(s). The constraint on the control is also separable since it
can be written as n constraints, the j-th of which only depends on the derivative of

the j-th component of the trajectory @(-). The corresponding HJ PDE reads:

a8 4 oS(@,t)\ 1, ., i

(3.18)
S(z,0) = J(x) x eR",

where each function K;: R — R is the positively 1-homogeneous convex function
defined in (3.5) with the positive constants ¢ = a; and b = b; from (3.17) and the

initial condition is given by the initial cost J in (3.17).

For this problem, we denote the optimal value by S(x,t) and the optimal trajec-
tory by s +— ~(s;x,t), where @, t are parameters denoting the terminal position and

the time horizon, respectively. Define the function S: R" x R — R by the following
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Lax-Oleinik-type representation formula:

wel[ [zi—ait,x

S(x,t) = inf ny {Z S(x;, t;us, a5, b;) + J(u)} : (3.19)
L=t

for all x € R™, ¢ > 0 and where each function (z;,t) — S(x;, t; u;, a;, b;) on the right-
hand side is the function defined by (3.7) and (3.13). Let u* = (uf,...,u}) € R
be a minimizer in (3.19). Note that the minimizer u* exists since the objective
function in the minimization problem in (3.19) is a lower semi-continuous function
with compact domain []}_, [x; — a;t, z; + b;t] (see [119, Theorem 1.9]). However, the
minimizer may be not unique. When there are multiple minimizers, let u* be one

such minimizer. Define the trajectory s — ~(s; x,t) using u* as
y(s;x,t) = (y(s;m1,t,u3,a1,01), .., y(S; T, tul an, by)) Vs €10,8],  (3.20)

where the function v in the i-th component ~y(s; x;, t, ul, a;, b;) on the right-hand side
is defined by (3.10), (3.11), (3.12), and (3.14) for different cases. Note that the i-th
component of the minimizer w* satisfies u! € [z; —a;t, ;4 b;t]. In other words, (z;,t)
is in the domain (3.9) with v = v}, and hence, the i-th component on the right-hand

side of (3.20) is well-defined for each i € {1,...,n}.

Next, we present two propositions. In Proposition 3.1.4, we show that the tra-
jectory s — ~(s;x,t) is an optimal trajectory of the problem (3.17), where the
optimal value equals S(x,t). By Proposition 3.1.4, if there are multiple minimizers
in (3.19), for any minimizer u*, the corresponding function s — (s;x,t) defined
in (3.20) with «* is an optimal trajectory. In Proposition 3.1.5, we show that S is

the viscosity solution to the high-dimensional HJ PDE (3.18).

Proposition 3.1.4. Let J: R* — R be a lower semi-continuous function. Let a =

(a1,...,a,) and b = (by,...,b,) be two vectors in (0, +00)™. For any x € R™ and t >
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0, the function [0,t] > s +— ~(s;x,t) € R defined in (3.20) is an optimal trajectory of
the optimal control problem (3.17), where the optimal value equals S(x,t), as defined
in (3.19). Moreover, if J is convex, then the trajectory s — y(s;x,t) is the unique

optimal tragjectory.

Proof. The proof is provided in Section 3.3.3. O

Proposition 3.1.5. Let J: R™ — R be a continuous function. Let a = (ay,...,ay,)
and b = (by,...,b,) be two vectors in (0,+00)" and K;: R — [0,+00) be defined
by (3.5) with constants a = a; and b = b; for eachi € {1,...,n}. Then, the function
S defined in (3.19) is the unique viscosity solution to the HJ PDE (3.18) in the

solution set C'(R" x [0, +00)).

Proof. This is a corollary of Proposition 3.1.7. O

3.1.3 General high-dimensional case

In this section, we provide the analytical solutions to the high-dimensional optimal
control problem (3.1) and the corresponding HJ PDE (3.2). Denote the optimal
value by S(x,t) and the optimal trajectory by ~(s;x,t). We define the function

S: R" x [0,4+00) — R by the following Lax-Oleinik-type representation formula:

wel T, [yi—ait,ys+bit

S(x,t) = inf } {2”: S(ys, t;ui, a;, by) + J ((PT)—lu + vo)} . (3.21)
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for all x € R™, ¢ > 0 and where the vector y € R" is defined by:

y=(y, - yn) = PTx — P, (3.22)

In (3.21), each function (y;,t) — S(v;, t;u;, a;, b;) on the right-hand side is the func-
tion defined in (3.7) and (3.13), and P, vo, {a;}!,, {b;}’, are the parameters
in (3.1).

Let u* = (uf,...,u’) be a minimizer in the minimization problem (3.21). With
a similar argument as in Section 3.1.2, we conclude that the minimizer u* exists but
may be not unique. If it is not unique, let u* be one such minimizer. Define the

trajectory [0,t] > s — y(s;x,t) € R" by

’7(5a CC,t) = (PT>71 <7<S;y17t7u>{7 aq, b1)7 s 7’7(53 yrwta 'LLZ, G, bn)) + Vo, (323)

for all s € [0, t], where y, ..., y, are the components of the vector y defined in (3.22)

and the i-th element v(s; y;, ¢, ul

79

a;, b;) on the right-hand side is the one-dimensional
trajectory defined by (3.10), (3.11), (3.12), and (3.14) for different cases of y;, t,
and u;. Note that the i¢-th component of the minimizer u* satisfies uf € [y; —
a;t,y; + b;t]. In other words, (y;,t) is in the domain in (3.9) with v = u}, and hence,

the term ~y(s;y;, t, ul

77

a;,b;) on the right-hand side of (3.23) is well-defined for each

ie{l,...,n}.

Next, we present two propositions showing that the functions S and ~ de-
fined above do indeed solve the optimal control problem (3.1) and the correspond-
ing HJ PDE (3.2). More specifically, Proposition 3.1.6 shows that the trajectory
s — y(s;x,t) is an optimal trajectory of the problem (3.1), whose optimal value

equals S(x,t). If there are multiple minimizers in (3.21), Proposition 3.1.6 shows
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that any minimizer u* defines an optimal trajectory s — ~(s; x,t) by (3.23). Propo-
sition 3.1.7 shows that the function S defined in (3.21) is the viscosity solution to

the HJ PDE (3.2).

Proposition 3.1.6. Let J: R* — R be a lower semi-continuous function. Let a =
(a1,...,a,) and b = (by,...,b,) be two vectors in (0,+00)", vy be a vector in R™,
and P be an invertible matriz with n rows and n columns. Then, for any x € R"™
and t > 0, the function [0,t] 3 s — ~(s;x,t) € R defined in (3.23) is an optimal
trajectory for the optimal control problem (3.1), where the matriz M satisfies M =
PPT. The optimal value of the problem (3.1) equals S(x,t), as defined in (3.21).
Moreover, if J is convex, then the trajectory s — ~(s;x,t) is the unique optimal

trajectory.

Proof. The proof is provided in Section 3.3.4. O

Proposition 3.1.7. Let J: R" — R be a continuous function. Let K: R™ — [0, +00)
be a piecewise affine 1-homogeneous conver function. Assume that there exist linearly

independent vectors wq,...,u, € R"™ and positive scalars a;,b; > 0 for each v €

{1,...,n}, such that the sublevel set of K satisfies

(2 €R": K(z) <1} = co <CJ {aijuj, —bljuj}> 7

j=1

where co E denotes the convexr hull of a set E. Define the matriz P to be the matrix
whose columns are wi, ..., u,, and define the matriz M by M := PPT. Then, the
function S: R™ x [0,400) — R defined by (3.21) is the unique viscosity solution to
the HJ PDE (3.2) in the solution set C'(R"™ x [0, +00)).

Proof. The proof is provided in Section 3.3.5. O
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3.2 Efficient algorithms and FPGA implementa-

tions

In this section, we present efficient algorithms for evaluating the optimal trajectory
of the high-dimensional optimal control problem (3.17) as well as the solution of the
corresponding high-dimensional HJ PDE (3.18). We note that our algorithms may
be easily adjusted to solve the more general problems given in (3.1) and (3.2), but
for simplicity of notation, we define our algorithms for (3.17) and (3.18), instead.
To solve the more general problems in (3.1) and (3.2), one can first compute the
minimizer and the minimal value of the optimization problem in (3.21) by applying
our proposed algorithms to the new initial cost J defined in (3.12) and the new
terminal position y defined in (3.22) and then compute the optimal values and

optimal trajectories using (3.21) and (3.23).

Recall that the representation formulas for problems (3.17) and (3.18) are pro-
vided in Section 3.1. Note that these problems are numerically solvable using the
representation formulas if the optimization problem in (3.19) is numerically solv-
able. Therefore, in this section, we provide different methods to solve (3.19) for
different classes of initial costs J. In Section 3.2.1, we consider quadratic initial
costs and propose explicit formulas for solving (3.19) exactly. In Section 3.2.2, we
consider convex initial costs and apply ADMM to solve (3.19). Note that ADMM
can be replaced by any other appropriate convex optimization algorithm, and we
only apply ADMM in this chapter for illustrative purposes. Furthermore, by ap-

plying optimization algorithms to the representation formula directly, we solve the
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optimal control problem exactly, without discretizations or approximations of the
original problem. In Section 3.2.3, we extend our methods in the previous sections
to address a class of nonconvex initial costs using a min-plus technique. In each of
these three sections, we provide numerical results using both a CPU implementa-
tion and an FPGA implementation to demonstrate the efficiency of our numerical
solvers in various dimensions n as well as their potential for real-time applications.
All of our CPU results are run using an 11th Gen Intel Laptop Core i7-1165G7 with
a 2.80GHz processor. All of our FPGA results are run using a Xilinx Alveo U280
board with a target design running at 300 MHz and double floating point precision.

For a general overview of FPGAs, we refer the reader to [81].

To avoid confusion, we use S and ~ to denote the analytical solutions to the HJ
PDEs and optimal control problems, while we use S and 4 to denote their numerical

approximations obtained by our proposed methods.

3.2.1 Quadratic initial costs

In this section, we present an exact numerical solver for solving the optimal control
problem (3.17) and the corresponding HJ PDE (3.18) with quadratic initial costs J.

Assume that the function J is defined by:
A 2 n
J(w):EH:z:—yH +a VzeR", (3.1)

where y € R", a € R, and A > 0 are some parameters. Recall that || - || denotes the

/%-norm in R"™.

For this quadratic initial cost, the optimization problem (3.19) is equivalent to
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Figure 3.2: Evaluation of the solution S(z,t) of the 10-dimensional HJ PDE (3.18)
with @ = (4,6,5,...,5), b=(3,9,6,...,6), and initial condition J(z) = ||z — 1|2
for x = (x1,22,0,...,0), where (z1,75) € [—4,4)?, and different times ¢. Plots for
times ¢ = 0, 0.25, 0.5, and 1 are depicted in (a)-(d), respectively. Level lines are

superimposed on the plots.
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computing the proximal point of the function w — > | S(x;, t;u;, a;,b;), which

can be split into n one-dimensional subproblems where the i-th subproblem reads:

A
ui = argmin {S(xi,t; u, a;, b;) + §(u - yi)Q} : (3.2)

u€[x;—ait,z;+b;t]

Hence, solving (3.19) in this case is embarrassingly parallel; these n subproblems
can be solved independently in parallel using the analytical solution (3.6) in Sec-
tion 3.4.1, and the solution to the problems (3.17) and (3.18) can be obtained directly
from (3.19) and (3.20) using the minimizer computed in (3.6). We use our numerical
solver for this case as a building block for our numerical methods in Sections 3.2.2

and 3.2.3.

Since we implement our representation formula explicitly, the result of this nu-
merical solver is exact up to machine precision. Furthermore, since the complexity
for solving each subproblem (3.2) is ©(1) (see the discussion in Section 3.4.1), the
complexity for solving HJ PDE (3.18) with quadratic initial cost is ©(n) and the

curse of dimensionality is avoided in this case.

Now, we apply our proposed method to solve the high-dimensional HJ PDE (3.18)

with quadratic initial cost J defined by:
1 2 n
J(m):§||a:—1|| Vo € R", (3.3)

ie, weset y=1=(1,1,...,1) € R", « =0, and A = 1 in (3.1). We define the
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parameters @ = (aq,...,a,) € R" and b= (by,...,b,) € R" by:

.

4 ifi =1, 3 ifi=1,
;=146 ifi=2, and bi=149 ifi=2, (3.4)
5 if ¢ > 2, 6 if¢>2.
\ \

Figure 3.2 depicts two-dimensional contour plots of the numerical solution S (x,t)
to this 10-dimensional HJ PDE (i.e., n = 10) with quadratic initial cost (3.3) at

different positions @ = (x1, 22,0, ...,0) and different times ¢ € {0,0.25,0.5,1}.

n | CPU time (s) | FPGA time (s) | Speedup
4 6.4665e-08 1.334e-08 4.8475
8 1.6845e-07 2.667e-08 6.3161
12 4.6512e-07 4.000e-08 11.6280
16 7.4280e-07 5.334e-08 13.9258

Table 3.1: Comparison of the average time per call over 100, 000 runs for evaluating
the solution of the HJ PDE (3.18) with quadratic initial condition (3.3) for various
dimensions n using a CPU implementation on a single Intel Core i7-1165G7 versus
an FPGA implementation on a Xilinx Alveo U280 board with a frequency of 300
MHz.

n Latency (ns) BRAM | DSPs FFs LUTs

4 | 400,224 (1.334e06) | 0 (0%) | 847 (9%) | 91,716 (3%) | 55,345 (4%)
8 | 800,238 (2.667c06) | 0 (0%) | 847 (9%) | 92,105 (3%) | 55,444 (4%)
12 | 1,200,246 (4.000e06) | 0 (0%) | 847 (9%) | 92,301 (3%) | 55,467 (4%)
16 | 1,600,258 (5.334€06) | 0 (0%) | 847 (9%) | 92,626 (3%) | 55,517 (4%)

Table 3.2: FPGA resources and latencies in cycles and nanoseconds (ns) for eval-
uating the solution of the HJ PDE (3.18) with quadratic initial condition (3.3) at
100,000 points (x,t,y) € R™ x [0,00) x R™ for various dimensions n using double
precision floating points on a Xilinx Alveo U280 board with a frequency of 300 MHz.

The running time using either a CPU or an FPGA implementation of our nu-
merical solver in different dimensions is shown in Table 3.1. To compute the running
time, we first compute the overall running time for computing the solution at 100, 000
random points (x,t) € [—4,4]" x [0, 0.5] and then report the average running time for

computing the solution S (x,t) at one point (x,t) over these 100,000 trials. From
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Table 3.1, we see that, using a CPU implementation, it takes less than 8 x 1077
seconds to compute the solution at one point in a 16-dimensional problem, which
demonstrates the efficiency of our proposed solver even in high dimensions. However,
using our FPGA implementation, it takes less than 6 x 1078 seconds to compute the
solution at one point in a 16-dimensional problem, for approximately a 14x speed

up over the CPU implementation in dimension 16.

We achieve this speedup by designing our FPGA implementation to have high
throughput, where throughput refers to the amount of data that can be processed
in a given amount of time. Specifically, we design our FPGA implementation to
have an iteration interval (II) of 1, which means that we can begin processing a new
input at every FPGA clock cycle (e.g., for our implementation, every 3.3333 nanosec-
onds). The inputs of our FPGA kernel are the points (z;,t,7;) € R x [0,00) X R
as defined in (3.2). In other words, our FPGA implementation streams the points
(z,t,y) € R" x [0,00) x R™ elementwise. In contrast, the CPU implementation
achieves its performance by relying on both elementwise (i.e., solving the one-
dimensional subproblems (3.2) n times) and pointwise (i.e., solving the n-dimensional
problem (3.19) for multiple points (x,¢,y) € R™ x [0, 00) x R") parallelism, but must
execute these parallelized tasks sequentially. Thus, as the dimension n increases, the
CPU is able to parallelize fewer points (x,t,y) € R" x [0,00) x R™ at a time, and its
performance degrades by some multiplicative factor as n increases. However, due to
its elementwise streaming and II of 1, our FPGA implementation achieves average
runtimes that only increase as n times the length of one FPGA clock cycle, or, in
other words, as the dimension n increases, the performance of the FPGA implemen-
tation degrades only by some small additive amount. As a result, not only does our
FPGA implementation achieve a speedup over the CPU implementation in lower

dimensions (e.g., a speedup of about 5 in dimension 4), but this speedup becomes
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more pronounced as the dimension increases.

In Table 3.2, we present the amount of FPGA resources and latencies used to
implement and run the FPGA implementation of our numerical solver for various
dimemsions n and 100,000 points (x,t,y) € R™ x [0,00) x R™. We observe that
since our design streams the points (x,t,y) € R" x [0,00) x R" elementwise (i.e.,
our FPGA kernel takes the inputs (z;,¢,v;) € R x [0,00) x R) the latency of our
FPGA implementation scales linearly in the dimension n and the amount of FPGA

resources used remains essentially constant in n.

Recall that the Alveo U280 board consists of three “chiplets.” Since routing
resources between chiplets are limited, crossing chiplets can severely degrade perfor-
mance [123, 114]. As such, we design our FPGA implementation to use less than
30% of any given type of FPGA resource (e.g., flip flops (FFs), lookup tables (LUTSs),
digital signal processing units (DSPs), block random access memory (BRAM), etc.)
to ensure that no chiplet is crossed. Since our design uses less than 30% of the FPGA
resources available on the Xilinx Alveo U280 board, we could either use a smaller
(i.e., cheaper) FPGA to implement our numerical solver with similar performance as
we report here or we could parallelize by simply implementing multiple, independent
copies of our FPGA kernel to maximize usage of the FPGA board. In the latter
case, we could achieve a further speedup of x9 (i.e., 3 copies of our FPGA kernel
per each of the 3 chiplets, ensuring that no kernel requires crossing chiplets) for a

total speedup of about 44 to 125 over the CPU depending on the dimension n.
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Algorithm 3: An ADMM algorithm for solving the optimal control prob-
lem (3.17) and the corresponding HJ PDE (3.18) with convex initial cost.

=

10

Inputs : Parameters a,b € R”, terminal position & € R", time horizon
t > 0, running time s > 0 of the trajectory, and convex initial
cost J: R™ — R in the problem (3.17) and the PDE (3.18).
Parameter \ > 0, initialization d° € R", w® € R”, and error
tolerance € > 0 for the ADMM scheme.

