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Abstract

In this paper we develop a parallel method for solving possibly non-convex time-dependent
Hamilton-Jacobi equations arising from optimal control and differential game problems. The sub-
problems are independent so they can be implemented in an embarrassingly parallel fashion, which
usually has an ideal parallel speedup. The algorithm is proposed to overcome the curse of dimension-
ality [1, 2] when solving HJ PDE. We extend previous work in [5, 6] and apply a generalized Hopf
formula to solve HJ PDE involving time-dependent and perhaps non-convex Hamiltonians. We sug-
gest a coordinate descent method for the minimization procedure in the Hopf formula. This method
is preferable when even the evaluation of the function value itself requires some computational effort,
and also when we handle higher dimensional optimization problem. For an integral with respect to
time inside the generalized Hopf formula, we suggest using a numerical quadrature rule. Together
with our suggestion to perform numerical differentiation to minimize the number of calculation pro-
cedures in each iteration step, we are bound to have numerical errors in our computations. These
errors can be effectively controlled by choosing an appropriate mesh-size in time and the method does
not use a mesh in space. The use of multiple initial guesses is suggested to overcome possibly multiple
local extrema in the case when non-convex Hamiltonians are considered. Our method is expected to
have wide application in control theory and differential game problems, and elsewhere.
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1 Introduction

Hamilton-Jacobi-Isaacs partial differential equations (HJ PDE) are of paramount importance in an-
alyzing continuous/differential dynamic games, control theory problems and dynamical systems coming
from the physical world, e.g. [12, 24]. Numerical solutions to HJ PDE have enjoyed great attention and
have many practical applications. However, most of the methods, e.g. ENO/WENO-type methods [31],
Dijkstra-type [8] methods such as fast marching [40] and fast sweeping [39], involve the introduction of
a grid and a finite difference discretization of the Hamiltonian. These numerical solvers of HJ PDE are
hence incapable of reasonable scaling with respect to dimension, and are therefore impossible to apply to
problems in high dimensions.

A number of groups have therefore started to search for the possibility of developing an algorithm
which can scale reasonably with dimension, e.g. in [22, 23]. In [6, 5] a causality-free method is proposed to
solve for time-independent HJ PDE where a Hopf-Lax formula is used. The PDE is decoupled using the
Hopf-Lax formula, and the value of the solution at a point can be effectively calculated as a d-dimensional
minimization, which is extremely efficient to solve numerically.
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In this paper we propose to extend the method proposed in [6, 5] and apply a generalized Hopf
formula to solve time-dependent, possibly non-convex, Hamilton-Jacobi equations. The solution to the
Hamilton-Jacobi equation is proposed to be evaluated point-wise by the generalized Hopf formula using
a minimization process to solve for the problem, whose dimension is the same as that of the space in
which the PDE sits. This way, the values of the solution at each point are decoupled and therefore they
can be implemented in parallel without the necessity of any communication. In this work we propose
a coordinate descent algorithm to minimize the functional. As an alternative choice of algorithm, we
also suggest the ADMM /split Bregman iteration similar to [6, 5]. We observe that in our numerical
tests for this time dependent problem type, the coordinate descent algorithm performs better in terms of
computational time, but we remark that performance can depend on both the functional to be minimized
and the software and hardware implementations. Each algorithm has an edge in different cases. The
coordinate descent algorithm is of low complexity, thanks to the fact that only 1 coordinate is updated
and only 2 function evaluations are necessary in each step of its iteration. This is especially preferable
when we consider high-dimensional cases since the computational complexity in each of the iterations
does not grow with dimension. Moreover, from theoretical analysis, we can see that the step-size can
be usually chosen as 2 times the coordinate-wise Lipschitz constant of the functional gradient, which is
considerably larger than that constant in the full gradient descent method. Furthermore, the value given
by the generalized Hopf formula is exact, and therefore there is no numerical error introduced by a finite
difference approximation. With a time integral inside the functional to be evaluated, we are bound to
have a numerical quadrature rule which introduces numerical errors. The error of our numerical solution
can be controlled to be arbitrarily small by controlling the error threshold given by our optimization
method and the mesh-size of the 1-dimensional quadrature rule. We also propose the use of numerical
differentiation when we perform coordinate descent to minimize computational complexity. The use of
multiple initial guesses is suggested to overcome possible local extrema in the case when a non-convex
Hamiltonian is encountered. The generalized Hopf formula, together with numerical differentiation and
integration, are used for the evaluation of rapid numerical solutions for a time-dependent Hamiltonian in
high dimensions, and this method is expected to have wide application in optimal control and differential
games, where a non-convex Hamiltonian arises naturally.