Outputs: The optimal trajectory 4(s;,t) in the optimal control
problem (3.17) and the solution value S(,t) to the
corresponding HJ PDE (3.18).

for k=1,2,... do

Update v+ € R™ by:
k+1 . A k k112
" = argmin< J(v) + = [[v — dF + w"||" p . (3.5)
vER? 2
Update d*' € R™, where the i-th element df“ is updated by:
k+1 . Akt k2
d;™ =argmin < S(x;, t;d;, a;,b;) + = (05 —d; +w; ) p . (3.6)
d; R 2
Update w**! € R” by:
Wkt = b 1 Rt gh e,
if [|[o* ! — oF||2 <, ||dFT — dF|? <€, and || — d"|? < € then
set N=Fk+1and u? = d";
break;
end
end
Output the optimal trajectory by:

6’(87 wat) - (7(57 Iy, t7u11V7 ay, b1)7 s 77(5; .Tn,t, uiLVJ Qp, bn))a

where the i-th component (s; x;, t, ul, a;, b;) is defined

by (3.10), (3.11), (3.12), and (3.14). Also, output the solution to the HJ
PDE by:

g(a:,t) = ZS (:r;l-,t;ufv,ai,bi) + J(uN) ,
i=1

where the i-th component S (azi, tul | a;, bi) in the summation is defined
by (3.7) and (3.13).
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3.2.2 Convex initial costs

In this section, we solve (3.17) and (3.18) with convex initial cost J. To solve these
problems, we need to solve the convex optimization problem in the representation
formula (3.19), which can be solved using many possible convex optimization al-
gorithms. Based on the discussion in Section 3.2.1, proximal point-based methods

would be a reasonable approach.

For illustrative purposes, in this section, we apply ADMM (see [59, 15]) to (3.19)
with certain convex initial costs J whose proximal points are numerically computable.
The details of applying ADMM to this problem are given in Algorithm 3. We
emphasize that ADMM is not the only possible optimization algorithm that can
be applied here. Rather, any appropriate optimization algorithm can be applied
to (3.19), the choice of which depends on the properties of the function J and among

which the use of ADMM in Algorithm 3 is simply one such possible choice.

In each iteration of ADMM in Algorithm 3, we first update v**! using (3.5).

k+1

The vector v is the proximal point of % at d® — w*, which is assumed to be

d*' componentwise using (3.6), which

numerically computable. Then, we compute
can be solved in parallel. More specifically, we apply the solver in Section 3.4.1
to solve (3.6), and hence, the complexity for computing d*™* is ©(n). Note that
the update step for d*™ in Algorithm 3 has the same form as solving (3.19) with
quadratic initial cost & — 3|z — v"*! — w"||>. As a result, the solver proposed
in Section 3.2.1 serves as a building block in our ADMM algorithm (Algorithm 3),
and the running time in Table 3.1 underpins the running time for updating d*™ in

each iteration of ADMM. Additionally, since we apply ADMM to the representation

formula directly, we do not rely on discretizations or approximations of the optimal



137

control problem. Instead, we solve the problem exactly.

In the following proposition, we prove that the optimal trajectory 4 and the
solution value S as computed by Algorithm 3 do indeed converge to their analytical

counterparts as the number of ADMM iterates N approaches infinity.

Proposition 3.2.1. Let J: R" — R be a convex function and a,b be two vectors in
(0,+00)™. Let & be any vector in R™ and t > 0 be any scalar. Let S and ~ be the
functions defined in (3.19) and (3.20), respectively. Let X > 0 and the initialization
d’, w® € R™ be arbitrary parameters for Algorithm 3. Let SN and AN be the output
solution and trajectory, respectively, from Algorithm 3 with iteration number N.
Then, we have

lim SN(x,t) = S(x,t) and  lim sup |3V (s;x,t) —~y(s;2, 1) =0. (3.7)

N—o00 N—o00 s€[0,]

Proof. The proof is provided in Section 3.5.1. O

The convergence of the output optimal trajectory 4~ and solution SN from
Algorithm 3 are proved in the proposition above. For a general convex function J,
the convergence rate of the output solution SV (, ) is o(ﬁ) if the best iteration (in
terms of having the smallest objective function value among the first N iterations) is
selected as the output. This convergence rate can be improved to O(%) if the output
u’ is chosen in an ergodic manner, i.e., by setting the output «” to be % Z]kvzl d".
Moreover, when the initial condition J satisfies stronger assumptions (for instance,
if J is strongly convex and differentiable with Lipschitz gradient), we obtain linear

convergence for u¥, the output solution SN and the output trajectory 4. For

more details on the convergence rates, we refer readers to [43, 39].
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3.2.2.1 Numerical example

Now, we show a numerical example solved using Algorithm 3 for the optimal control

problem (3.17) and the HJ PDE (3.18) with convex initial cost J defined by:
1 2 n
J(az):§||a:—1||1 Vo € R", (3.8)

where || - ||; denotes the ¢'-norm in R™ and 1 is the n-dimensional vector whose
components are all 1’s. We set the parameters a,b € R" to be the vectors defined
in (3.4), i.e., a = (4,6,5,...,5) and b= (3,9,6,...,6). With these parameters and
initial cost, we apply the ADMM algorithm in Algorithm 3 to solve (3.17) and (3.18).
We set the parameters in Algorithm 3 to be A =1, d’ = &, w® = 0, and € = 1075.
In order to solve (3.6), we apply the efficient method described in [38, Section 4.4],
which has complexity ©(n). Therefore, the complexity for each ADMM iteration in
Algorithm 3 is also ©(n). In other words, if the number of iterations is fixed, the

curse of dimensionality is avoided in this example.

We solve the problem in 10 dimensions (i.e., we set n = 10) and plot the solution
S and the optimal trajectories 4 in Figure 3.3 and Figure 3.4, respectively. Figure 3.3
depicts two-dimensional slices of the solution S (x,t), as computed using Algorithm 3,
of the HJ PDE (3.18) at different positions @ = (x1, 2,0, ...,0) and at different times
t. As expected, in Figure 3.3(a), we see that the initial condition .J is not smooth,
e.g., we see kinks in the contour plots near (x1,z2) = (1,—1),(-2,1),(4,1), and
(1,4). In Figures 3.3(b)-(f), we see that the solution continues to evolve with several
kinks as well. These kinks help numerically verify that our algorithm does indeed
compute the non-smooth viscosity solution to the corresponding HJ PDE. Overall,

the solution appears to be continuous in (z1,25) at all times ¢, which is consistent
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Figure 3.3: Evaluation of the solution S(, ) of the 10-dimensional HJ PDE (3.18)
with @ = (4,6,5,...,5), b= (3,9,6,...,6), and initial condition J(x) = %Hw - 12
for £ = (21,22,0,...,0), where (z1,7) € [—4,4]?, and different times ¢. Plots for
t=0,0.1, 0.2, 0.3, 0.4, and 0.5 are depicted in (a)-(f), respectively. Level lines are

superimposed on the plots.
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with the results of Proposition 3.1.5.

Y St bl et et LS S B -4 e -4 o
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 009 0.1 0 0.05 0.1 0.15 0.2 0.25 0.3 0 005 01 015 02 025 03 035 04 045 05

(a) First component, t = 0.1 (b) First component, t = 0.3 (c) First component, t = 0.5

4 ————— 4

4 L L L L L L 1 T . ; L L L L L 4 L L L L L L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 009 0.1 0 0.05 0.1 0.15 0.2 0.25 03 0 005 01 015 02 025 03 035 04 045 05

d) Second component, ¢t = (e) Second component, ¢ = (f) Second component, ¢t =

) )
0.1 0.3 0.5

Figure 3.4: Evaluation of the optimal trajectory 4(s;(z,—x,0,...,0),t) of the
10-dimensional optimal control problem (3.17) with @ = (4,6,5,...,5), b =
(3,9,6,...,6), and initial cost J(xz) = 3|l&—1||3 versus s € [0, ¢] for different terminal
positions (z, —x,0,...,0) (z € [—4,4]) and different time horizons ¢. The different
colors and line markers simply help differentiate between the different trajectories.
Figures (a)-(c) depict the first component of the trajectory versus s € [0,t] with
different time horizons ¢, while Figures (d)-(f) depict the second component of the
trajectory versus s € [0,t¢] with different time horizons ¢. Plots for time horizons
t = 0.1, 0.3, and 0.5 are depicted in Figures (a)/(d), (b)/(e), and (c)/(f), respec-
tively. We note that because of our choice of @ and b, the piecewise slopes of our
trajectories are not symmetric about 0.

Figure 3.4 depicts one-dimensional slices of the optimal trajectory 4(s;x,t) of
the corresponding 10-dimensional optimal control problem (3.17), using different
terminal positions * = (z, —z,0,...,0) for z € [—4,4] and different time horizons
t. We observe that the one-dimensional slices are piecewise linear and continuous in
s, which is consistent with the properties of the formulas in (3.10), (3.11), (3.12),
and (3.14). We note that in each subplot, all line segments with positive slope are

parallel with slope a; (i.e., the i-th component of the trajectory has velocity a;),
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while all lines segments with negative slope are parallel with slope —b; (i.e., the i-th
component of the trajectory has velocity —b;). As such, in any given subplot, the

piecewise slopes of the trajectories are not symmetric about 0 due to our choice of

a and b.
n | CPU time (s) | FPGA time (s) | Speedup
4 5.3711e-08 9.1888e-09 5.8453
8 1.1719e-07 3.6775e-08 3.1867
12 1.8880e-07 6.9133e-08 2.7310
16 2.7344e-07 1.1555e-07 2.3664

(a) Comparison of the average time per 1 iteration of ADMM over 100,000 runs for various
dimensions n.

n | N Latency (ns) Interval (ns) BRAM DSPs FFs LUTs

1| 8 | 2.205,620 (7.351e06) | 2,200,087 (7.33406) | 0 (0%) | 5,840 (64%) | 2,606,704 (99%) | 1,160,176 (38%)
8 | 4| 4,413,012 (1.471e07) | 4,400,085 (1.467e07) | 0 (0%) | 4,955 (54%) | 2,630,997 (100%) | 870,327 (66%)
12| 3 | 6,222,468 (2.074e07) | 6,200,127 (2.067¢07) | 0 (0%) | 4,949 (54%) | 2,515,392 (96%) | 948,691 (72%)
16 | 2 | 6,933,965 (2.311e07) | 6,900,222 (2.300e07) | 0 (0%) | 3,341 (37%) | 2,149,905 (82%) | 740,551 (56%)

(b) Latency and interval in cycles and nanoseconds (ns) and FPGA resources used to
implement N ADMM iterations for evaluating the solution at 100,000 points (x,t) €
R™ x [0, 00).

Table 3.3: Results for a high throughput FPGA implementation of ADMM for eval-

uating the solution of the HJ PDE (3.18) with initial condition J(xz) = ||« — 1]|}.

The FPGA implementation uses a Xilinx Alveo U280 board with a frequency of 300
MHz. In (a), the CPU implementation uses a single Intel Core i7-1165G7, and the
number of ADMM iterates used per run is the same as the number of iterates N
used in (b) for each dimension n.

Next, we describe two different FPGA implementations of ADMM for this ex-
ample. Specifically, we present a high throughput implementation and a low latency
implementation, the results for which are shown in Tables 3.3 and 3.4, respectively.
Latency refers to the amount of time that it takes for an input to finish being pro-
cessed. The “optimality” of a given FPGA implementation is usually determined
by its latency (where lower latency is more optimal), its throughput (where higher
throughput is more optimal), or the amount of resources used (where fewer resources
is more optimal). However, optimizing for one of these criteria usually competes with

the optimization of another criteria, and thus, one can at best only expect a Pareto
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n | CPU time (s) | FPGA time (s) | Speedup
4 5.4254e-08 8.4816e-08 0.6397
8 1.1161e-07 1.1857e-07 0.9413
12 1.8359e-07 1.8067e-07 1.0162
16 2.5879¢-07 2.3167e-07 1.1171

(a) Comparison of the average time per 1 iteration of ADMM over 100,000 runs for various
dimensions n.

n | N | Latency (ns) | Interval (ns) | BRAM DSPs FFs LUTs

4 | 9 | 433 (1.443¢03) | 229 (7.633¢02) | 0 (0%) | 2,608 (28%) | 612,037 (23%) | 390,421 (29%)
8 | 7 | 405 (1.350e03) | 249 (8.300e02) | 0 (0%) | 2,211 (24%) | 616,758 (23%) | 377,262 (28%)
12 | 5 | 377 (1.257¢03) | 271 (9.033¢02) | 0 (0%) | 1,949 (21%) | 629,957 (24%) | 387,615 (29%)
16 | 4 | 371 (1.237€03) | 278 (9.267¢02) | 0 (0%) | 1,898 (21%) | 620,606 (23%) | 382,723 (29%)

(b) Latency and interval in cycles and nanoseconds (ns) and FPGA resources used to
implement N ADMM iterations for evaluating the solution at 1 point (x,¢) € R™ x [0, c0).

Table 3.4: Results for a low latency FPGA implementation of ADMM for evaluating

the solution of the HJ PDE (3.18) with initial condition J(x) = %[ — 1||7. The

FPGA implementation uses a Xilinx Alveo U280 board with a frequency of 300 MHz.
In (a), the CPU implementation uses a single Intel Core i7-1165G7, and the number
of ADMM iterates used per run is the same as the number of iterates N used in (b)
for each dimension n.

optimal implementation. For example, a high throughput implementation typically
has a relatively high latency and vice versa. In fact, we observe that this trend
holds for our FPGA implementations. For instance, our high throughput implemen-
tation has latencies (in cycles) per ADMM iteration of approximately 694.4, 3,242.8,
7,467.7, and 16,906.0 for dimensions n = 4,8,12, and 16, respectively. Meanwhile,
our low latency implementation has latencies (in cycles) per ADMM iteration of
approximately 48.1, 57.9, 75.4, and 92.8 for dimensions n = 4, 8,12, and 16, respec-
tively. Note that the latency and interval listed in Tables 3.3b and 3.4b correspond
to the latency and interval for processing N ADMM iterations for all 100,000 points
(in Table 3.3b) or 1 point (in Table 3.4b), respectively. Thus, we can compute the

latency per ADMM iteration using the values in Tables 3.3b and 3.4b as follows:

latency — interval + interval /# points
N )
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where # points = 100,000 in Table 3.3b, # points = 1 in Table 3.4b, and the
numerator in the above formula corresponds to the latency (for N ADMM iterations)

per point.

The benefit of a high throughput implementation is that it achieves low average
runtime. Hence, high throughput implementations are best suited for offline com-
putations, where a computational experiment needs to be run many times for many
different inputs. We can expect a high throughput implementation to achieve the
best speedup compared to a CPU implementation, whose performance is typically
also measured by average runtime. For example, in Table 3.3a, we see that our high
throughput implementation achieves a speedup of about 2-6 times the average run-
time of the CPU depending on the dimension n, whereas in Table 3.4a, we see that
the average runtime of our low latency implementation is approximately the same
as that of the CPU for each n. Here, we compute the average runtime using the
procedure described in Section 3.2.1, except we average over the number of ADMM

iterations in addition to the number of runs.

In contrast, low latencies are best suited for online computations, where results
are required to be available within some fixed short period of time after an input
is provided. Such online computations are critical for real-time optimal control
applications. While it is impossible to measure the latency of a CPU implementation,
FPGA implementations have guaranteed latencies. For example, as computed above,
our low latency implementation computes one iteration of ADMM in 92.8 clock cycles
(or approximately 3.0933 x 10~7 seconds) for the 16-dimensional problem, but this
quantity would not be able to be measured on a CPU. Hence, our low latency FPGA
implementation achieves similar performance (in terms of throughput; e.g., see Table

3.4a) as the CPU but with a guaranteed (low) latency.
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In both FPGA implementations, we stream both the points (x,t) € R™ x [0, c0)
and the ADMM iterates v*,d*, w* € R" between consecutive ADMM iterations,
where the number of ADMM iterations per implementation is determined by the the
amount of resources available. For the high throughput implementation, the amount
of resources used per ADMM iteration is high (and increases with the dimension n),
and we aim to use as many of the resources as possible in order to maximize the
throughput. Thus, our high throughput FPGA kernel must cross chiplets. In order
to ensure that the performance does not degrade due to the crossing of chiplets, we
stream (z,t,v*, d*, w¥) in a single stream of doubles. As a result, (in contrast with
the high throughput FPGA implementation in Section 3.2.1) our high throughput
implementation for ADMM cannot achieve an II of 1. Instead, the II of our high
throughput FPGA kernel (per point) is lower bounded by 4n + 1, the dimension
of the concatenated vector (z,t,v*,d", w*), which means that its II per ADMM
iteration is lower bounded by (4n + 1)/N, where N is the total number of ADMM
iterations implemented. For example, for our high throughput implementation, the
IT per ADMM iteration is about 2.8, 11.0, 20.7, and 34.5 cycles for dimensions
n = 4,8,12, and 16, respectively. Note that the II per ADMM iteration can be
computed using the quantities in Table 3.3b as % We also note that the
average runtime of our high throughput FPGA implementation would be improved
if we could implement more ADMM iterations on the FPGA. However, as we observe
in Table 3.3b, our current implementation is heavily limited by the number of flip
flops used. Theoretically, we should be able to reduce the number of flip flops using

other FPGA resources, such as BRAM or URAM, instead, but we leave this for

future research.

In contrast, for the low latency FPGA implementation, we stream each of the

quantities x, t, v*, d", and w* separately. Using separate streams for these quanti-



145

ties ensures that these quantities are available more immediately for computations,
which is critical for achieving a low latency. However, using multiple streams also
means that crossing chiplets is likely to cause a significant decrease in performance.
Hence, we aim for designs that use less than 30% of any given FPGA resource to
ensure that no chiplet is crossed. In Table 3.4b, we see that our low latency FPGA

implementation meets this constraint.

3.2.2.2 A note on negative slack

As discussed in the previous section, our high throughput FPGA implementation
requires us to use a relatively high II (> 4n + 1). However, (using Xilinx Vitis HLS
2022.2) having an II greater than 1 often leads to negative slack warnings. Negative
slack indicates that the timing results provided by the software may not be possible,
potentially due to routing issues or other physical constraints on resource placement
on the FPGA board. In the literature, there is almost no advice on how to avoid

these slack issues, even though many Vitis HLS users seem to experience this issue.

To our understanding, increasing the II increases the likelihood of negative slack
because Vitis HLS seems to prioritize reusing computational resources when the IT is
high. Specifically, we observed that with an II of 1, the number of operations (e.g.,
additions, multiplications, divisions, etc.) implemented by the software can usually
be predicted by directly counting the number of those operations (e.g., +, *, /, etc.)
that are written in the C/C++ code. Then, when we increase the II, the number

of each type of operation implemented by the software can typically be predicted as

"# of occurrences of the operation in the code
I

|. Thus, in the extreme case where the II is very
high, Vitis HLS may attempt to implement at most one of each operation type used,

which we infer causes routing issues related to negative slack.
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void foo (stream_t &in, stream_t &out) {
// some computations a
// some computations b

Listing 1: Example of some pseudocode that may cause negative slack.

void foo_a (stream_t &in, stream_t &tmp) {
// some computations a

}

void foo_b (stream_t &tmp, stream_t &out) {
// some computations b

3

void foo (stream_t &in, stream_t &out) {
stream_t tmp;
foo_a(in, tmp);
foo_b(tmp, out);

Listing 2: Example of splitting the pseudocode in Listing 1 to (possibly) get rid of
negative slack.

In our implementation, we overcome the negative slack issue by “splitting.”
Specifically, consider a function that yields a negative slack warning (e.g., the func-
tion in Listing 1). Then, we split this function into two (or more) sub-functions, such
that we stream between the sub-functions, the computations of the original function
are split between the sub-functions, and the result of chaining these sub-functions
together is the same as the result of the original function (e.g., as in Listing 2).
By splitting the problematic function, we effectively force the software to use more
computational resources by creating more intermediate streams. While splitting
generally seems effective in overcoming negative slack, this methodology has sev-
eral drawbacks. In particular, splitting makes the HLS code less readable and more
difficult to write, increases the amount of resources used (specifically, it seems to

significantly increase the amount of flip flops used), and may require the II to be
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increased further in order to relay intermediate values between the resulting sub-
functions (if we do not allow the width of the streams to increase). Furthermore,
it is not always predictable how many times a function needs to be split or how
the computations should be divided between sub-functions in order for the negative

slack to disappear.

Alternatively, although we do not not use it in our implementation, the AL-
LOCATION pragma is also sometimes useful in relieving negative slack. The AL-
LOCATION pragma allows us to specify how many of a particular operation (e.g.,
multiplication, addition, etc.) we want the software to implement. While using this
pragma is easier to code than the splitting method described above, picking the
correct amount of each operation to allocate is not easy to determine a priori. For
example, in some cases, we found that we had to allocate an excessive amount of
each operation to get rid of the negative slack, while in other cases, seemingly no

choice mitigated the negative slack.

Thus, although we are able to provide some possible solutions for removing neg-
ative slack, our solutions are clearly not robust and can even pose additional chal-
lenges. Additionally, this slack issue is not unique to our particular implementation
of ADMM and seems to arise in a wide range of FPGA designs. As such, further re-
search into this issue is needed in order to establish reliable methodology for creating

FPGA implementations of general scientific computing methods.

3.2.3 Certain nonconvex initial costs

In this section, we use min-plus techniques to extend our Lax-Oleinik-type repre-

sentation formulas (3.15), (3.19), and (3.21) to handle a certain class of nonconvex
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initial costs. Moreover, we propose an algorithm based on the resulting extended rep-
resentation formulas, which uses the numerical methods in Sections 3.2.1 and 3.2.2
(or any possible algorithm for solving (3.15), (3.19), and (3.21)) as building blocks.
From the numerical results and resulting running times, our proposed algorithm is
shown to be able to solve the optimal control problems and corresponding HJ PDEs

with these nonconvex initial costs efficiently.

We have already shown in Sections 3.2.1 and 3.2.2 that the solutions in (3.15),
(3.19), and (3.21) are computable using convex optimization methods, such as Algo-
rithm 3 if the initial cost J: R™ — R is a convex function. However, these represen-
tation formulas are also computable for a broader class of initial costs J. Consider

the following nonconvex initial condition:

J(x) = min Jj(x) VaeR", (3.9)
je{1,...,.m}
where J;: R” — R is a convex function for each j € {1,...,m}. In this case, the

min-plus technique (see [84, 98]) is applied, and the optimization problem in (3.21)

can be written as
S(x,t)

= inf {Z S(yz, t, Ui,y Qg bz) 4+ min Jj ((PT)_I’U, + ’U())}

wel [y lyi—aityi+bit] | “— je{l,..,m}

= i inf S z7t7 15 iabi + J; PT?l +
(Lo {uEH?_ﬂylinait,yierit]{Z (91,85 03, ) J(( ) UO)}}

je{1,...,m} )
=: min S;(x,1),
jefl,...m) (1)

(3.10)

where y = (y1, ..., yn) is the vector defined in (3.22), and in the last line, the function
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S;: R™ x [0,400) — R for each j € {1,...,m} is defined by:

wel i, [yi—ait,y;+b;t]

Si(x,t) = inf {z": Syt ug, ai, b) + J; (PT)'u + vo)} , (3.11)

which is the solution to the corresponding HJ PDE with convex initial cost J;.
Therefore, to compute S(x,t), this problem is divided into m subproblems. In the
j-th subproblem, convex optimization methods (e.g., the solver in Section 3.2.1 or
Algorithm 3 in Section 3.2.2) are applied to solve (3.11) and to compute the optimal
value S;(z,t). Then, by (3.10), the solution S(z,t) is the minimum among these m

optimal values.

In addition, a minimizer u* of (3.21) can be computed as

u* € U arg min { Syt ug, ai, b)) + J, (P u+ vo)} . (3.12)
1

reJ we i, [yi—ait,yi+bit] i=

where the set J is defined by:

J = argmin S;(x,1),
je{1,...m}

with S; defined by (3.11). In other words, u* can be computed using (3.12) by
applying convex optimization methods to solve each of the m subproblems, where
the j-th subproblem is defined in (3.11). Finally, an optimal trajectory - is computed
using (3.23) as long as the minimizer w* is obtained. Note that 4 may not be unique
since we are solving a nonconvex optimization problem and hence w* is no longer

necessarily unique.

Similarly, the min-plus technique can also be applied to the representation for-

mulas (3.15) and (3.19) to solve the corresponding optimal control problems and HJ
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PDEs with nonconvex initial condition J of the form (3.9). To be specific, (3.15)
and (3.19) are the one-dimensional and high-dimensional cases, respectively, of (3.21)
when P is the identity matrix and vq is the zero vector. Therefore, in these cases,

the j-th subproblem becomes

uel]r [zi—a;

Sj(iU,Zf) = inf . {Z S([Ifl,t, Uy Qg bl) + Jj <U)} s (313)
e i=1

and an optimal trajectory ~ and the optimal value S are computed using the mini-
mizers and the minimal values of these subproblems, similarly to before. The details
of the proposed algorithm for solving the optimal control problem (3.17) and the
corresponding HJ PDE (3.18) are given in Algorithm 4. The more general problems
in (3.1) and (3.2) can be solved by replacing the j-th subproblem in Algorithm 4
with (3.11) for each 5 € {1,...,m}. Note that each subproblem is solved indepen-
dently from each other, and hence, each subproblem can be solved in parallel and/or
using different numerical methods, when convenient. The complexity of Algorithm 4

is the sum of the complexity of solving all m subproblems.

In the following proposition, we show some error analysis for Algorithm 4, given
the error of each subproblem. To be specific, if each subproblem converges, then the
value function S converges pointwise and any cluster point of the numerical optimal
trajectory 4 is an optimal trajectory in (3.17). Note that the convergence of the
numerical optimal trajectories is not guaranteed, due to the non-uniqueness of the
optimal trajectory «. Moreover, we prove error bounds for the output solution and
output trajectory of Algorithm 4. With this error analysis, the convergence rate of
any convergent subsequence is determined by the convergence rate of each of the m
subproblems. For the special case when each subproblem is solved using Algorithm 3,
the convergence rate is given by the slowest convergence rate of each subproblem,

which is discussed in Section 3.2.2.



151

Algorithm 4: An optimization algorithm for solving the optimal control
problem (3.17) and the corresponding HJ PDE (3.18) with nonconvex initial
cost J of the form (3.9).

Inputs : Parameters a,b € R”, terminal position & € R", time horizon
t > 0, running time s > 0 of the trajectory, and the convex
functions Ji, ..., J,, in (3.9).

Outputs: An optimal trajectory 4(s; x,t) in the optimal control
problem (3.17) and the solution value S(z,t) to the
corresponding HJ PDE (3.18) with nonconvex initial cost J of
the form (3.9).

for j=1,2,...,m do

2 Numerically solve the j-th subproblem (3.13) using any appropriate

method (e.g., the solver in Section 3.2.1 or Algorithm 3 in
Section 3.2.2), and get the optimal trajectory 4,(s;x,t) and the

solution S;(x,t) to the problems (3.17) and (3.18) with initial cost .J;;

3 end
4 Compute the index r by:

=

r € argmin S;(x, t). (3.14)
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Proposition 3.2.2. Let J: R" — R be a function satisfying (3.9) for some convex
functions Jy,...,Jpm: R" — R and a,b be two vectors in (0,400)". Let x be any
vector in R™ and t > 0 be any scalar. Let S be the function defined in (3.19) with
wniatial condition J. Denote the output solution and trajectory of Algorithm 4 by
S and v, respectively. For the j-th subproblem, denote the analytical solution and
the numerical solution by S; and S’j, respectively, and denote the analytical optimal
trajectory and the numerical trajectory by ~; and ¥;, respectively. Assume there

exists € > 0, such that there holds

~

|Sj(x,t) — Sj(, 1) <e Vje{l,.. m} (3.16)
Then, we have
1S(x,t) — S(x,t)] <e. (3.17)

Further assume Sj(x,t) > S(x,t) + 2¢ for each index j satisfying Sj(x,t) # S(x,1).
Then, there exists an optimal trajectory ~y of the optimal control problem (3.17) with

wnitial cost J, such that there holds

sup ||’A7(S7m7t) - "Y(S,iL‘,t)H < sup ||’A)/r(87337t) - 77‘(8; iB,t)H, (318)
s€[0,2] s€[0,1]

where 1 is the index in (3.14).

Proof. The proof is provided in Section 3.5.2. O

Now, we present a high-dimensional numerical example using nonconvex initial

cost J defined by:

I(x min min 1 2
1 y w i w y (1 -1
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where y, = (—2,0,...,0), y, = (2,—2,—1,0,...,0), and y5 = (0,2,0,...,0) are
vectors in R” and a; = —0.5, ag = 0, and a3 = —1 are scalars in R. Recall that
| - || denotes the £*mnorm in the Euclidean space R". We also use the parameters
a,b defined in (3.4), i.e., we set a = (4,6,5,...,5) and b = (3,9,6,...,6). Note
that each subproblem has quadratic initial cost and thus can be solved using the
solver in Section 3.2.1. In other words, the solver proposed in Section 3.2.1 serves
as the building block for Algorithm 4 in this example. Recall that the solver in
Section 3.2.1 has complexity O(n). Therefore, Algorithm 4 has complexity ©(mn)

in this example, and hence, it overcomes the curse of dimensionality.

We solve the 10-dimensional problem (i.e., we set n = 10) and plot the solution
S and the optimal trajectories % in Figures 3.5 and 3.6, respectively. Figure 3.5
depicts two-dimensional slices of the numerical solution S (x,t), as computed using
Algorithm 4, to HJ PDE (3.18) for different positions & = (x1,2,0,...,0) and
different times ¢. In Figure 3.5(a), we can clearly see that the initial condition J is
not smooth at the interfaces of the quadratics J;; e.g., there are obvious kinks near
(x1,22) = (0,0), (—2,2), (0,—2), (2.5,0). In Figures 3.5(b)-(f), we see that, over
time, the solution also evolves with several kinks. These kinks provide numerical
validation that our algorithm does indeed provide the non-smooth viscosity solution
to the corresponding HJ PDE. Overall, the solution appears to be continuous (but
not necessarily differentiable) in (x,z5) at all times ¢, which is consistent with the

results of Proposition 3.1.5.

Figure 3.6 depicts one-dimensional slices of an optimal trajectory 4(s;x,t) of
the corresponding 10-dimensional optimal control problem for different terminal po-
sitions * = (z,—=x,0,...,0) and different time horizons ¢t. We observe that the
one-dimensional slices are piecewise linear and continuous in s, which is consistent

with the properties of the formulas in (3.10), (3.11), (3.12), and (3.14). We also
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Figure 3.5: Evaluation of the solution S(z,t) of the 10-dimensional HJ PDE
(3.18) with @ = (4,6,5,...,5), b = (3,9,6,...,6), and initial condition J(x) =
minjeqi o) Jj(2) = minjeqos{slle — y;|I> + oy}, where y; = (=2,0,...,0),
Yy, = (2,—2,-1,0,...,0), y3 = (0,2,0,...,0), oy = —0.5, ay = 0, and a3 = —1,
for x = (71,22,0,...,0), where (z1,75) € [—4,4)?, and different times ¢. Plots for
t=0,0.1, 0.2, 0.3, 0.4, and 0.5 are depicted in (a)-(f), respectively. Level lines are
superimposed on the plots.
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Figure 3.6: Evaluation of an optimal trajectory 4(s;(z,—z,0,...,0),t) of the
10-dimensional optimal control problem (3.17) with @ = (4,6,5,...,5), b =
(3,9,6,...,6), and initial cost J(z) = minjeq1 23 J; () = minjeq a5 {3/l — y;* +
aj}, where y; = (-2,0,...,0), y, = (2,—2,-1,0,...,0), y3 = (0,2,0,...,0),
a; = —0.5, ap = 0, and ag = —1, versus s € [0,¢] for different terminal positions
(x,—x,0,...,0) (z € [-4,4]) and different time horizons ¢. The color of the lines
denotes which initial cost was used, i.e., r € argmin e 53y Si(x,t) for r = 1,2,3
corresponds to red, , and blue, respectively. The different line markers simply
help to differentiate between the different trajectories. Figures (a)-(c) depict the
first component of the trajectory versus s € [0,¢] with different time horizons ¢,
while Figures (d)-(f) depict the second component of the trajectory versus s € [0, ]
with different time horizons t. Plots for time horizons t = 0.1, 0.3, and 0.5 are
depicted in Figures (a)/(d), (b)/(e), and (c)/(f), respectively. We note that because
of our choice of @ = (4,6,5,...,5) and b = (3,9,6,...,6), the piecewise slopes of
our trajectories are not symmetric about 0.
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note that in each subplot, all line segments with positive slope are parallel with
slope a; (i.e. the i-th component of the trajectory has velocity a;), while all lines
segments with negative slope are parallel with slope —b; (i.e. the i-th component of
the trajectory has velocity —b;). As such, in any given subplot, the piecewise slopes
of the trajectories are not symmetric about 0 due to our choice of @ and b. We also
observe different patterns of trajectories depending on the terminal positions and

time horizons.

n | CPU time (s) | FPGA time (s) | Speedup
4 1.7887e-07 1.334e-08 13.4085
8 4.5562e-07 2.667e-08 17.0836
12 1.3138e-06 4.001e-08 32.8370
16 2.1028e-06 5.334e-08 39.4226

Table 3.5: Comparison of the average time per call over 100, 000 runs for evaluating
the solution of the HJ PDE (3.18) with initial condition J(x) = minjc( 23y J;(x) =
minjeq 233 {5/|® — y;|I> + a;}, where y; = (—2,0,...,0), y, = (2,-2,-1,0,...,0),
ys; = (0,2,0,...,0), a; = —0.5, as = 0, and a3 = —1, for various dimensions
n using a CPU implementation on a single Intel Core i7-1165G7 versus an FPGA
implementation on a Xilinx Alveo U280 board with a frequency of 300 MHz.

n Latency (ns) BRAM DSPs FFs LUTs

4 | 400,244 (1.334¢06) | 0 (0%) | 2,541 (28%) | 278,004 (10%) | 168,376 (12%)
8 | 800,264 (2.66706) | 0 (0%) | 2,541 (28%) | 279,557 (10%) | 169,091 (12%)
12 | 1,200,272 (4.001e06) | 0 (0%) | 2,541 (28%) | 280,337 (10%) | 169,759 (13%)
16 | 1,600,288 (5.334¢06) | 0 (0%) | 2,541 (28%) | 280,548 (10%) | 170,441 (13%)

Table 3.6: FPGA resources and latencies in cycles and nanoseconds (ns) for
evaluating the solution of the HJ PDE (3.18) with initial condition J(x) =
minjeqi o3y J5(®) = minjepon{slle — y;|* + o;}, where y;, = (=2,0,...,0),
Yy, = (2,-2,-1,0,...,0), y3 = (0,2,0,...,0), ¢y = —0.5, ap = 0, and a3 = —1, at
100,000 points (x,t,y) € R™ x [0,00) x R™ for various dimensions n using double
precision floating points on a Xilinx Alveo U280 board with a frequency of 300 MHz.

In Table 3.5, we show the running time of a CPU and an FPGA implementation
of Algorithm 4 for this example for different dimensions n. We measure the running
time using the same method described in Section 3.2.1, and we use the solver and cor-
responding implementations from Section 3.2.1 in line 2 of Algorithm 4 to solve each

of the j-th subproblems, 7 = 1,2, 3. For this example, we design a high throughput
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FPGA implementation with an II of 1 and that streams the points (x,t) € R"x[0, c0)
elementwise (i.e., our FPGA kernel takes input (z;,t) € R x [0, 00)). Specifically, our
FPGA implementation essentially replicates the high-throughput implementation of
the numerical solver from Section 3.2.1 three times (once per j-th subproblem),
where the three copies of the building block run in parallel. The outputs of the three

building blocks are then combined using (3.14).

As such, in Table 3.5, we observe that the average runtimes for our FPGA im-
plementation for this example are nearly identical to those for the FPGA implemen-
tation of the building block in Table 3.1. In contrast, the CPU implementation now
has to parallelize computations for the m = 3 sub-problems in addition to its elemen-
twise (i.e., for each (z;,t) € R x [0,00), 7 =1,...,n) and pointwise (i.e., for various
points (z,t) € R" x [0, 00)) parallelizations. As a result, the average CPU runtimes
in Table 3.5 are almost three times slower than those for the CPU implementation

of the building block in Table 3.1.

Now comparing the CPU and FPGA timing results for this example, in Table 3.5,
we see that the CPU implementation takes less than 3 x 107% seconds on average to
compute the solution at one point for the 16-dimensional problem, which shows the
efficiency of our proposed algorithm even in high dimensions. Meanwhile, our FPGA
implementation takes less than 6 x 1078 seconds on average to compute the solution
at one point for the 16-dimensional problem, for a speedup of about 40 compared
to the CPU. These results highlight the promising performance boosts FPGAs are

able to achieve over CPUs.

Table 3.6 shows the FPGA resources and latencies used by our FPGA implemen-
tation for this example for different dimensions n. We observe that, due to our use

of elementwise streaming, the latency of our FPGA implementation scales linearly
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in the dimension n, while the amount of FPGA resources used remains essentially
constant in n. We also observe that the latencies in Table 3.6 are nearly identical to
those for the FPGA implementation of the building block in Table 3.2. Meanwhile,
the FPGA resources used in Table 3.6 are approximately 3 times greater than those
used by the FPGA implementation of the building block in Table 3.2. These results
are consistent with the fact that our FPGA implementation of the algorithm for this
example consists of three copies of the building block from Section 3.2.1 running in

parallel.

In Table 3.6, we also see that our design uses less than 30% of the FPGA re-
sources available on the Xilinx Alveo U280 board. This means that we could either
use a smaller (i.e., cheaper) FPGA to implement our numerical solver with similar
performance as we report here or we could parallelize by simply implementing multi-
ple, independent copies of our FPGA kernel to maximize usage of the FPGA board.
In the latter case, we could achieve a further speedup of x3 (i.e., 1 copy of our FPGA
kernel per each of the 3 chiplets, ensuring that no kernel requires crossing chiplets)

for a total speedup of about 40 to 118 over the CPU depending on the dimension n.

3.3 Some proofs and technical lemmas for the an-

alytical solutions

3.3.1 Technical lemmas for Section 3.1

Lemma 3.3.1. Let a, b, t be positive scalars and x,u be real numbers satisfying u —

bt <x <wu+at. Let S be the function defined in (3.7) and (3.13) and [0,t] > s —
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v(s;x,t,u,a,b) € R be the trajectory defined in (3.10), (3.11), (3.12), and (3.14) for
different cases. Then, there holds

t
1
/ 5 (v(s;2,t,u,a, b))2 ds = S(z,t;u,a,b). (3.1)
0
Proof. If (x,t,u) € 4 holds, we have

b1 ol ‘ 1
/ = (y(s;x, t,u,a,b)) ds = / —(u — bs)?*ds + / —(as — at + x)*ds
0 2 2 —atutat
—x+utat

a-+b t

1

1
6b(u S) 0 + 6a(as “ +m) —x+utat
a+b
- 1+1 au + bx — abt 3+u3+x3
N 6b  6a a+b 6b  6a
= S(x,t;u,a,b).