The outline of our paper is as follows: in Section 2, we briefly introduce the optimal control system
and its related time-dependent Hamilton-Jacobi equations that we focus on in this work, the generalized
Hopf-Lax formula used to represent the solution, as well as the reachability function and the control
parameters that we wish to obtain from the generalized Hopf-Lax formula. In Section 3, we suggest two
algorithms: the coordinate descent algorithm and the ADMM /split Bregman algorithm, to perform the
optimization problem given in the Hopf-Lax formula. Details of the respective optimization strategies
are also introduced. Numerical experiments in Section 4 illustrate the effectiveness of our new algorithm
in solving the HJ PDE.

2 Hamilton-Jacobi Equations, optimal control, differential games
and generalized Hopf Formulae

In this section, we first give a brief introduction to the specific optimal control and differential games
with possibly time-dependent linear control set that we are concerning with in this work, as well as a
brief explanation on how we recast it as a problem of solving an HJ PDE. We follow discussion in [9, 5],
see also [11], about optimal control and also for differential games, and their links with HJ PDE.

2.1 Differential game problems with time dependent control sets

Suppose we are given a fixed terminal time T' € R, an initial time ¢ < T', and two balanced (a set C
is balanced if C = —C') compact convex sets C, D C R? (which can have a dimension strictly less than
d.) We may now consider two families of balanced compact convex sets {C(s) }i<s<, {D(8) }t<s<T Where



C(s) € C and D(s) C D for all s. The sets C(s) and D(s) are considered as the possible choices of the
controls and errors in a particular system at time s.

Let us denote A(t) = {a: [t,T] — C : a is measurable, a(s) € C(s)}, which we name it as the admis-
sible set; and B(t) = {b: [t,T] — D : b is measurable, b(s) € D(s)}, which we can call the error set (or
the error tolerence). We call the measurable function a : [t,T] — C in the set A(t) a control, and the
function b : [t,T] — D in the set B(t) represents possible errors in the system.

Now with a fixed T', we consider the finite horizon problem. Suppose we are given an initial state
r € R?, we consider the (Lipschitz) solution x : [t, T] — R? of the following linear dynamic system with
initial condition z at time ¢:

{iﬁ?(s> = Ma(s) + Ne(s)a(s) + Np(s)b(s) in (t,T) (2.1)

z(t) ==z

where M is a given d x d matrix independent of time, and {N¢(8) }i<s<r, {Np(8) }t<s<T are two families
of d x d matrices with real entries. The function z : [t,7] — R? is regarded as the state of the system.
To recall, a(s) is the control input and b(s) is the error at time s.
Now we can simplify the above equation by making a change of variable z(s) = exp(—sM)z(s), which
gives the following new equation
4z (5) = exp(—sM)Nc(s)a(s) + exp(—sM)Np(s)b(s) in (¢t,T), 2.2)
z(t) = exp(—tM)zx . '

Given a running-cost Lagrangian functional L : [t,T] x C' x D — R|J{+oo} which is proper lower-
semicontinous 1-coercive convex in the variable a and proper upper-semicontinuous 1-coercive concave
in the variable b, together with a proper lower-semicontinuous 1-coercive convex terminal cost functional
J :R? — RY{+o0}, we now consider the following cost functional for a given initial time ¢ < T, z € RY,
control a and error b:

T
K (t, 2 a(-),b(-)) ¢:/t L(s,a(s),b(s)) ds + J (2(T))

where z is the solution to (2.2). K is now the cost functional to be considered, which is the sum of
running cost L and the terminal cost J.

The aim of the control a(-) is to minimize K (¢, z;a(-),b(:)), while the aim of the error b(-) is to
maximize K (¢, z;a(-),b(+)), i.e. to search for the greatest extent of error the system can tolerate. This
way, the system (2.2) has become a differential game similar to [5, 9, 11].