If (z,t,u) € Qs holds, we have

t 1 u 1 t 1
/ 3 (y(s;x,t,u,a,b))* ds = /b —(u — bs)?ds + / 5(@8 —at + x)*ds
0 t—Z

0

(\V]

L]+ Las— at+ 29|

=— —(u—>bs —(as —at+x

6b 0 6a i
U3 IS )

=% ' 6a

= S(z,t;u,a,b).
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If (z,t,u) € Q3 holds, we have

t]_ %
2

/ L sty a0, ) ds /

0 2 0

—_

(—bs + bt + x)ds

N | —

t
(u — bs)*ds + /
-

N |

t

e

1 1
= — &(u — bs)? i - &(—bs—l—bt%—x)?’ -
b
uw o a2d
T 6b  6b
= S(z,t;u,a,b).

If u < 0, we have

—u,b,a))’ds

l\DI»—

/

=S5(— —u,b,a) = S(x,t;u,a,b).

‘1
/ (v(s;,t,u,a,b))’
0 2

Therefore, (3.1) holds for any (z,t,u) € Rx (0, +00) xR satisfying u—bt < x < u+at.

O

Lemma 3.3.2. Let a,b be positive scalars. Let S be the function defined in (3.7)
and (3.13). Then, for any x € R, t > 0, the function R > u — S(z,t;u,a,b) €

R U {400} is strictly convex and twice continuously differentiable in its domain.

Proof.  In this proof, we regard the function S(z,t;u,a,b) as a function of u from
its domain [z — at,z + bt] to R, and we use its derivative to mean the derivative of
S with respect to u, by default. To prove the statement, we need to prove that S
is twice continuously differentiable and that the second-order derivative is positive

almost everywhere in the domain. We consider the following cases.

First, assume x > at holds. After some computation, the function u +—>
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S(z,t;u,a,b) can be written as follows:

3 1173

S(q:,t;u,a,b):u——i—— <

B 1 1 au + bx — abt
6b  6a

3
6—a+@ P > Yu € [x — at, x + bt],

which is twice continuously differentiable. The second-order derivative is given by

02S(z,t;u,a,b)  w a (b* + 2ab)u — ab(z — at)
= — — —————(au+ br — abt) =
00 b oot ) b(a+b)?
: 32
(b* + ab)u
>3 T80 S )
~ bla+b)? T

where the first and second inequalities hold since we have u > x —at > 0. Moreover,
the second inequality becomes equality if and only if w is zero. In other words,
the second-order derivative in (3.2) is positive almost everywhere, and hence, the

conclusion holds in this case.

Next, assume that z is a point in [0,at). In this case, the function u

S(z,t;u,a,b) can be written as follows:

(ul x3

_ - — <

6a+6a r—at <u<0,

3 3 b
S(x,t;u,a,b) = %—i—g—a O§u<bt—§,

w3 1 1 aw + bx — abt\® bx

YT (o) () 2 <ot

L 6 +6a (6a+66>< a+b ) a_u_x—l—

It is straightforward to check that this function is twice continuously differentiable

and that the second-order derivative reads:

p

Y r—at <u<0,
a
02S(x, t;u,a,b) bx
y by Uy Wy o < bt — — .
o2 0<u< e (3.3)

u
b
(b* + 2ab)u — ab(x — at) bx
bt — — < bt
L b(a + b)? a_u<x—i— ’
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where the first line is positive since u < 0 holds in the first line, the second line is
positive almost everywhere since v > 0 holds almost everywhere in the second line,
and the third line is positive since the inequalities in (3.2) also hold according to the
condition on u (there holds u > bt — bf > 0 > x — at). Therefore, the conclusion

follows in this case.

Finally, we consider the case when x < 0. By definition, we have that
S(z,t;u,a,b) = S(—x,t; —u,b,a), where the right-hand side is twice continuously
differentiable and whose second-order derivative with respect to —u is positive al-
most everywhere by the same argument above. Therefore, the function S(z,¢; u, a,b)
is also strictly convex and twice continuously differentiable with respect to u, and

the conclusion holds. O

3.3.2 Proof of Lemma 3.1.1

In this proof, whenever there is no ambiguity, we write y(s) instead of y(s; x, ¢, u, a, b).

We assume u > 0. For the case where u is negative, the proof is similar, so we omit

it here. Let s +— xz(s) be an arbitrary feasible trajectory. In other words, s +— z(s) is

an absolutely continuous function satisfying z(0) = u, z(t) = z, and @(s) € [-b, ]
5)2

for all s € (0,t). Our goal is to prove fot %ds < f(f %S)st. For this, it suffices to

prove that |y(s)| < |z(s)| holds for all s € [0, ¢].

First, assume (z,t,u) € Q. If 0 < s < =255 holds, then we have that

z(s) = z(0) + /OS (7)dT > u—bs =7(s) >0, (3.4)
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where the first inequality holds since we have (1) > —bfor all 7 € [0,¢] and z(0) = w.

If W < s <t holds, we obtain that

z(s) =x — / z(r)dr > x —a(t—s)=(s) >0, (3.5)

where the first inequality holds since we have &(7) < a for all 7 € [0,¢]. As a result,

we have shown that |y(s)| < |z(s)| for all s € [0, ].

Next, we consider the case where (x,t,u) € Qy. Note that (3.4) and (3.5) still

hold for s € [0, %) and s € [t — Z,1], respectively. For s € [}, — Z), we have that

[7(s)] =0 < [z(s)]- (3.6)
As a result, |y(s)| < |z(s)| holds for all s € [0, ].

Now, we assume (z,t,u) € (23. Note that (3.4) and (3.6) still hold for s € [0, )

and s € [§,1 — %‘), respectively. For s € [t — %, t], we have that

2(s) = —/ H(F)dr < 7+ b(t — 8) = () < 0,

where the first inequality holds since we have —z(7) < b for all 7 € [0,¢]. As a result,

we conclude that |y(s)| < |z(s)| holds for all s € [0, ].

Therefore, v is an optimal trajectory. Moreover, it is the unique optimal trajec-
tory since the optimal control problem (3.6) is a convex optimization problem with
a strictly convex objective function. Finally, by Lemma 3.3.1 (see Section 3.3), the
cost of the trajectory v equals S(x,t; u,a,b), and hence, S(x,t;u,a,b) is the optimal

value in the problem (3.6). O
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3.3.3 Proof of Proposition 3.1.4

In this proof, whenever there is no ambiguity, we use the notation ~(s) instead
of v(s;x,t). Since J is lower semi-continuous and the domain of the optimization
problem in (3.19) is [}, [z; — a;t, x; + b;t], which is compact, the minimizer u* exists
(see [119, Theorem 1.9]). Moreover, each component on the right-hand side of (3.20)
is well-defined due to the constraints on u*, i.e., that uf € [x; — a;t, z; + b;t] (see
the discussion below (3.20)). Thus, v is well-defined. Note that if «* is not unique,
we will prove that any arbitrary minimizer u* of (3.19) corresponds to an optimal

trajectory ~.

We prove by contradiction that - is an optimal trajectory. Assume -y is not an

optimal trajectory. Then, there exists another trajectory 4 satisfying
’?(t) =, 6’(8) S H[_b“al] Vs e (Ovt)a (37)

i=1

and

2

o)+ [

where 7; and 7; denote the i-th components of ~ and -, respectively. By

%(;)st < J(7(0)) + ; /Ot i) (3.8)

Lemma 3.1.1, we have that

t T t ~z’ ; bz 2 t~i 2
/ ’)/(S,.]}' ; ,’72<0),CL ) ) ds S / B (28) ds’ Vi € {1, . 7n}, (39)
0 0

where 7y(s; x;,t,%:(0), a;, b;) is the one-dimensional optimal trajectory of the prob-
lem (3.6) with parameters * = z;, a = a;, b = b;, and v = 7(0) and is de-
fined by (3.10), (3.11), (3.12), and (3.14) for different cases. Note that each

v(s; 2, t,7:(0), a;, b;) is well-defined since we have ;(0) — bt < z; < 7;(0) + a;t
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by (3.7). Moreover, by Lemma 3.3.1 (in Section 3.3), we have that

t s A AL
[ At OB g a,15,0) 00,
0

L, (3.10)
| = stant0) )
for each i € {1,...,n}. Then, by (3.8), (3.9), and (3.10), we have
ﬂﬂw+§;ﬂ%tﬂmwﬁ0
=J(7(0) + Z:: /Ot eido &;(0)’ b
QMW+EK@¥%

=J(~(0)) + Z S(@i, t;7:(0), ai, by)

i=1

well | [xi—ast,z;

1 S l?t; 7;7 i) 'L
inf ] { ZE 1 (4, t;ug, a5, 0;) + J (u)}
—S(iL‘,t),

*

where the third equality holds since, by definition of 7, we have that v(0) = u
and the fourth equality holds by definition of w*. Note that by (3.7), we have that
4(0) € T, [xi—ait, z;+Db;t], and hence, 4(0) satisfies the constraint in the minimiza-
tion problem in (3.11). Thus, the strict inequality in (3.11) yields a contradiction,
and we conclude that ~ is an optimal trajectory, whose cost equals S(x,t) by (3.11).
Moreover, when J is convex, the optimal control problem (3.17) is a convex optimiza-
tion problem with a strictly convex objective function, which implies the uniqueness

of the optimal trajectory in this case. O
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3.3.4 Proof of Proposition 3.1.6

Fix & € R” and ¢ > 0. Define J: R” — R by:

J(z)=J((P")'z4v,) VzeR" (3.12)

Let «: [0,t] — R™ be a feasible trajectory in problem (3.1), i.e., let @ satisfy the
constraints in problem (3.1), and let y(s) = PT(x(s) — vg) for all s € [0,¢]. Then,

by straightforward computation, we have

n

Y(s) = Pli(s) € [[[~bi,ail, Vs € (0,1),

i=1

y(t) = P"(z(t) — vo) = P'(x —vo) = v,

where y is the vector defined in (3.22). Therefore, y(-) is a feasible trajectory for

the following optimal control problem:

m{ | Sl Pas + Fw(): is) € [[=bad Vs € 0., (e —y}. (3.13)

=1

Moreover, by some computation involving the definitions of M and J, the cost for

the trajectory «(-) in problem (3.1) equals

| 3llets) = volfiss + I (0)

= [ S ) s+ T (P w(0) + )

:/O %Hy(s)szs—l-j(y(O)),

which equals the cost of y(-) in problem (3.13). Similarly, if y(-) is a feasible tra-

jectory in (3.13), then s — (PT)~1y(s) + vy is a feasible trajectory in (3.1) whose
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cost equals the cost of y(-) in (3.13). Therefore, the two optimal control prob-
lems (3.1) and (3.13) are equivalent to each other. By Proposition 3.1.4, the tra-
jectory s — y*(s) = (v(s;y1,t,uf,a1,b1), .., y(S;Yn, t,ul, ay,by)) is an optimal
trajectory for problem (3.13), whose optimal value equals S(z,t) in (3.21). Hence,

the corresponding trajectory

5 (PT) 1y (s) + v
:(PT>_1 <7<S;y1a t)“?v ay, b1>7 s 77(5; y’ruta U:;, Ap, bn)) + Vo

=(s;z,1)

is an optimal trajectory for problem (3.1), whose optimal value also equals S(x,t).

Furthermore, if J is convex, then problem (3.1) is a convex optimization problem
with a strictly convex objective function since the matrix M is positive definite.
Thus, if J is convex, the minimizer is unique and the unique optimal trajectory is

s — y(s;x,t). O

3.3.5 Proof of Proposition 3.1.7

We prove this proposition using [8, Theorem II1.3.17]. We write the optimal control

problem (3.1) in the standard form in [8, Chapter III|, which reads:

inf { /O (a(s), ax(s))ds + J(a:(O))} , (3.14)
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subject to the constraint that a(-): [0,¢] — A is a measurable function and

x(-): [0,t] — R™ is an absolutely continuous function satisfying the following ODE:

(s) = f(x(s), als)) s € (0,1),

In our case, the set A, the source term f: R” x A — R”, and the running cost

: R" x A — R are given by:

- 1
A= H[—bi,ai] CR", f(x,a)=(P"H) ' 'a, ((z,a)= §||a: — 3.
i=1
In [8, Chapter I1I], it is shown that the optimal control problem (3.14) corresponds
to the following HJ PDE:

a—S(:c,t) + H(x,V.S(x,t)) =0 xR te(0,+00),
ot (3.15)

S(z,0) = J(x) x eR",

where J is the initial condition given by the initial cost in (3.14) and H is the

Hamiltonian given by A, f, ¢ as follows:

H(xvp) = sup{(f(a:,a),p) - E(az,a)},

acA
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where (-, -) denotes the standard inner product in R™. In our case, the Hamiltonian
H is

H(:D,p) = sup{(f(a:,a),p) - E(a:,a)}

acA

= s fe ) - e - il

o€l [—bs,ai]
_ 1
= s (e ) - el

o€l [i[—bs,ai

- ~1 1 2
=Y sup (P 'p)i— 5l —wolly
i=1 aie[*bi:ai}

1
= h(p) = 5lle — wolld,

where, in the last line, we define the function A: R™ — R by:

n

h(p) := Z sup  «;(P'p); VpeR™

=1 @i€[—bi,a]

By definition, h is a non-negative convex 1-homogeneous function, and hence, it is
uniquely determined by its sublevel set {p € R™: h(p) < 1}, which is computed as

follows:

{peR": h(p) <1}

={peR": 3B c A, s.t. a;(P'p); < pB;iVoy € [~bi,a;]Vi € {1,...,n}}
1 1

b az] Vze{l,...,n}},

where A,, denotes the standard simplex set defined by:

= {p eR": 3B € A, st. (P 'p); € b; [

A, = {(51,...,Bn) € [0,1]": ZBZ: 1}.



170

Therefore, h(p) < 1 holds if and only if there exists 8 € A,,, such that

n

:Ppil = Pil Wy 7 —&ﬂ

i=1

Thus, we have

which implies h = K, and hence, the corresponding HJ PDE (3.15) is the HJ PDE
in (3.2).

Now, we apply [8, Theorem II1.3.17] to prove the conclusion. If the assumptions
are satisfied, then [8, Theorem I11.3.17] implies that the value function in the optimal
control problem (3.14) (which is (3.1) in our case) is the unique viscosity solution to
the corresponding HJ PDE (3.15) (which is (3.2) in our case). Our goal is to check

the assumptions of [8, Theorem II1.3.17], which include:

(Ag) The set A is a topological space, and the function f: R" x A — R" is contin-

uous.

(A1) The function f is bounded on Bgr(R™) x A for all R > 0. Here and after,

Br(R™) denotes the closed ball in R™ centered at zero with radius R.

(Ag) There exists some positive constant Lg depending on R, such that there holds

If(y, @) — f(x, )| < Lg||lx — y|| for all ¢,y € Br(R™), a € A, and R > 0.

(3.27) There exists some positive constant K, such that ||f(x,a)| < K(||z| + 1)
holds for all x € R” and a € A.

(3.40) For all R > 0, /¢ is continuous and bounded on Bg(R™)x A and there exists some

positive constant Lz depending on R, such that [{(x, a)—{(y, a)| < Lg|xz—yl|
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holds for all x,y € Br(R") and o € A.

The assumption (Ap) is satisfied by definition. (A;), (Az), and (3.27) are satisfied
because the set A is compact and the function f does not depend on «. Since /
does not depend on a and ¢ is continuous by definition, the function ¢ is bounded in
Bgr(R™) x A for all R > 0. By straightforward computation, for all R > 0, we have

that
1
[z, ) — Uy, )| = 5 (@ +y — 2v0)" M(z — y)| < [IM]|(R+ |Jvol)]lz — yl,

for all &,y € Br(R") and a € A. Hence, the assumptions of [8, Theorem I11.3.17]
are all satisfied. As a result, the value function in (3.1) is the unique continuous
viscosity solution to the HJ PDE (3.2). According to Proposition 3.1.6, S defined
by (3.21) is the value function of the problem (3.1). Therefore, S is the unique

continuous viscosity solution to the HJ PDE (3.2). O

3.4 Some computations for the numerical imple-

mentation

3.4.1 A numerical method for computing the building block

Here, we discuss how to compute the proximal point of the function R > u —

%S(z,t;u,a, b) € RU {400}, i.e., how to solve the following convex optimization
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problem:

A
u* = arg min {S(:U, tiu,a,b) + —(u — y)Q}
u€R 2

\ (3.1)
= argmin {S(m,t;u,a,b)—i——(u—y)Q},
u€z—at,z+bt) 2

for any A\, t,a,b > 0, and z,y € R. We consider the following two cases for the

variable w.

If u > 0, after some computation, the objective function in (3.1) can be written

as
A 2
F(us1,0,5) o= S(a, t,0,0) + 5 (1 — )
(w? a2 1 1 au +br —abt\® N )
w.+r (L au + bx — abt A N
6b 6a (6a 6b> ( a+b ) + 2(u y): u € Q(x,t a,b),
w3\ )
6 6a 2% O
)& e T2 u e u(e.t.a,b),

w oo\ 5
6 6b 2% Q
o o oY) u € Q(z,1,a,b),

oo otherwise,

where the three regions Q(z,t,a,b), Qs(z,t,a,b),Q3(x,t,a,b) C [0,+00) are defined

by:

Q(x,t,a,b) :={u € (bt,+0): x —at <u < z+ bt}

U{uG[O,bt]:uZx—at, qut_b_m}’
a

( bx
{O,bt— —) x>0,
Qo(x,t,a,b) := a
0 x <0,
\
(
0,2 +bt] =<0,
Q3(x,t,a,b) :=
0 x> 0.
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In this case, the derivative of F' with respect to u is given by:

%F(u; ,t,a,b)
(2a + b)u® — 2a(x — at)u — b(x — at)?
. 2(a+b)? +Au—y) ueQ(rtab), (3.2
2
%—F)\(u—y) u € Qo(z,t,a,b) UQs(x,t,a,b),

and the second derivative of F' with respect to u can be easily computed using (3.2)
and (3.3), for different cases. To get possible candidates for the minimizer u* of F' in
this case, we compute the roots of the functions in the two lines of (3.2) and select
the roots where the second derivative of I’ is non-negative. After some calculations,
the candidates are given by u; and uy, which are defined as follows:

Ma + b)? — a(x — at)
2a +0b

N \/()\(a +0)2 —a(x — at))2 N b(z — at)? N 2\(a + b)%y (3.3)

Uy - — —

2a + b 2a + b 2a+b

Uy = — b+ /(Ab)Z + 2Aby.

Note that u; and us may be not well-defined if the term under the square root
is negative, in which case the corresponding function does not provide a possible
candidate for u*. Therefore, we assign u; (i = 1,2) to be an arbitrary point in

[z — at,x + bt] if it is not well-defined.

If u < 0, after some computation, the objective function in (3.1) can be written
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as

A
= S(—uz,t; u,b,a)+§(u—y)2
(W 2P 11 bu+ ax +abt\® X N
I (e Y i BT P R N G
6a 6b+(6a+6b>< atb ) Fylu=y) —ue(=at.ba),
uwoo2d N\
_ _@_&4_5(“_@,)2 —u € Qy(—x,t,b,a),
oot A
o0 T T2V —u € Qy(—x,t,b,a),
+00 otherwise.

Thus, for u < 0, the derivative of F' with respect to u is given by:

0
%F(u,x,t,a, b)

—(a + 2b)u* + 2b(z + bt)u + a(x + bt)*
2(a + b)?

+Au—y) —ue€ N(—=x,tba),
2

_;_G+A(u_y) —Uu € 92(—x’t,b7a)UQg(-l’,t,b,G)~

(3.4)

Similarly as in the first case, we take the roots of the two functions in (3.4), such
that the second order derivative of F' is non-negative. These roots provide possible

candidates for u*. We denote these candidates by w}] and uj, which are defined by:

Y

g Mat bbbt [ Ma+b)? + b+ bt) Y alz+bt)?  2X\a+b)y
B a+2b a+2b a+2b a+2b

uy = Aa — v/ (Aa)? — 2\ay.

(3.5)

Similarly, if u} or u} is not well-defined, we set it to be any point in [x — at, z + bt].

Note that the objective function F' is strictly convex and twice continuously
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differentiable with respect to u by Lemma 3.3.2. Then, by the first and second
derivative tests, the minimizer v* in (3.1) is selected among the possible candidates
uy, ug, uy, uh defined in (3.3) and (3.5), as well as the boundary points  — at and

x + bt. In other words, the minimizer u* satisfies

*

ut = arg min F(u;x,t,a,b). (3.6)

u€{u1,u2,u),ub,x—at,x+bt}

Numerically, we solve the optimization problem (3.1) by computing the six candi-
dates uy, ug, v}, uy, r —at, x4+ bt and comparing the objective function values at those
points. Then, the minimizer u* is selected using (3.6). Therefore, the complexity of

solving (3.1) is O(1).

3.4.2 An equivalent expression for S and v

Let S be the function defined by (3.7) and (3.13), and let v be the function defined
by (3.10), (3.11), (3.12), and (3.14) for different cases. Now, we present an equivalent

expression for S and 7, which is used in our numerical implementation.

By straightforward calculation, the function S can equivalently be expressed as

S(z,t;u,a,b)

(

max{Ss(x,t;u,a,b), min{ S (z,t;u,a,b), Se(x,t;u,a,b)}} if u € [0,z + bt],

= q max{Ss3(—z,t; —u,b,a), min{S;(—x,t; —u, b,a), So(—xz,t; —u,b,a)}} if u € [z — at,0),

400 otherwise,
\

where S7,S,, and S3 are the functions in the first, second, and third lines of (3.7),

respectively.
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Similarly, assuming u € [x — at, x + bt] holds, the function v can be expressed as

7(871.7 t? u? a’ b)

(

max{u — bs,a(s —t) + z,0} if2>0,0<u<zx+bt,
max{u — bs,0} + min{—b(s —t) + ,0} ifz<0,0<wu<z+bt,

min{u + as, —b(s — t) + x,0} ifr <0,2—at <u<0,

| min{u + as,0} + max{a(s —t) + 2,0} ifx>0,2—at <u<O.

Compared to the definitions (3.7), (3.13), (3.10), (3.11), (3.12), and (3.14), these
equivalent formulas involve less conditional branching, and hence, they are more

favorable for the performance of our numerical implementation.

3.5 Proofs of convergence results in Section 3.2

In this section, we provide the proof of Proposition 3.2.1 in Section 3.5.1 and the

proof of Proposition 3.2.2 in Section 3.5.2.

3.5.1 Proof of Proposition 3.2.1

Let vV, d", and u" be the corresponding vectors in the algorithm at the N-th itera-
tion. Let u* be the minimizer of the minimization problem in (3.19), which is unique
since J is convex and each u; — S(x;,t;u;,a,b) is strictly convex by Lemma 3.3.2.
According to [43, Theorem 2.2] whose assumptions are proved using [43, Remark 2.2],
both v and d" converge to the point u* as N approaches infinity, and hence, u”

in Algorithm 3 also converges to u*. Since J is a real-valued convex function, it is
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continuous in R” and we have

lim J(u) = J(u*). (3.1)

N—oo

Note that the domain of the function w +— > " | S(x;, t;u;, a;, b;) equals

n

=1

and the point u” = d” is in the set in (3.2) by definition of d”. Thus, the point u'Y
is in the domain of the function w — > 7" | S(z;,t;u;, a;,b;). By Lemma 3.3.2, the
function w — Y | S(z;,t;u;,a;,b;) is continuous in its domain. It is also straight-
forward to check that the function w — >"1 | S(x;,t;u;, a;,b;) is Lipschitz in its

domain, and we denote its Lipschitz constant by L;. Thus, we have that

ZS(Sﬁmt;UzN’az‘, bi) — ZS@mt;Ufa a;,b;)
i1 i=1

< (Z Li> ¥~ (33)
i=1
Then, the convergence of SN (z,t) to S(x,t) follows from (3.1) and (3.3).

Now, it remains to prove the second formula in (3.7). We have proved that u”
and u* are both in the set in (3.2). Let {7}, be a subsequence of {u"}y (i.e., we
assume Ny < Ny < --- and lim;_,,, N; = +00), such that for each ¢ € {1,...,n}, the

i-th component {ufvj }; of the subsequence satisfies one of the following assumptions:

(i) There exists an index r; in {1, 2,3}, such that there hold

w' >0 and (z,t,up7) € Qo (ab) VjeN
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(ii) There exists an index 7; in {1, 2,3}, such that there hold

u <0 and (—ait,—u’) € Q. (ba;) VjeN.

Here, to emphasize the dependence on a; and b;, we use €, (a;, b;) and Q,,(a;, b;) to
respectively denote the set defined in (3.8) with constants a = a; and b = b; and its
closure. Note that the situations considered in cases (i) and (ii) give a partition of
the set in (3.2) (where some sets in the partition may be empty and the sets may
overlap on the boundary, but neither of these possibilities affect the result). Hence,
if the statement is proved for any such subsequence {u7};, then the statement also
holds for the whole sequence {u¥}y. Thus, it suffices to prove the statement for the

subsequence {u’i};.

Let ¢ € {1,...,n} be any index. Assume case (i) holds for {ufvj }; with the index
r;. In other words, we assume (:L’i,t,ufvj) € Q,,(a;, b;) holds for any j € N. Since
the set . (a;, b;) is closed and the subsequence {ufvj }; converges to uf, we conclude
that (z;,t,u}) € Q. (a;,b;) also holds. Then, by definition of v in €, (as, b;), it is

straightforward to check that

sup |v(s; x4, t, ufvj, ai,b;) — v(s;x, t,ul, a;,b;) (3.4)

s€[0,¢]

The proof for case (ii) is similar, so we omit it. Note that (3.4) holds for any arbitrary
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index i € {1,...,n}. Hence, we have that

2

sup |4 (s, 1) — (532, 1)

s€[0,¢]

n 2

= Ssup E IV(S;wiatauivjaaiabi) _7<3;xi7tau?7
s€(0,t] S

< § sup
i—1 S€E[0,t]

n
<>
i=1

aiybi)

2

,}/(Sa Xi, t7 uﬁvjyaia bz) - W(Sa Ty, t: uf;a Qag, bz)

2

I

*

= -

N; «

where the second inequality holds by (3.4). Thus, the second formula in (3.7) holds
for the subsequence by the convergence of w7 to u*. Moreover, the argument holds

for any such subsequence, and hence, the statement holds for the whole sequence. [

3.5.2 Proof of Proposition 3.2.2

Let r be the index defined in (3.14), and let the index set J C {1,...,m} be defined
by:

J = argmin S;(x, t).

Then, we have that
S(x,t) — S(x,t) = S(x,t) — Sp(x, 1) < S, (@, 1) — S (x,t) <e,

where the first equality holds by definition of r and the first inequality holds since

S satisfies (3.10). Similarly, for any j € J, we have that

S(x,t) — S(x,t) = S;(x, t) — S(x,t) > S;(x, 1) — S;(xm, 1) > —e,
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where the first equality holds by definition of J and the first inequality holds since
S satisfies (3.15). Therefore, (3.17) holds.

Now, assume S;(x,t) > S(x,t) 4+ 2¢ holds for each index j satisfying S;(x,t) #
S(x,t). We prove r € J by contradiction. Assume r is not in J. Then, we have

Sy(x,t) # S(x,t). However, from straightforward calculation, we also have

Sp(x,t) — S(x,t) < (Sp(,t) — Sp(x, 1)) + (Sp(x,t) — S(a, ) + (S(z,t) — S(x, 1))

<e+0+e=2e

which leads to a contradiction with our assumption. Therefore, we have r € 7, and

hence (3.18) holds by definition of r and J. O

3.6 Summary

In this chapter, we presented analytical solutions to certain classes of control-
constrained optimal control problems and the corresponding HJ PDEs where the
associated running cost and Hamiltonian are dependent on the state variable. More-
over, we provided efficient numerical methods for these problems and describe both
CPU and FPGA implementations for these methods. While our CPU implemen-
tations already demonstrate the efficiency of our solvers in high dimensions, our
FPGA implementations demonstrate the additional performance boosts and ben-
efits that FPGAs can achieve over CPUs. Our numerical results provide several
examples for which our numerical algorithms overcome the curse of dimensionality
and demonstrate that our algorithms have potential for real-time high-dimensional
optimal control applications. An interesting future research direction would be to

combine our algorithms with other methods, such as numerical algorithms involving
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the LQR solver and/or more complicated state or control constraints (see, for in-
stance, [48]), to address broader classes of optimal control problems. Additionally,
while the FPGA implementations presented in this chapter provide some insight
into common challenges that arise when designing FPGA implementations, these
challenges and our proposed solutions for overcoming these challenges are not fully
understood. As such, more research needs to be done in order to establish more

robust FPGA implementation methodology for scientific computing methods.
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In the previous part, we focused on the connection between HJ PDEs and op-
timal control to derive new Hopf- and Lax-Oleinik-type representation formulas for
the solutions to certain classes of HJ PDEs with state-dependent Hamiltonians and
their corresponding optimal control problems. We then leveraged those represen-
tation formulas to create efficient numerical algorithms to solve those problems in
high dimensions. In this part, we again consider the connection between HJ PDEs
and optimal control. However, instead of developing new representation formulas
or solvers for HJ PDEs (and their corresponding optimal control problems), we use
existing representation formulas for certain multi-time HJ PDEs to establish a novel
connection between multi-time HJ PDEs (and their corresponding optimal control
problems) and particular optimization problems that arise in machine learning. We
then leverage this novel connection to reuse existing numerical methods from op-
timal control (namely, those for solving the Riccati ODEs) to design new training
approaches for certain machine learning applications. The content of this part is
joint work with Tingwei Meng, Zongren Zou, Jérome Darbon, and George Em Kar-
niadakis [27]. My main contributions include the development of the new theoretical

connection and our Riccati-based methodology.
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4.1 Introduction

In this chapter, we establish a novel theoretical connection between certain opti-
mization problems arising in machine learning and the multi-time Hopf formula
(Section 4.2). Specifically, we show that there are one-to-one correspondences be-
tween the loss functions in certain learning problems and the objective function of
the multi-time Hopf formula, which in turn yields connections to certain optimal
control problems. See Figure 4.1 for an illustration of these correspondences. As
such, our novel connection increases the interpretability of the training process of
certain machine learning applications by showing that when we solve these learning
problems, we actually solve a multi-time HJ PDE and by extension, its corresponding
optimal control problem. In this chapter, we show that our novel connection allows
us to leverage HJ PDE and optimal control theory to solve optimization problems
arising in certain machine learning applications, and we reserve the reverse direction

for future work.

ini hyper- dat ()
minimal = min Z yPer . aa + ‘ regularization ‘
loss value weights parameter = fitting loss L )
solut;0n to Fentliel - )
= Wy ppp = minv 3. time  Hamiltonian + | transform of - linear term ‘
momentum A \' . 1n1t1al data ) \*57/
: A :
p . o
. . : . . initial
value function =  min i running cost ds-+ ‘ terminal cost |: dynamics » e
T — L ) L position )

Figure 4.1: (See Section 4.2) [llustration of a connection between a regularized learn-
ing problem (top), the multi-time Hopf formula (middle), and an optimal control
problem (bottom). The colors indicate the associated quantities between each prob-
lem. For example, the optimal weights in the learning problem are equivalent to the
momentum in the HJ PDE (cyan), and the hyper-parameters for the data fitting
terms correspond to the time variables in the HJ PDE and the time horizon in the
optimal control problem (magenta). This color scheme is reused in the subsequent
illustrations of our connection. The solid-line arrows denote direct equivalences. The
dotted arrows represent additional mathematical relations.
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We focus on the connection between the regularized linear regression problem
and the Linear Quadratic Regulator (LQR) (Section 4.3). We use this case to gain
a deeper understanding of our novel connection and illustrate its potential benefits.
Linear regression consists of learning a linear prediction model and is one of the
fundamental learning problems in supervised machine learning [122, 101, 131]. LQR
[128] is a well-studied optimal control problem with certain quadratic running and
terminal costs and linear dynamics and is typically solved using the Riccati ordi-
nary differential equations (ODEs) [98, 32, 104]. Through our novel connection, we
establish that solving certain regularized linear regression problems is equivalent to
solving certain LQR problems. As a result, we can leverage standard LQR solvers to
design new training approaches for machine learning. In particular, we develop new
methodology for solving certain regularized linear regression problems by adapting

solvers for the Riccati ODEs to these new settings (Section 4.4).

To highlight the versatility and possible computational advantages of our new
Riccati-based approach, we apply our methodology to several test problems in ma-
chine learning (Section 4.5). In the first example, we consider a function approxi-
mation problem to demonstrate the computational and memory advantages of our
Riccati-based approach in the context of continual learning [109, 83, 129]. Specifi-
cally, we show that our Riccati-based approach naturally enables us to continually
adapt the learned model to new data without having to store or retrain on the
previous data (which is especially significant given the rise of big data), while also
avoiding catastrophic forgetting [83, 109]. In the second example, we demonstrate
how our Riccati-based approach can be used to perform post-training calibrations.
In particular, our approach gives us the flexibility to add or remove data points and
tune hyper-parameters to increase the accuracy of the learned model without having

to retrain it entirely, which again provides computational and memory advantages
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over conventional learning methods. In the third example, we use our Riccati-based
method to fit the last layer of a physics-informed neural network (PINN) [116] using
transfer learning [135, 45]. In this application, we demonstrate that as we change the
value of the hyper-parameters, solving the associated Riccati ODEs not only pro-
vides the solution to the updated problem, but also a continuum of solutions along
a 1D curve on the Pareto front of the data fitting losses and regularization. Finally,
in the fourth example, we highlight the versatility of our Riccati-based approach
by showing how it can be combined with existing optimization methods (e.g., the
primal-dual hybrid gradient (PDHG) algorithm [20]) to perform sparse dynamics

identification [16].

The main contributions of this work are the development of a new theoretical
connection between learning problems and the Hopf formula and a new Riccati-based
approach for solving regularized linear regression problems. While we demonstrate
promising results, the work presented here has some limitations. For example, while
we establish our novel theoretical connection between more general learning prob-
lems, multi-time HJ PDEs, and optimal control problems, we have yet to fully ex-
plore non-linear learning models, general convex Hamiltonians, or non-linear control
dynamics. Additionally, as discussed previously, we have also not yet investigated
what possible advantages our novel connection provides for solving HJ PDEs and
optimal control problems. In particular, many efficient solvers for high-dimensional
problems in machine learning exist [88, 60]; it would be desirable to be able to lever-
age our connection to reuse this machinery for HJ PDEs and optimal control. Thus,
our novel connection presents many exciting opportunities. We discuss some other
possible future directions in Section 4.6. The overall structure of this chapter is

illustrated in Figure 4.2.
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Learning problem Theoretical connection :
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i[ Regularized learning |: : IRy :
{ problems Eauivalent| - Multi-time | ™% | Multi-time | :
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Figure 4.2: Overview of the overall structure of this chapter, the learning problems
considered, our new theoretical connection, and our new Riccati-based algorithm.
We show the learning problem in the left (orange), the theoretical connection in
the middle (blue), and the algorithm in the right (green). The top row contains
the general connection between learning problems and HJ PDEs (see Section 4.2),
the middle row contains the connection between the regularized linear regression
problem and LQR (see Section 4.3), and the bottom row contains the connection
between applications in machine learning and our Riccati-based algorithm (see Sec-
tions 4.4 and 4.5).

4.2 Generalized Hopf formula

In this section, we provide some mathematical background on the single- and multi-
time Hopf formulas. Specifically, we review the well-known connections between the
Hopf formula, the solution to the HJ PDEs, and the solution to the corresponding
optimal control problems. We then present a novel theoretical connection between
the Hopf formula and certain learning problems. Through this connection, we es-
tablish that when we solve certain learning problems, we are actually evaluating the
solution to certain HJ PDEs and their corresponding optimal control problems, and

vice versa.
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4.2.1 Introduction to the Hopf formula

Recall that the single-time HJ PDE is given by

05(x,1t) + H(VS(x,t)) =0 x€R"t>0,
5 (4.1)
S(x,0) = J(x) x € R,

where H : R® — R is the Hamiltonian and J : R® — R is the initial condition.
Assume that H and J are convex. Then, the viscosity solution to the single-time HJ

PDE (4.1) is given by the Hopf formula [65]:

S(x,t) = sgﬂg{(x, p) —tH(p) = J'(p)} = — inf {tH(p) + J"(p) — (x,P)},
(4.2)

where f* denotes the Fenchel-Legendre transform of the function f; i.e., f*(p) =

sup,ern { (2, p) — ()}

The Hopf formula (4.2) also solves the following optimal control problem:

min {/o L(u(s))ds + J(x(t)): (s) = f(u(s))Vs € (0,t],2(0) = x} , (4.3)

()

where the running cost L and the source term f of the dynamics are related to the
Hamiltonian H by H(p) = supyepn{(—f(u),p) — L(u)} and, in this context, we

interpret J to be the terminal cost.

A natural generalization of this formulation to the multi-time case is as follows.

Let Hy, ..., Hy be convex Hamiltonians, such that dom H; = R" forallt =1,..., N,
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and let J be a convex initial condition. Then, the multi-time HJ PDE is given by

t
85@(){, ) + H;(ViS(x,t)) =0forie {1,...,N} x€R" ty,...,txy >0,
ti (4.4)
S(x,0,...,0) = J(x) x € R",

and the solution to the multi-time HJ PDE (4.4) can be represented by the following

generalized (multi-time) Hopf formula [95]:

pER™

S(x,t1,...,ty) = sup {(x, p) — ZtiHi(p) — J*(p)}
' (4.5)

pER™

— — inf {ZtiHi(p)+J*<p)_ (X:P>}-

Moreover, the generalized Hopf formula (4.5) also solves an optimal control prob-
lem in the form of (4.3) with terminal time ¢ = Zjvzl t; and where the running cost
L and the source term f of the dynamics are defined piecewise by L(s,u) = L;(u)
and f(s,u) = f;(u), respectively, for s € <z;;]‘1 t;, 22:1 tj| and i =1,...,N. The
piecewise running costs L; and piecewise source terms f; of the dynamics are related

to the Hamiltonians H; by H;(p) = supyepn{(—fi(u), p) — Li(u)}.