To follow the standard differential game description and analysis, we now consider the lower value
and the upper value of the differential game. For this purpose, we define a strategy for the control as a
following map

a: B(t) — At)
provided that, for each t < s < T, we have
b(r) =b(r) forae. t<7<s = afp(r) =alb](r) forae. t <7 <s.
Likewise, we may define a “strategy” for the error as
B At) — B(t)
provided for each t < s < T, we have

a(t) =a(r) forae. t<7<s = Pla|(r) = Bla](r) for ae. t <7 < 5.



We remark that a “strategy” for the error actually means finding the worst path that can attain the
maximum error of the system.

Now let us denote the set of all strategies for the control as I'(t) and that for the error as A(¢)
beginning at time ¢, then we are ready to define the upper and lower values of the differential game. In
fact, the lower value V (¢, z) is defined as

Vit,2) = ﬁgigf(t)azlil()t)K(m;a(-),ﬂ[a](-)) (2:3)

for a given pair of (¢, z). Similarly, we have the upper value U(t, z) defined as

Ut,z) = ai‘é%)beiréft)K(t’Z;a[bK')’b(')) (24)

for a given pair of (¢,z). We notice that the upper value is only here for completeness, and the main
focus is the lower value V (¢, z), since it represents the best possible value given the initial and terminal
states with starting time ¢ under an error disturbance. Nonetheless, they coincide in some special cases.
Our optimal control problem is now to compute V (¢, z) in (2.3) as well as finding the control a from the
minimum argument of V (¢, z).

2.2 Hamilton-Jacobi equation and the generalized Hopf formula

From the dynamic programming optimality conditions and the main theorem in [12], the lower and
upper values V and U are the viscosity solutions [3, 4] of some time-dependent HJ PDE. To elaborate,
we first define the following two Hamiltonians:

H*(t,p) = beg%iqp_t) aegl(:}x_ﬂ{—@xp(—(T —t)M)Ne(T — t)a + exp(—(T — t)M)Np(T — t)b,p) + L(T — t,a,b)},

H™(t,p) = max min  {—({exp(—(T — t)M)N¢c(T — t)a + exp(—(T — t)M)Np(T — t)b,p) + L(T — t,a,b)}.
a€C(T—t) be D(T—t)

A simple class of Hamiltonian is obtained when L(t, a,b) = 0, and in that case, H* (s, p) are homogeneous
of degree 1 Hamiltonians. In fact, a very important class of problems described by ellipsoidal constraints
[10] as follows:

Ct) = {{z—act),[Qu(t)] " (z —ac(t))) <1}
D(t) = {{z—ap(t),[Qpt) ' (z—ap(t) <1}.

where Q. (t) and Qp(t) are some positive definite matrices depending on ¢, and ac(t),ap(t) are the
respective base point of the moving ellipsoids at the particular time ¢. In this special case, we can
compute that H*(¢t,p) = H™ (t,p) and they are of the form of

H*(t,p)
= e TDMNG(T — 1))p, QT — )¢~ (T-DMNo(T — )] *p)

e DM NL(T — )9, Qp (T — )¢~ T-DM Np(T — 1)]*p)
(e TV NC(T — 1)) p.ac(T — 1)) + (e~ TOMNp(T — 1)) p, ap(T — 1))

From now on we denote H(t,p) := H*(t,p) whenever Ht = H~.

From the dynamic programming principle and the main theorem in [12], together with a change of
variable in the time variable by a flip of the axis, we immediately check that that ¢(t,z) == V(T —t, z) =
U(T —t,z) is actually the viscosity solution [3, 4] to the following HJ PDE:

(2.5)

Doz, t) + H(t, V.p(2,1) =0 in RY x (0,7),
v(z,0) = J(2) in RY.