4.2.2 Connection between the Hopf formula and learning

problems

In this section, we connect the Hopf formulas (4.2) and (4.5) with certain learning
problems. Consider a learning problem with data points {(z;,y,)}Y, C R™ x R,
The goal of the learning problem is to find a function F'(z; @) with input z € R™ and

unknown parameter @ € R”, such that AF(z;;0) approximately equals y, at every
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mingege £(0) = min Zf\:l Xi | Li(AF(z;0),y,;) + %
. ek ] [ —
— S(X,tlf. oty = min‘ : SNt H;(p) <+ ‘m ‘—<X7 p) L
S, t1, .. tn) | = min {fozf;l b L(uv(s)) ds+ ‘TJ (ac (2;11 r)) \ :c(g) = f(u(s)),Vs € (07 >y tHw (0) = x‘}

Figure 4.3: (See Section 4.2) Mathematical formulation describing the connection be-
tween a regularized learning problem (top), the multi-time Hopf formula (middle),
and an optimal control problem (bottom). The content of this illustration matches
that of Figure 4.1 by replacing each term in Figure 4.1 with its corresponding math-
ematical expression. The colors indicate the associated quantities between each
problem. The solid-line arrows denote direct equivalences. The dotted arrows rep-
resent additional mathematical relations.

z;. Here A is an operator acting on the function F. For instance, A could be the
identity operator (as in the regression problem [131]) or a differential operator (as
in PINNs [116]). Then, the learning problem is given by the following optimization
problem:

min » NLC;(AF(z:;0),y;) + R(0). (4.6)

OcRn 4
=1

The above loss function consists of two parts: each of £;(AF(z;;0),y;) is a data fit-
ting term at (z;,y;) (where L;(a, b) is a function measuring the discrepancy between
a and b) and R is a regularization term. In this chapter, we assume the function

0 — L;(AF(z;;0),y,) is convex for all i =1,... N.

Then, the connection between the learning problem (4.6), the Hopf formulas (4.2)
and (4.5), and the optimal control problem (4.3) is illustrated in Figure 4.3. Specifi-
cally, if there is only one data point (N = 1), the learning problem (4.6) is related to
the single-time Hopf formula (4.2) by setting H(p) = £1(AF(z1;p),y;), t = A1, and
R(p) = J*(p) — (x,p). Hence, when we solve these single-point learning problems,
we simultaneously evaluate the solution to the HJ PDE (4.1) at the point (x,t), or

equivalently, we solve the corresponding optimal control problem (4.3). Conversely,
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when we solve the HJ PDE (4.1), the spatial gradient V,.S(x,t) of the solution gives

the minimizer 8™ to the single-point learning problem (4.6).

If there are N > 1 data points, then the learning problem (4.6) is related to
the multi-time Hopf formula (4.5) by setting H;(p) = L;(AF(z;p),y,), ti = A,
and R(p) = J*(p) — (x,p). Hence, solving these multi-point learning problems is
equivalent to evaluating the solution to the HJ PDE (4.5) at the point (x,1,...,tx),
which is also equivalent to solving the corresponding optimal control problem (4.3)
with terminal time ¢t = Zjvzl t; and piecewise running costs L; and dynamics f;
related via H;(p) = supyepn{(—fi(1),p) — Li(u)}. Similarly to the single-time case,
when we solve the multi-time HJ PDE (4.4), the spatial gradient V,S(x,1,...,tn)

of the solution gives the minimizer 8" to the multi-point learning problem (4.6).

4.3 Linear Quadratic Regulator

In this section, we develop our theoretical connection from Section 4.2.2 in the spe-
cific case where the optimal control problem (4.3) corresponds to the LQR problem
[128]. We show that solving certain LQR problems is equivalent to solving learning
problems with linear models, quadratic data fitting losses, and quadratic regulariza-
tion (i.e., an fy-regularized linear regression problem). Although broader classes of
learning problems are of interest, we restrict to linear regression problems as a start-
ing point for demonstrating the potential of our theoretical connection. Specifically,
we leverage our novel theoretical connection to show how established techniques for
solving certain HJ PDEs (e.g., the Riccati ODEs [98]) can be reused to solve this

class of learning problems.
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4.3.1 Introduction to the Linear Quadratic Regulator and

Riccati equation

The finite-horizon, continuous-time LQR is given by

S(x,t) = min { /O t Gm(s)TQw(s) + %u(s)TRu(s) + :I:(S)TNu(s)) ds

+—x(t)T Qsx(t) : &(s) = Az(s) + Bu(s)Vs € (0,t],2(0) = x}, (4.1)

DN | —

where Q, Q; € R™™ and R € R™™ are symmetric positive definite, N' € R™*™,

A e R™" and B € R"™™. The corresponding HJ PDE is

M“‘H(X,VXS(X,t)):O xeR"t>0
ot (4.2)
S(x,0) = J(x) x € R",

where the initial data of the HJ PDE is given by the terminal cost J(x) := 3x7 Qyx

of the optimal control problem and the Hamiltonian H is defined by

H<X’ p) = Sup <—f(X, 11), p> - L<X7 11)
ucRn (43)

= —(Ax.p) — 5% Q%) + 5 (BTp + NTxR(BTB 4 NT))

where f(x,u) = Ax+ Bu is the source term of the dynamics and L(x,u) = %XT Ox+
%uTRu +xTMu is the running cost. Note that because of the spatial dependence in
the Hamiltonian H, the Hopf formula cannot be applied directly to the above LQR
problem without additional assumptions. In Sections 4.3.2 and 4.3.3, we discuss
some assumptions under which H is independent of the spatial variable x and the
corresponding learning problems that can be solved via our connection through the

Hopf formula (see, for example, Figure 4.4).
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It is well-known that this LQR problem can be solved using the Riccati equation
as follows [98]. Define C,, = BR'B?, Cp, = - NRNT 4+ Q, and C,, = A —
BR™'NT. Then, the solution is also given by S(x,¢) = $x’ P(t)x, where the function
P :]0,00) — R™™ takes values in the space of symmetric positive definite matrices
and solves the following Riccati equation:

P(t) = —Pt)" CppP(t) + P(t)" Cap + CLP(t) + Con  t € (0,+00), 44

When H does not depend on x, we can use our connection to modify the corre-
sponding LQR problem to consider different HJ PDEs and, hence, to accommodate
different learning problems. For example, adding lower order terms in the running
cost L and/or the source term f of the dynamics corresponds to adding lower order
terms in the Hamiltonian of the HJ PDE or, equivalently, in the data fitting term
of the learning problem. Similarly, adding lower order terms in the terminal cost J
corresponds to adding lower order terms in the initial condition of the HJ PDE or,

equivalently, in the regularization term of the learning problem.

4.3.2 Connection to single-point regularized linear regres-

sion problems

In this section, we establish a relation between the linear regression problem with
only one data point and the LQR problem (4.1) with A = Q@ = 0 and NV = 0.

Note that, to do this, we also add in some lower order terms to the original LQR
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problem (4.1). In this case, the LQR problem becomes

S(x,t) = min { /0 t Gu(s)TRu(s> _ aTu(s)> ds

N | —

+—x(t)TQrx(t) + b x(t): ©(s) = Bu(s)Vs € (0,t],2(0) = x}, (4.5)

and the corresponding HJ PDE is given by (4.2), where J(x) = 3x7Qx + b"x is

the initial data/terminal cost whose Fenchel transform is given by

J*(p) = sup (x,p) — J(x) = % HQ;I/Q(P - b)Hz

x€R"
and the Hamiltonian H is given by

2
27

1 1
H(p) = sgﬂg(—Bu, p) — §uTRu +a’u= 5 HR‘I/Q(BTp — a,){

where f(u) = Bu is the source term of the dynamics and L(u) = Ju’Ru is the
running cost. Then, using the single-time Hopf formula (4.2), we have that the

solution to the HJ PDE is given by

st = sw {txop) — 5 [R5 - o~ 30| o

pER”

In this case, we can compute the maximizer in the above Hopf formula explicitly,
which can be done numerically using the method of least squares. Alternatively, this

LQR problem can also be solved via the Riccati ODEs, which are given by

P(t)=—-Pt)TBR'BTP(t), q(t)=—-Pt)"BR(B q(t) - a), (4.7)

2
92

(1) = 5 [R(B () ~ a)
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with initial conditions P(0) = Qy, q(0) = b, and r(0) = 0.

The above Hopf formula (4.6) is related to the learning problem (4.6) with
quadratic data fidelity term and quadratic regularization. Specifically, let ¢ = A
and p = 6. Then, solving the above maximization problem (4.6) is equivalent to

minimizing the following loss function with respect to 8 = [0y,...,0,]*:
. )\ _1/2 T 2 1 _1/2 2
5(0)_5\\72 (B 49—a)}|2+5 Q,/7(6 — (b+ 9sx)) , (4.8)

This loss function corresponds to a one-point linear regression problem, where the
Q; %6~ (b+ Q)
is given by % HR‘I/Q(BTO — a)Hj; i.e., set N =1 in Figure 4.4. The minimizer 8 of

2
regularization term is given by % and the data fitting term
2

L is related to the solution of the Riccati equation via

0" (=p") = VS(x,\) = P(N)x +q(N), (4.9)

where p* is the minimizer in the Hopf formula (4.6). Note that if we only need to
recover the minimzer 6%, then we only need to solve two ODEs (i.e., the ODEs for

P, q) since (4.9) does not depend on 7.

4.3.3 Connection to multi-point regularized linear regres-

sion problems

If the running cost is piecewise quadratic with @ = 0,N = 0 on each piece
and the dynamics are piecewise linear with A = 0 on each piece, then we get

a more general piecewise LQR problem in the form of (4.3) with piecewise run-

T

ning costs L;(u) = 2u”R;u — a]u, piecewise dynamics f;(u) = B;u, terminal cost
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2 > ” 2
mingegs £0) =min Y, A 1 HR 2(BTg _ q )H + 20— (b+ Q,x))‘u
x OeRn I I K 3
v ! : 5 S " §
— S(x,t1,...,tN) minL ZL\:l t; o HR;I/Z(B?[) = Ch)”2 + ‘Qfl/z p—b) || ‘ ‘ —(x,p) L_
[ peRn I R e x
e {z;‘; 7, (Gu(s) Raus) - aTu(s)) ds+ | da( T\mmmw x(Tm\ 5(s) = Ba)¥s € (To, 7] BE <o>:x\}
1y N g=14

Figure 4.4: (See Section 4.3) Mathematical formulation describing the connection
between a regularized linear regression problem (top), the multi-time Hopf formula
(middle), and a piecewise LQR problem with A = Q = 0 and N = 0 on each piece
(bottom). Note that T; = 23 1tj. The content of this illustration is a special
case of the connection in Figure 4.3 using quadratic data fitting losses and quadratic
regularization. The colors indicate the associated quantities between each problem.
The solid-line arrows denote direct equivalences. The dotted arrows represent addi-
tional mathematical relations.

J(x) = 3xTQsx + b’x, and terminal time ¢t = Zjvzl tj. Recall that this optimal
control problem corresponds to the multi-time HJ PDE (4.4) with Hamiltonians
H;(p) = supyepn{(—fi(u),p) — Li(u)} and initial data J. Then, the solution to this
LQR problem and corresponding HJ PDE is given by the following multi-time Hopf

formula:

N

s<x,tl,...,m>—suﬂg{ -3 SRl - i~ 519, —b>||§}.
peR™ i=1

(4.10)

Define T,,, to be
T => t. (4.11)

Then, the multi-time HJ PDE and piecewise LQR problem can also be solved using
the following Riccati equation: S(x,t1,--- ,ty) = 3x" P(Tn)x + q(Tn) x + r(Ty),
where the function P : [0,00) — R™*" takes values in the space of symmetric positive
definite matrices and solves the following piecewise Riccati equation:

P(s) = —P(s)'B;R;'BI'P(s) se (T)_1,T))
(4.12)

P(0) = Qy,
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the function q : [0, 00) — R™ solves the following piecewise linear ODE:

('1(3) = _P(S)TBinl(Bz‘TQ(S) - ai) s € (Ti—laTi) )

(4.13)
and the function r : [0, 00) — R solves the following piecewise ODE:
IR | PRS2y 2
i(s) = D) R, (B;q(s) — ai) € (Ti-1,T3),
2 (4.14)

r(0) = 0.

The above multi-time Hopf formula (4.10) can also be regarded as a linear

regression problem with multiple data points, as illustrated in Figure 4.4. Let

;1/2(pr — a;)||? be the

3 ||Q_1/2(p —b)||3 be the the regularization term and %
data fitting term at the i-th data point. Then, the multi-time LQR problem (4.10)
is equivalent to the learning problem ming £(0), where the loss function £ : R" — R
is given by

2
RVA(BTO — a) HQ_1/2 b+ Qfx))H2. (4.15)

N
i
0 =2 5|R

In Section 4.4.1, we discuss a specific example of the learning problem (4.15), which is
more readily recognizable as the standard linear regression problem. The minimizer

0" of the learning problem (4.15) (and p* of the Hopf formula (4.10)) is given by

0% (= p*) = VS(x, b1, ..., tn) = P (Tn) x + q (Tx). (4.16)
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4.4 Methodology

In the previous section, we established a novel theoretical connection between certain
multi-time HJ PDEs, LQR problems, and regularized linear regression problems. In
this section, we leverage this theoretical connection to design novel algorithms for
solving various learning problems. The connection between the learning problem
of interest, the Hopf formula, and the corresponding optimal control problem is

summarized in Figure 4.5 and Table 4.1.

4.4.1 Solving the regularized linear regression problem using

Riccati ODEs

mingepr £(0) =min YN, X\ 1)|2:0 — y,ll3 + ‘ 3 het (O — OR)?
OcRn : : 3 ’
- 5Tk, ty) =mind XY, & befp-wli .+ [0 |—(T6%p)
peR™ e N J L N
Py |t - .
ST .. ) ,mm{zle JE,Y (uGs)Tus) - glu(s)) ds+ | 3a(Tw) T 2(Tx) : (s) = BT u(s)Vs € (T, T | 2(0) = T6° \}
y0,.. ., IN) [T G=1% N b . b

Figure 4.5: (See Section 4.4) Mathematical formulation describing the connection
between our model linear regression problem with quadratic regularization (top),
the multi-time Hopf formula (middle), and a piecewise LQR problem (bottom).
Note that T; = Z;Zl t;. The content of this illustration is a special case of the
connection in Figure 4.4 using R; = I, B; = ®!, a; = y,, Qf = -t b =0,
and x = I'8". We use this connection to develop our Riccati-based methodology
(Section 4.4) and perform our numerical examples (Section 4.5). The colors indicate
the associated quantities between each problem. The solid-line arrows denote direct

equivalences. The dotted arrows represent additional mathematical relations.

A linear regression problem with quadratic data fitting loss and quadratic reg-
ularization is formulated as follows. The goal of this learning problem is to fit NV
data points (z;,9y;) € R™ x RM with the linear prediction model ®;0 ~ y,, where

D, = [¢1(24), .-, Pn(2i)] € RM*™ is the matrix whose columns are the basis functions
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Terms in the Terms in the Terms in the optimal Learning problems
loss function (4.1) Hopf formula control problem
P, Hamiltonian Running cost, dynamics Continual learning (Section 4.5.1);
Y g » Ay Post-training calibration (Section 4.5.2)
i Time Time Post-training calibration (Section 4.5.2)
Hamiltonian; Running cost, dynamics; Hyper-parameter tuning,
Ve Initial condition Terminal cost flow along the Pareto front (Section 4.5.3)
[ Spatial variable Initial position Generalized regularization functions (Section 4.5.4)

Table 4.1: Summary of the learning problems and corresponding numerical exam-
ples presented in this chapter. Each row summarizes which terms in the loss func-
tion (4.1), the Hopf formula, and the optimal control problem must be changed to
match the context of various learning problems.

¢; :R™ = RM j=1,... nevaluated at z; and 0 = [, ...,6,]7 € R" are unknown

trainable coefficients. We learn @ € R™ by minimizing the following loss function:

N n
1 1
£00) = 5 S M0 — w3+ 5>t — )% (4.1)
i=1 k=1

where \; > 0,7 = 1,..., N are tunable hyper-parameters for the data fitting losses,
ve > 0,k = 1,...,n are tunable hyper-parameters for the regularization terms, and
6% € R is a prior on the unknown coefficients that biases 6, to be close to 6. Note
that the above loss function (4.1) is strictly convex, and hence it has a unique global
minimizer. Since this loss function is quadratic in 6, it can be minimized exactly
using the method of least squares. However, we explore a different approach for min-
imizing (4.1), which, in certain learning contexts, yields computational advantages

over conventional approaches like the method of least squares.

Note that this learning problem is in the form of (4.15); i.e., set R; = Inxm,
B; = @' a;, = y,, Q; = "', where [' € R™" is the diagonal matrix whose i-
th entry is 7, b = 0, and x = I'8°. Then, this learning problem is related to an

LQR problem, and we summarize this connection in Figure 4.5. Thus, this learning
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problem can alternatively be solved via the following Riccati ODEs:

P(t) = —P(t)T®T®,P(t) te (T, Ty),
(4.2)

q(t) = —Pt)" ;] (®a(t) —y,) te€(T1,Ti),

with initial condition P(0) = T'~!, q(0) = 0. Note that here we disregard the ODE
for r since, for the learning problem, we are only concerned with the value of the
minimizer 8", which only requires the values of P, q (e.g., see (4.9), (4.16)), whereas
recovering the minimal objective value £(6*) (which is generally not needed in the
context of learning) would require all three values P, q,r. There are many numerical
methods for solving the Riccati ODEs (4.2) in the literature. In this chapter, we use
the 4th-order Runge-Kutta method (RK4) [18].

At first glance, solving this linear regression problem via the Riccati ODEs (4.2)
may seem unnecessary given the existence of other well-established methods for
minimizing (4.1) (e.g., the method of least squares). However, note that (4.2) is
actually a sequence of Riccati ODEs. Thus, using our theoretical connection (and
hence, these sequential Riccati ODEs to minimize (4.1)) means that we have the
flexibility to handle sequential changes to the learning problem. In the remainder of
Section 4.4, we identify several applications in learning (summarized in Table 4.1), for
which this Riccati-based approach yields computational advantages over traditional
learning methods (especially when the number of data points N is large), and we

describe how standard Riccati solvers can be adapted for these contexts.
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4.4.2 Adding or removing data

Since our theoretical connection gives us access to the Riccati ODEs (4.2), which
are solved sequentially, we have the flexibility to handle sequential changes to the
learning problem (4.1). In this section, we focus on the sequential addition or removal
of data. Some related machine learning examples are provided in Sections 4.5.1 and

4.5.2.

First, we discuss the addition of one data point; i.e., we increase the number of
data points from N to N + 1. This case corresponds to updating our learned model
as new data is collected, which is crucial for many practical machine learning appli-
cations. To add one data point, we adapt the Riccati ODEs (4.2) as follows. Adding
the (N 4 1)-th data point corresponds to adding the term $An41[|Py410 — Yy, ]|3 in
the loss function (4.1) or, equivalently, to adding the Hamiltonian || ®n110 —yy.4||3
to the multi-time HJ PDE and the pieces Lyyi(s,u) = su’u — gy, u and
f(s,u) = @4 qu,s € (T, Tn41) to the running cost and dynamics, respectively,
of the corresponding piecewise LQR problem. Thus, minimizing this new loss func-

tion is equivalent to solving the following Riccati ODE:

P(t) = —Pt)"®T®;P(t) t>0,
(4.3)

a(t) = —P()T o7 (2a(t) —y,) >0,
where the index j = N + 1 and with initial condition P(0) = P (Ty) and
a(0) = q(Twn), where P(Ty) and q(Tx) are obtained from solving the learning
problem (4.1) with N data points. Then, the solution to the new learning problem

with an additional point is given by

6 = Pre’ +q, (4.4)
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where P = P(Ay41)(= P(Tn41)) and § = q(An41)(= q(T+1)) are the solution
to (4.3); i.e., we have evolved the solution of the new corresponding multi-time HJ
PDE in the time variable t 1 from S(x,t1,...,tn,0) to S(x,t1,...,tx, Any1). Using
the same methodology described above, note that we can also interpret adding one

data point as solving a one-point linear regression problem (4.8) and its corresponding

single-piece LQR problem (4.5).

Removing one data point (i.e., decreasing the number of data points from N to
N — 1) corresponds to calibrating our learned model by removing possible outliers
and/or overly noisy data. To remove one data point, we reverse time and solve
a terminal value Riccati ODE as follows. Note that removing the j-th data point
corresponds to removing the term 3\;[|®;0 —y; |13 in the loss function (4.1) or, equiv-
alently, removing the Hamiltonian 3||®;6 — y,||3 from the multi-time HJ PDE and

removing the pieces L;(s,u) = su”

u—y,; and f(s,u) = @fu from the running cost
and dynamics, respectively, of the corresponding piecewise LQR problem. Hence,

numerically, we can remove the j-th data point by solving the following Riccati ODE:

P(t) = —Pt)"®T®;P(t) t< A, )
a(t) = —P()TT(D,a(t) —y,) £ <A, |

with terminal condition P()\;) = P (Ty) and q()\;) = q(Tv), where P (Ty) and
q (Ty) are obtained from solving the learning problem (4.1) with all N data points.

Then, the solution to the new learning problem with the j-th point removed is given

by (4.4), where P = P(0) and = q(0) are the solution to (4.5).

Note that in both cases, the above approach only requires information about
the data point to be added or removed and the results of the previous training.

Thus, we can add and remove data without retraining on the entire dataset or
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requiring access to all of the previous data. In contrast, traditional approaches
to minimizing (4.1) (e.g., the method of least squares) would require memory of
all previous data and then retraining on the entire updated data set. Hence, our
approach provides promising computational and memory savings over conventional

methods.

4.4.3 Hyper-parameter tuning

In the loss function (4.1), we have three types of hyper-parameters: the weights \;
of the data fitting terms, the weights ~; of the regularization term, and the bias 6°
on the trainable coefficients 6. In this section, we discuss how we adapt the Riccati

ODEs to tune each of these hyper-parameters.

First, we discuss tuning the weights of the data fitting terms; e.g., as in post-
training calibration and federated learning (Section 4.5.2). Consider changing the
weight on the i-th data fitting term from \; to );, which corresponds to changing
the time t; = \; to t; = 5\1 in the multi-time HJ PDE and corresponding piecewise

LQR problem. Then, the methodology is similar to that in Section 4.4.1.

If \; > );, then the solution to the learning problem with the new data fitting
weight \; is given by (4.4), where P = P(\;—\;) and @ = q(\; — \;) are the solutions
to the Riccati ODEs (4.3) with j = i, at time (\; — \;), and with initial condition
P(0) = P(Ty) and §(0) = q(T), where P(Ty),q(Ty) are obtained from solving
the original learning problem (4.1) with the original value of A;. Similarly, if \; > i,
then the solution to the learning problem with the new data fitting weight ); is given
by (4.4), where P = P(0) and § = q(0) are the solutions to the time-reversed Riccati

ODEs (4.5) with j = 4, at time 0, and with terminal condition P(\; — \;) = P (Ty)
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and q(\;— ;) = q (T), where P (Ty),q(Ty) are obtained from solving the original

learning problem (4.1) with the original value of \;.

Next, we discuss tuning the weights of the regularization terms; e.g., as in the
hyper-parameter tuning example in Section 4.5.3. Note that in the original formu-
lation of the Riccati ODEs (4.2), the regularization weights appear in the initial
condition for P. Changing a hyper-parameter v, by changing this initial condition
would require re-solving the entire sequence of Riccati ODEs and hence retraining
on the entire dataset. However, since we have freedom in how we formulate the cor-
responding multi-time HJ PDE, we can avoid this retraining as follows. Note that
here, instead of sequentially changing each regularization weight =, one-by-one, we

can actually update all of the regularization weights at once.

We consider the case where we change each regularization parameter v to .
This change can be regarded as two steps: first, we change all parameters 4 for the
indices k such that 4, > 7%, and then we change the other parameters. Define the

index set K to be K = {k: 4% > Y }.

The first step is equivalent to adding the term >, . 2% (6), — 69)2 to the loss
function (4.1). We can interpret this as adding an (N + 1)-th Hamiltonian %HTF+0
with corresponding time variable ty; = 1 to the multi-time HJ PDE, where I'; is
a diagonal matrix whose k-th diagonal element is 4, — v, if £ € K and 0 otherwise.

Therefore, the solution to this new multi-time HJ PDE can be solved by the following

Riccati equation:

Py(t) = =Py (t)' T4 Pi(t) t€(0,1),
(4.6)

ai(t) = =P () Trap(t) te(0,1),
with initial condition P, (0) and q4(0), which are the corresponding solutions to the

Riccati equations before changing the weights v,k € K. In other words, we set
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P,(0) = P(Tx) and q+(0) = q(Ty), where P(Tx),q(Ty) are obtained from solving

the original learning problem (4.1) with the original values of ~;.

The second step is equivalent to removing the term from the loss function (4.1).
This is equivalent to solving a single-time HJ PDE with a terminal condition at time
1 and Hamiltonian %OTI’_B, where I'_ is a diagonal matrix whose k-th diagonal
element is v, — % if £ € K and 0 otherwise. Then, the solution can be obtained by
evolving this HJ PDE backward in time. We do this by solving the following Riccati

equation:

P_(t)=—P_()"T_P_(t) t€(0,1), @)
a(t) = —P(0'T a(t) te (1), |

with terminal condition P_(1) = P;(1) and q_(1) = q4(1), where P, q; are ob-

tained from the solution to (4.6).

Finally, the minimizer of the new learning problem after changing all of the
weights 7, in the regularization term is given by P_(0)T'8° + q_(0), where P_, q_
are obtained from the solution to (4.7) and I"is a diagonal matrix whose k-th diagonal

element is the new regularization parameter ;.

Next, we discuss tuning the bias 8° on the trainable coefficients 8; e.g., as in the
generalized regularization example in Section 4.5.4. In the context of the learning
problem, we interpret 8° as the center of a Gaussian prior on 6. Using our theoretical
connection, changing ° is also equivalent to evaluating the corresponding multi-
time HJ PDE and piecewise LQR problem at a different point in space. Specifically,
changing 6" to 6" means that instead of evaluating the multi-time HJ PDE and

piecewise LQR problem at x = I'6", we evaluate them at x = re’. Then, the



207

solution to the learning problem with the new bias 0" is given by
~0
P(Ty)I'0 +q(Tw), (4.8)

where P(Ty) and q(Ty) are obtained from solving the original learning problem (4.1)
with the original value of @°. In other words, shifting the bias involves neither
retraining nor access to any of the data points nor solving Riccati ODEs. Instead,
we only require some matrix multiplication and addition involving the results of the

. .. . ~0
previous training and the new bias 6 .

4.4.4 General convex regularization functions

So far, we have only considered quadratic regularizations. In this section, we will
consider the linear regression problem with an arbitrary convex regularization term.
Specifically, consider the general regularization term R(0)—(x, 8), where R : R" — R

is a convex function. Then, the loss function of the learning problem is given by
| N
L£O) =5 D Mill©:0 — i[5 + R(8) — (x,0). (4.9)
i=1

This learning problem corresponds to a multi-time HJ PDE (4.4), where the i-th
Hamiltonian is H;(p) = ;|| ®;p — y;]|3 and the initial condition is J = R*, which is
the Fenchel-Legendre transform of R. The corresponding optimal control problem is
given by (4.3), with terminal time 31 | \;, piecewise running costs L;(u) = Slul*—
(y;,u) and piecewise dynamics f;(u) = ®Iu on (23;11 Aj, Z;Zl Aj], and terminal
cost R*. Then, the solution 8" to the learning problem (4.9) is equivalent to the
spatial gradient V,S(x, A1,...,Ay) of the solution to the multi-time HJ PDE, and

the minimal value of the loss function (4.9) is equivalent to —S(x, A1,..., Ay).
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Since the loss function (4.9) is convex, it can be minimized using any appropriate
convex optimization algorithm. In this chapter, we demonstrate how our Riccati-
based approach can be combined with PDHG [20] to solve this learning problem.
Note that PDHG can be applied to this learning problem (4.9) as long as the proximal
point of R or R* is numerically computable. For instance, R could be a quadratic
function (-, M-), a quadratic norm /{-, M-, ||-|[1, ||-|1%, ||-||%, a polynomial function,
or the Fenchel-Legendre transformation of any of these functions [38]. To compute
the solution 8™ of this learning problem, PDHG iterates the following:

2
2

N
1 1
0t = argmin - \il| @0 — y,]13+ =— |0 — (8" — og(w’ — x
gin g S0 -~y g [0~ (0 oot )

0" =20 — 0", (4.10)

1 _
w™ = argmin R*(w) + — H'w — (w' + awe”l)H :
\ weR” 200

where 0g, 0., are positive step-size parameters satisfying cgo,, < 1. In each iteration,
we need to solve two minimization problems. Updating 8" is equivalent to solving
the learning problem with quadratic regularization. Specifically, updating 6° is the
same as changing the bias 6° in the loss function (4.1). Therefore, we only need to
solve the Riccati ODEs (4.2) once (to compute 8') and every other iterate can be
computed using (4.8). Updating w® is equivalent to computing the proximal point
of R*. Depending on R*, there may already exist efficient solvers or explicit formulas

for computing its proximal point.

Note that with non-quadratic regularization, if we change the weights A\, of the
data fitting losses, change x (which is related to the bias on @), or add or remove data
points, then we will need to restart PDHG to solve the resulting learning problem
with these new hyper-parameter values or updated datasets. However, we can reuse

some of the computations between runs. Namely, we only need to solve the full
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sequence of Riccati ODEs (4.2) once (to compute @' in the first run of PDHG).
Then, the solution to those Riccati ODEs can be reused in combination with the
methods described in Sections 4.4.2 and 4.4.3 (according to how the learning problem

is modified) in subsequent iterations and runs of PDHG.

4.5 Numerical examples

In this section, we apply the Riccati-based methodology presented in Section 4.4
to four test problems from machine learning to demonstrate the versatility and po-
tential computational advantages of our new approach. In each example, we use
RK4 with double precision to solve the Riccati ODEs when applying our Riccati-
based methodology. The connections between the examples presented in this section,
the Hopf formula, and the corresponding optimal control problems can be found in

Table 4.1.

4.5.1 Function approximation in continual learning

In this section, we test our Riccati-based approach (as described in Section 4.5.1) on
a pedagogical function approximation example in continual learning [109, 83, 129] to
demonstrate its computational and memory advantages. Under the continual learn-
ing framework, data is accessed in a stream and the trainable model parameters are
updated incrementally as new data becomes available. In some cases, the histori-
cal data may also become inaccessible after new data is received, which can often
lead to catastrophic forgetting [83, 109], which refers to the abrupt degradation in

performance of learned models on previous tasks upon training on new tasks. In
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this example, we show how our Riccati-based approach naturally coincides with the
continual learning framework, while also inherently avoiding catastrophic forgetting

even if the historical data is inaccessible.

Our example set-up is as follows. Our goal is to regress the function y(7) =
0.17 4+ 0.05sin(107) given noisy data {(7;, v ~ y(7;))}¥, C R x R. Following the
continual learning framework, we assume that a new noisy data point is available
every AT = 0.01 (i.e.,, 7, = (i —1)A7 € [0,10], i = 1,...,N). We regress y(7) using
the linear model y(7) = >",_, Ox¢x(7), where n = 10 and the basis functions are

given by
{on(T) ¥, = {1, 7,72, 73 sin(7), sin(57), sin(87), sin(97), sin(107), sin(127)}. (4.1)

The coefficients @ = [, ...,0,]7 of our linear model are learned by minimizing the

following loss function:

n

1 N
E(@) - 5 — A,L

(2

2
l — )
+ 3 g—l VielOk |, (4.2)

0xdr(Ti) — i
1

k=

where \;,i =1,..., N and v,k = 1, ..., n are weights for the data loss and ¢, regular-
ization terms, respectively, and we update our learned coefficients every time a new
data point is available. In our numerical experiments, we use additive Gaussian noise

with zero mean and standard deviation 0.01, and we set \; = 1,V2 and v, = 0.1, Vk.

Although this loss function (4.2) could be minimized using conventional machine
learning techniques (e.g., the method of least squares), these methods typically re-
quire access to and training on the entire dataset {(7;,y;)}Y.,, which conflicts with
the assumptions in continual learning. However, note that this loss function (4.2)

is of the form (4.1). Thus, we can instead apply our Riccati-based approach (as
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described in Sections 4.4.1 and 4.4.2) to solve this learning problem. In particular,
the methodology described in Section 4.4.2 matches the data streaming paradigm of
continual learning; we incrementally update our learned coefficients by considering
each new data point as the time evolution of a corresponding multi-time HJ PDE.
As a result, in contrast to conventional machine learning methods, our Riccati-based
approach does not require storage of previous data points and its memory and com-
putational complexity is constant for each added data point. As such, our Riccati-
based methodology may be well-suited to online learning applications. Additionally,
since this time evolution of the HJ PDE (i.e., the addition of a new data point)
requires knowledge about the solution to the HJ PDE at the previous time (i.e., the
results of the previous training), our Riccati-based approach also inherently avoids

catastrophic forgetting.

The results of applying our Riccati-based method to solve this learning prob-
lem (4.4) are shown in Figure 4.6 and Table 4.2. Figure 4.6(a) depicts the evolution
of the coefficients {6y }}_, as more data points become available. We observe that the
learned coefficients 6,k = 1, ...,n converge to their true values as more data points
are incorporated into the model. Figure 4.6(b) displays three inferences at different
times 7 = 2,4, 8, which demonstrate that our Riccati-based approach is capable of
real-time inferences without catastrophic forgetting, even though each inference is
made using only one data point. Note that due to an appropriate choice of basis

functions, our learned model is able to provide accurate extrapolations as well.

Table 4.2 displays the numerical errors of the minimizer 6 of the loss func-
tion (4.2) obtained using the Riccati-based methodology from Section 4.4 after the
last data point becomes available at 7 = 10. We observe that the accuracy of our
approach increases as we decrease the step size h of RK4, which indicates that the

errors of 8 stem from the accuracy of RK4 in solving the corresponding Riccati
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Figure 4.6: Evolution and continual learning of the function approximation learned
using our Riccati-based approach as more data becomes available. (a) shows the
evolution of the learned coefficients 6,k = 1,...,n as more data is incorporated
into the model; the horizontal dotted lines denote the exact reference values. (b)
shows the inferences of y after the 200th, 400th, and 800th noisy data point becomes
available. Our Riccati-based approach allows us to incrementally update the learned
coefficients as more data becomes available without requiring access to the previous
data or re-training on the entire dataset, which provides advantages in both memory
and computations over conventional learning methods.
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ODEs. The reference solution is obtained by minimizing (4.2) directly using the

method of least squares and assuming that all N = 1000 data points are accessible.

h =02 h=0.1 h=0.01
¢, error of 8* 1.1210 x 107% | 6.0924 x 107° | 4.2222 x 1012
0, relative error of 8% | 7.3622 x 107% | 4.0012 x 10~% | 2.7729 x 10T

Table 4.2: Errors in computing the minimizer 8™ of the function approximation
loss (4.2) using our Riccati-based approach. We use RK4 to solve the Riccati
ODEs (4.2) and (4.3) with double precision and various step sizes h. The reference
is obtained by using the method of least squares to minimize the loss function (4.2)
directly.

4.5.2 1D steady-state reaction-diffusion equation and post-

training calibration

In this example, we use our Riccati-based approach to apply post-training calibra-
tions when solving a PDE. Specifically, we leverage the methodology in Section 4.4.2
to add or remove data and the methodology in Sections 4.4.3 to enforce the bound-
ary conditions of the PDE without retraining the entire learned model. Consider the

following 1D steady-state reaction-diffusion equation:

0*u
DY (@) + wule) = f(x).a € [0.1],
O (4.3)
u(0) =u(1) =0,
where D = 0.01 is the diffusion coefficient, kK = —1, and f(z) is the source term of

which noisy measurements {(x;, f; & f(z;))}Y, C R x R are available. We consider
the scenario where regular training has been employed but with either insufficient
data or sufficient data with outliers, both of which yield inaccurate inferences of the
solution. We further assume that extra information is provided after the regular
training and seek to perform post-training calibrations to incorporate this extra

information into the already-trained models without losing the information from the
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original training. In the literature, it is well-established that post-training calibration
can significantly increase the performance of deployed machine learning methods
[115, 136]. However, designing computationally efficient methods for performing

these post-calibrations is still of great interest.

In this example, we solve this PDE (4.3) by reformulating the PDE as an opti-
mization problem [116, 126, 62]. We use a linear model to approximate the solution,
e, u(x) =Y, Oxdr(x), where n = 21 and {¢y(z)}}_, are the truncated Fourier
basis functions on [0, 1], {1} U{sin(2irz), cos(2lnx) ;Z;lw. We learn the coefficients

0 =1[01,...,0,])7 of the linear model by minimizing the following loss:

2

1 N
£O)=5> X
i=1

n 82 n
D Zeka—;ﬁ(%) + KZ Oxdr(x:) — fi
k=1 k=1

2

1 n

- 6,12
+2k§lm k|°,

(4.4)

2
1. | 1. |
+ 5N ;emk(m =0 + 3% ;em(n —0

where A\, = 1,..., N, X\, and v,k = 1,..,n are balancing weights for the PDE
residual, the boundary conditions, and the regularization term, respectively. In our
numerical experiments, we assume the exact solution to be u(x) = sin®(27x) (and f
to be defined by (4.3), accordingly) and the noise to be additive Gaussian with zero
mean and standard deviation 0.1. For the regular training, we set A\; = 1, A\, = 1, and
v = 1 and apply our Riccati-based method (see Section 4.4.1) to get our original
estimate of the minimizer 8" of the loss function (4.4). Using our Riccati-based
method yields an ¢; error of 8.9154 x 1071 and relative ¢; error of 1.4162 x 10~ in
0, where the reference is obtained by minimizing (4.4) directly using the method of

least squares.