The same conclusion holds with the help of the Fenchel-Legendre transform when L is non-zero.
To recall, the Fenchel-Legendre transform of a general convex, proper, lower semi-continuous function
R4 = RUYU{+o0}, see e.g. [34]

[ () := sup {(z,v) — f(x)}. (2.6)

zER4

2.3 Generalized Hopf formula, reachability indicator and control parameter

Now, the viscosity solution to (2.5) can be explicitly given by the following generalized Hopf formula
[11, 21, 35] as

olt.2) == min {1+ [ Hs.ps — (ean) (27)

pERC

where J* is the Fenchel transform of J where H : R x R — R is a continous 1-coercive Hamiltonian
function, (with an additional technical assumption that H(s,p) is required to be pseudo-convex w.r.t.
the argument p in the set of minimum arguments

S0lt,2) o= angin o {7(0) + [ (s, p)ds - G}

for a given (¢,z), c.f. [35] for a rigorous treatment of this technical assumption to ensure that the
generalized Hopf formula, originally only defining as a lower minimax viscosity solution, to be also an
upper minimax viscosity solution in the non-convex case.) This formula comes intuitively from the fact
that the integral curves of the Hamiltonian vector field i.e. the bi-characteristics in the phase space,
project to give straight line characteristics in z-space. Tracing the definition of the function ¢ as the
lower value provides us the following reachability indicator function for (¢,z) given by :

p(t,x) = xz+ (¢ (T —t,e"Ma)),

where Yp+ is the indicator function of RT := {z > 0} This function u returns the value 1 when the
initial state x can reach the zero level set J at or before time ¢ following the dynamics described by (2.1),
otherwise it will return 0.

Moreover, the control parameter a(t) at (¢, z) can also be obtained from this generalized Hopf formula.
In fact, when the function ¢ is differentiable at (¢, z), we have that

V.p(t, 2) = So(t, z) := argmin,cga {J*(p) +/O H(s,p)ds — <z,p>} ) (2.8)

(Notice that, in this case, the set Sy(t,z) is a singleton.) Now gazing at the definition of H(¢,p) as in
(2.5) and using the fact that H(s,p) is of homogeneous degree 1 in our case when L = 0, we directly
obtain that

(Voo(t, 2), Vo H(t, V. p(t, 2)))

_ : —(T—t)M _ —(T—t)M _
min x| {<[e Ne(T —ta+ e Np(T — #)]b, V. (¢, z)>}

= <[e—<T—t>MNC(T —)]a(T —t) + [e"TIMNp(T — )]b(T — t), V.(t, z)> :
Therefore we have the following formula that a(t) and b(t) shall satisfy at any given time ¢:
[—e ™M Na(t)]a(t) + [—e MNp ()| b(t) = V,H (V.o (T —t,e™Mz), T —t),
which shall render us the following control parameter a(t):

- Qo(T = t)[—e "™ Ne(O)]*V.o (T —t,e” M)
T [[—etMNg(t)]* Voo (T — t,e~tMz) HQC(Tft)

a(t) +ac(T —1).



It is similar to obtain b(t), but it is not our purpose to obtain how the error behaves, and therefore
unnecessary to compute b(t).

In what follows, we shall apply coordinate descent algorithms, which is different from what we did
in [6, 5], for solving the minimization problem (2.7). This gives us a very efficient algorithm for solving
(2.5).

3 Optimization Methods and Minimization Techniques

As in [6, 5], we suggest to calculate the solution to (2.5) by directly carrying out the minimization
process to obtain (2.7). To evaluate a value of ¢ at the point (¢, z), we solve the d-dimensional minimiza-
tion problem in (2.7). This way, all the values ¢ at different points (¢, z) are decoupled and therefore they
can be implemented in parallel without the necessity of any communication. The minimization problem
of dimension d is of a low complexity. In this section, we suggest two methods to directly perform the
minimization: the coordinate descent method and the ADMM/split Bregman algorithm.

3.1 Coordinate descent

With a long history in optimization since the 1950s, e.g. in [19, 41, 17, 26, 30, 38], coordinate descent
algorithms are iterative optimization methods that update only 1 coordinate or 1 block of coordinates in
the variable = at each iteration while fixing the others. Although seemingly unsophisticated, they enjoy
major advantages in that the coordinate update has a per-iteration complexity much lower than the full
update and that the subproblem dimension is independent of the original problem. These very favorable
features have brought forth a resurgence of this method for solving big-data optimization problems in
very high dimensions. Moreover, from the theoretical analysis for the smooth case, we can see that the
coordinate-wise gradient descent step-size can be chosen considerably larger than we can take in the full
gradient descent method.