In the leftmost column of Figure 4.7, we see that the accuracy of both u and f

as inferred by the regular training is impaired by a lack of data around the highest
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peak and lowest valley of the exact functions. To compensate, we first calibrate our
model by adding some new noisy measurements of f in these regions where the data
points are sparse. This calibration uses the methodology described in Section 4.4.2,
and the results are shown in the middle column of Figure 4.7. Next, we note that the
inferred w still disagrees with the exact solution at the boundary points. Hence, we
further calibrate our model by increasing the value of the boundary weight A, from 1
to 10 to enforce the boundary conditions of the PDE. This calibration is done using
the methodology described in Section 4.4.3 and the results of this second calibration
are presented in the rightmost column of Figure 4.7. In both cases, we observe that

the calibrations successfully improve the accuracy of the learned model.

Note that our Riccati-based approach allows us to perform each of these cali-
bration steps using only the new or changed values in that step and the results of
the previous training step. In other words, each step of this training process (in-
cluding the original training and each subsequent calibration step) is done without
sharing data between training steps, which exactly matches the framework of feder-
ated learning [93]. Thus, our methodology may be relevant to distributed training

or collaborative learning applications, where data privacy is of concern.

Next, we discuss another post-training calibration technique. In this case, we as-
sume the data for the regular training is sufficient but contains outliers due to large
noise. We again assume the regular training is performed using the Riccati-based
approach from Section 4.4.1. Then, we eliminate these outliers using the method-
ology described in Section 4.4.2, which only requires knowledge about the outliers
to be removed and the results of the regular training. In Figure 4.8, we show the
results of this post-training outlier removal. We observe that successively removing

these outlier points successfully improves the accuracy of the learned models.
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Figure 4.7: Results of solving the 1D steady-state reaction-diffusion equation (4.3)
with noisy measurements of the source term f in the domain and noiseless mea-
surements of the solution u on the boundary. (a) results for f; (b) results for w.
Left: results of regular training; middle: calibrating the results of regular training
with some additional noisy measurements of f; right: calibrating the results fur-
ther by enforcing the boundary conditions by increasing the value of A, in the loss
function (4.4). The regular training uses our Riccati-based method in Section 4.4.1
to minimize (4.4), while the calibrations use the adaptations of our method in Sec-
tion 4.4.2. Calibrations are employed without re-training or access to the data from
the previous training, which demonstrates the advantages in both memory storage
and computational complexity of our Riccati-based approach over conventional ma-
chine learning methods.

4.5.3 Poisson equation using PINNs and transfer learning

In this example, we demonstrate the versatility of our Riccati-based method by
combining it with existing machine learning techniques to fit the last layer of a
PINN. We also show that when we perform hyper-parameter tuning by solving the
associated Riccati ODEs (Section 4.4.3), we not only provide the solution to the
updated problem, but also a continuum of solutions along a 1D curve on the Pareto

front of the data fitting losses and regularization. Consider the 2D Poisson equation
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Figure 4.8: Results of solving the 1D steady-state reaction-diffusion equation (4.3)
with noisy measurements of the source term f in the domain and noiseless measure-
ments of the solution u on the boundary. (a) results for f; (b) results for u. Left:
results of regular training using our Riccati-based method in Section 4.4.1; middle
and right: calibrating the results of regular training by eliminating two outlier mea-
surements of f using the methodology described in Section 4.4.2. Calibrations are
employed without re-training or access to the data from the previous training.

with Dirichlet boundary conditions is given by

02 0?
Y+ 5y = fy) @y €9, )

u(z,y) =0 (z,y) € 09,

where Q := [—1,1]? and f is a source term. In this example, we solve this equation
using transfer learning and PINNs. Consider the scenario where we only have access
to measurements {(z;, yi, fi = f(x;, y:))}Y, of f at limited sampling points. Transfer
learning compensates for this lack of knowledge, by transferring the knowledge from
models pre-trained on similar problems to solve this new problem of interest. In this
case, we learn the linear model u(z,y) = > ;_, Ox¢r(z,y), where each basis function

or(x,y), k = 1,...,n is the PINN solution of a neural network pre-trained to solve
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the 2D Poisson equation (4.5) with similar source terms. Transfer learning using
pre-trained neural networks as basis functions, as we do here, has recently grown in
popularity in the scientific machine learning community [45, 135, 61] and has been
shown to provide efficient yet accurate inferences even given very limited data [135].

We then learn the coefficients 8 of our linear model by minimizing the following

PINN-type loss:

L£(6) = %in

=1

2
1 < )
+ 5 ké_l 'Yk|9k| , (46)

- Por  Pox
;91@ ( 5z T ay? ) (i, yi) — fi

where \; = 1,i =1,..., N and v, = v,k = 1, ..., n are weights for the data fitting and
ly-regularization terms, respectively. Note that minimizing (4.6) with respect to 6
is equivalent to fitting the last layer of a neural network given pre-trained previous

nonlinear layers as the basis functions.

In our numerical experiments, we use transfer learning to solve the 2D Poisson
equation (4.5) with source term f(x,y) = sin(2.57z) sin(2.57y) using n = 100 basis
functions and N = 100 random measurements of f. We use the multi-head PINN
method [135] to obtain the basis functions, which correspond to the shared non-
linear hidden layers of the pre-trained PINN solutions to (4.5) with source terms
f(z,y) = sin(kmrz) sin(kry), k = 1,2,3,4. We solve the learning problem (4.6) using

our Riccati-based method from Section 4.4.1.

In Table 4.3, we compare the errors of the minimizer 8" of (4.6) and the solution
u of the PDE (4.5) as we decrease the weight (= 7, Vk) of the regularization term
from 1 to le-5. The reference for 8" is obtained from minimizing (4.6) directly for
each value of v using the method of least squares. The reference for u is computed
using a finite difference method with a five-point stencil to solve (4.5). Note that we

originally minimize (4.6) using v = 1 and the Riccati-based method in Section 4.4.1.
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We then compute the solutions for the other values of v by incrementally decreasing
v by a factor of 10 and using the methodology for hyper-parameter tuning described
in Section 4.4.3 to reuse the results of training with the previous value v to compute
the solution for the new value of 7. Consequently, we see that the error in 6*
increases as we decrease v due to error accumulation from repeated applications of
RK4. However, we also see that the error of u generally decreases as we decrease

with the lowest error being achieved when v = le-4.

A =1 7 =01 v =001 v =0.001 v =0.0001 | ~ =0.00001
#; error of 07 5.9707 x 1010 | 4.2905 x 10~° | 1.0725 x 10° | 1.7235 x 107 | 2.0490 x 10~ | 5.8749 x 103
L2 relative error of u 6.5247% 5.6793% 3.0390% 1.7280% 1.1662% 1.4736%

Table 4.3: Errors of the minimizer 6" of (4.6) and the solution u to the 2D Poisson
equation (4.5) using transfer learning and our Riccati-based approach. The reference
for " is given by minimizing (4.6) with the corresponding value of « directly using
the method of least squares, and the reference for u is given by solving (4.5) using a
finite difference method. Since we decrease 7 incrementally from 1 to le-5, the error
of 8" accumulates due to successive applications of RK4.

From the results in Table 4.3, we see that our choice of the hyper-parameter v can
greatly influence the accuracy of our learned model. Note that since we fix \; = 1,Vi
and vy, = v,Vk, we can view (4.6) as a bi-objective loss, where the two objectives
> et Ok <632j2'“ + a;ﬁ“) (w5, 95) — fi i

and
To better understand the effects of tuning

are the weighted data fitting term %sz\il

the regularization term 3>, |05]%.
v, in Figure 4.9, we explore the Pareto front of these two objectives. Traditional
scalarization-based approaches for computing the Pareto front typically rely on dis-
crete samplings of the Pareto front corresponding to discrete choices of 7 [76]. While
our Riccati-based methodology from Section 4.4.3 also recovers discrete points on the
Pareto front corresponding to particular choices of 7, note that when we change ~,
e.g., from v =1 to v = 0.1, we also recover a one-dimensional curve along the Pareto
front corresponding to every v € [0.1, 1]. We obtain this 1D curve theoretically via

the flow of solutions obtained from the corresponding Riccati ODEs and numerically

via the intermediate steps of RK4. The left plot of Figure 4.9 shows the 1D curve
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along the Pareto front recovered by our Riccati-based approach (although note that
in this example, the Pareto front is also one-dimensional and hence is equivalent to
the exposed 1D curve), where the flow of solutions corresponding to decreasing + is
represented by the arrows. Thus, although in general our methodology cannot com-
pute the entire Pareto front, every time we change the value of the hyper-parameters,
our approach recovers a continuous 1D curve along the Pareto front. In the right plot
of Figure 4.9, we also visualize how the L? error of our learned solution u changes

as we decrease 7.

Pareto front Error versus regularization weight

of u

Regularization

L? relative error
°
2
8

4 M e A e e N ® ©

0 1 2 3 4 5 6 7 -5 45 -4

35 3 25 2
Data fitting loss %107 log(v)

Figure 4.9: Results of changing the regularization weight v when solving the 2D
Poisson equation using PINNs and transfer learning. We incrementally decrease the
value of 7 by evolving the corresponding Riccati ODEs backwards in time. As a
result, we obtain a flow of solutions, the direction of which is represented by the
arrows in each figure. In the left figure, this flow of solutions gives us that every
change in the value of v from %4 to 7 results in the recovery of every point of the
Pareto front along the one-dimensional curve parameterized by v € [¥,7].

4.5.4 Identifying the dynamics of the Kraichnan-Orszag sys-

tem from data

In this example, we demonstrate the versatility of our Riccati-based approach by

showing how it can be combined with existing methods to solve more general prob-
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lems (see Section 4.4.4). Consider the Kraichnan-Orszag (K-O) system [130, 136]:

( d.Tl
— = X9k
dr 243,
d
E2 i, (4.7)
dr
d.Tg
b )
\ dr 12,

with initial conditions z1(0) = 1, 22(0) = 0.8, 23(0) = 0.5. Our goal is to identify the

dynamics of the K-O system (i.e. the right-hand side of (4.7)) using measurements

Cif; ;1 =1,2,3 at different times. We identify the dynamics by learning the

of x; and

linear models Cfi"’f = > 0ok, 1 = 1,2,3. Following the general framework of the
SINDy method [16], we use the following quadratic basis functions (n = 10) for the

dynamics:

{(Zsk(:clu T, x3)}Z:1 = {17 €T1,T2,T3, :C%, x%? x?’)a L1, L2X3, x1x3}7 (48>

and impose ¢;-regularization on @ to promote sparse identification of the dynamics.

Then, we learn each 8" independently and in parallel by minimizing the loss functions

N
N d;
i(0") = 5;)‘7 [( )j Zek¢k (1), (22), (w3); +ka|6’k (4.9)

dz;

where £; denotes the loss function for equation 4, (z;); and (%); denote the mea-

surements of x; and ‘i;i, respectively, at time 75, ¢ = 1,2,3,j = 1,..., N. Note that

this loss function (4.9) corresponds to setting R = || - || and x = 0 in the linear
regression problem (4.9). Thus, solving this learning problem is equivalent to eval-
uating the solution to the corresponding multi-time HJ PDE at (0, Ay,..., ;). In
our numerical experiments, we generate data points for training and testing by solv-
ing (4.7) numerically for xy,x9, 23 € [0,10] using a central finite difference scheme

to approximate the time derivatives, and set \; = 1,Vj and v, = 0.1, Vk.
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Instead of the sparse regression techniques employed by SINDy, we use PDHG
to minimize (4.9) (see Section 4.4.4). Each iteration of PDHG involves minimizing
a loss function of the form (4.9), but with ¢s-regularization instead of ¢;. Hence,
this sub-problem can be solved using our Riccati-based methods. As discussed in
Section 4.4.4, note that we only need to apply RK4 for the first iteration of PDHG,
and every subsequent iteration can be solved using a change of bias. As such, we do
not suffer from any error accumulation related to repeated applications of RK4. In
Table 4.4, we see that we do indeed recover a sparse identification of the dynamics.
However, we also incorrectly identify non-zero coefficients for the basis functions x,
and x3. We note that this misidentification may be the result of a lack of unique
identifiability of the system from the data points sampled. In fact, Table 4.5 shows
that the errors in the solution z1, x5, x3 of the identified system versus the solution
of the true system (4.7) are relatively small, which corroborates that identifiability

may have been an issue.

1|z To T3 x% x% x% T1T2 Tol3 123
e 1o o 0 0 0 0 0 0 0.9931 0
> 0] 0 0 0.0160 | O 0 0 0 0 0.9761
e>* 0] 0 | —0.0165 0 0 0 0 | —1.9777 0 0

Table 4.4: Results of sparse identification of the K-O system (4.7) using PDHG to
minimize the ¢;-regularized losses (4.9). The true solution is 0 for all entries, except
0'* =1 for zox5, 0% = 1 for z123, and >* = —2 for x125. We recover the dynamics
reasonably well, albeit with some slight misidentification of 8%*, 8>*.

L1 L2 T3
relative L? error (%) | 0.2144 | 0.3718 | 0.3152

Table 4.5: Errors of the solution x1, 9,23 of the system identified using PDHG
compared to the true solution of the K-O system. The reference is obtained by
numerically solving the true system (4.7) using a central finite difference scheme.
These errors indicate that the errors in the system identification in Table 4.4 may
be due to a lack of unique identifiability of the system using the given data points.
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4.6 Summary

In this chapter, we established a novel theoretical connection between certain learning
problems and the multi-time Hopf formula. In doing so, we showed that when
we solve certain learning problems, we actually solve certain multi-time HJ PDEs
and their corresponding optimal control problems. In this work, we focused on
the development of the connection between regularized linear regression and the
LQR problem. By leveraging this novel connection, we developed new methodology
based on solving Riccati ODEs that allows us to design novel training approaches
for certain machine learning applications, including continual learning, post-training
calibration, hyper-parameter tuning and exploration of the associated Pareto front,
and sparse dynamics identification. We also showed that our Riccati-based approach
yields some promising computational advantages over conventional learning methods;
after the original training, the models learned using our approach can be continually
updated without having to retrain the entire model or having access to all of the
previous data, which could be particularly useful in continual learning [109, 83, 129]

and federated learning [93, 77].

Thus, our novel theoretical connection and our Riccati-based methodology
present many exciting opportunities. Some possible future directions are as fol-
lows. While our Riccati-based methodology allows us to alter the hyper-parameters
and data points used in the learning problem without having to retrain on all pre-
vious data, it also requires that the original training be done using our Riccati-
based methodology. It would allow for increased versatility if we could more easily
combine our Riccati-based approach with other training methods. Additionally, in
Sections 4.4.4 and 4.5.4, we showed that our Riccati-based approach allows com-

putations to be reused when using non-quadratic regularizations. However, in this
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case, the training process still had to be restarted if the hyper-parameters, dataset,
or regularization type is changed. It would allow for more flexibility if we could
develop more adaptive processes for changing these aspects of the learning problem

when the regularization is not quadratic.

In Section 4.3, we focused on LQR problems, where the dynamics are indepen-
dent of the trajectory, but it would be worthwhile to investigate what connections
LQR problems with general linear dynamics may yield (e.g., LQR problems with gen-
eral linear dynamics may be reformulated as LQR problems with state-independent
dynamics using a change of variable [38]). Another natural extension would be to
consider nonlinear models, which currently pose challenges in both scientific machine
learning and optimal control and hence, connections drawn in this case would benefit
both fields. Alternatively, if we relax our assumption on convexity by allowing for
nonconvex loss functions (or equivalently, nonconvex Hamiltonians), we could also
extend our connection to be between learning problems and differential games [51]
instead of optimal control. However, even with convex losses, there are already many
interesting potential applications in machine learning to pursue. For example, the
theoretical connection presented in Section 4.2.2 provides a formula for the optimal
learning parameters 0* in terms of the hyper-parameters. This connection could
be leveraged to simplify the bi-level optimization in meta-learning applications to a
single-level, constrained optimization problem. As another example, we could gen-
eralize our theory to instead consider the viscous HJ PDE, which adds a Laplacian
term to the right-hand side of the HJ PDEs (4.1) and (4.4). Then, by leveraging the
recently established connection between viscous HJ PDEs and Bayesian modeling

[33], we could extend our work to applications in Bayesian inference.



CHAPTER FIVE

Conclusion
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In Part I, we derived new representation formulas for certain classes of optimal
control problems (and their corresponding HJ PDEs) with state-dependent running
costs (or equivalently, state-dependent Hamiltonians) or non-smooth constraints on
the control. We then leveraged these representation formulas to develop efficient nu-
merical solvers for these problems in high dimensions. To demonstrate the potential
of these solvers for real-time optimal control applications, we presented FPGA imple-
mentations of our solvers that showed promising performance boosts over our already
efficient CPU implementations, while also tracking how many logic and memory re-
sources were consumed. Thus, in Part I, we both developed new analytical results
and corresponding efficient numerical solvers and gained insight on potential FPGA

implementation methodology for real-time optimal control applications.

However, currently our analytical results only apply to the specific classes of HJ
PDEs and optimal control problems considered. Thus, it would greatly increase
the scope of our results if we could combine our proposed algorithms with other
building blocks, such as the solver in [48] and/or the LQR solver, to handle more
general classes of problems. Additionally, while our FPGA results yield promising
advantages over those of the CPU, we also encountered some challenges in developing
the FPGA implementations. For example, the issue of negative slack complicated our
FPGA implementation of ADMM in terms of both programming and resource usage.
While we proposed some solutions that allowed us to successfully get rid of the slack,
the success of these fixes was not always predictable. As such, another important
future direction would be to continue exploring FPGA implementations of scientific
computing methods more broadly in order to establish more robust methodology for

FPGA implementation development.

In Part II, we established a novel theoretical connection between the multi-time

Hopf formula and certain optimization problems arising in machine learning. As
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such, we showed that when we solve these learning problems, we actually solve a
multi-time HJ PDE and its associated optimal control problem. We then leveraged
this connection to develop a new Riccati-based approach to solving regularized linear
regression problems that shows potential computational and memory advantages over
conventional learning approaches. Thus, in Part II, we used existing HJ PDE theory
and optimal control techniques to develop new theory and training approaches for

machine learning.

In Section 4.6, we listed several exciting future directions for this work. To
reiterate, some possible future directions include exploring how our new connection
could allow existing machine learning methods to be reused to solve high-dimensional
multi-time HJ PDEs or their corresponding optimal control problems, developing
potential advantages of our new connection in the case of non-convex Hamiltonians
or nonlinear learning models, and extending our connection to consider viscous HJ

PDEs or differential games.
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