In this work, we propose to use the coordinate descent algorithm in the minimization process of our
non-smooth, possibly non-convex, function in (2.7). It is well known since [41] that, for a general non-
smooth non-separable function, coordinate descent may get stuck at a non-stationary point where the
function is non-smooth, and may converge to a local minimum in non-convex problems. Therefore, there
are a lot of variations in the coordinate descent algorithms suitable for different cases. For instance, for
a general smooth but nonconvex functions, a proximal term can be added at each step of the coordinate
descent to promote stability [44, 45]. The adding of a proximal term is important because a general
nonconvex functions can be very pathological and the algorithm can behave very wildly in this case.
Theoretically, the proximal or proximal-gradient coordinate descent methods converge to a stationary
point as long as the objective functional is coordinate-wise prox-regular (i.e., becomes convex after adding
a sufficiently large proximal term).

Fortunately, our objective function is quite special. It has the form F(p)+ F2(p) — F5(p) (cf. problem
(2.7)) where Fy(p) is a smooth convex function, and F»(p) and F5(p) are convex homogeneous functions
coming from [? norms. Although it is still non-separable, non-smooth, and non-convex, our function
provides a special structure that allows us to use the standard coordinate descent algorithm in most
practical cases.

In the case when our error set D = {0}, we actually have F3 = 0, and therefore we encounter a convex
but non-smooth function. In general, coordinate descent converges in this case, but it is not guaranteed
that the limit point is a minimizer where the function is non-smooth. Nonetheless, thanks to the fact
that the {2 norm has only one non-smooth point, the origin, if the algorithm converges to any point other
than the origin, we are in good shape because the function is smooth there and therefore we are at a
global minimum. The only case when we need to be cautious is when the limit is the origin, but we can
directly check if it is optimal at the origin; if not, we restart our algorithm from a different initial guess.

The case where our error set D # {0} is more difficult since the objective function in (2.7) is non-
smooth. In this case, the coordinate descent algorithm does not guarantee convergence to a stationary



point in general. A proper solution would be to apply variable splitting or operator splitting, which
will promote stability and guarantee convergence. However, once again, our case is very special in that
the origin is the only non-smooth point: whenever our algorithm converges to any point away from
the origin, it has arrived at a stationary point. Considering the fact that adding a proximal map to
the coordinate descent subproblem adds computational effort and that we use multiple initial guesses
in the non-convex case anyway (because even if the algorithm converges to a stationary point, it is not
necessarily a minimum), we instead use just the standard coordinate descent algorithm with multiple
initial guesses to overcome the possibly pathological behaviour in the non-convex case. Luckily, in our
numerical examples, we never observe non-convergence of the algorithm, and multiple initial guesses
successfully help us avoid non-optimal stationary points.

3.1.1 The coordinate-descent algorithm

In what follows, we suggest the following coordinate descent algorithm to solve the minimization
problem (2.7), which we will use in our numerical experiments:

Algorithm 1. Take an initial guess of the Lipschitz constant L, and set count := 0. Initialize j; := 1
and a parameter o :=1/L. Fork =1,.... M, do:

1:
pf“ =pf—a (&J*(pk*l) + fg 0;H (s,p**1)ds — zl) if i = j,
pf“ = pf otherwise.
2:

Jk+1 = Jk + 1.
If jy4+1 = d+ 1, then reset jpi1 = 1.

3: If |p*tt — pF| > ¢, then set count :== 0. If k = M, then reset k := 0 and set o :== /2, (i.e. let

K2

L:=2L.)
4: 1If |10k"’1 —pk| < g, set count := count+ 1.

5: If count = d, stop.

Return pgna; = pFTe.

We shall make the two remarks:

1. Step 3 is very crucial because sometimes the coordinate-wise Lipschitz constant is estimated to be
too large, and yet we do not wish to spend time evaluating these constants prior to the calculation.
Therefore we update our estimate when the method does not converge (even in the convex case).

2. In case the reader is still concerned with possible non-convergence in the non-convex case, we
suggest to use the proximal-gradient coordinate descent method, which guarantees convergence to
a stationary point, since our functional is coordinate-wise prox-regular, e.g. see [44, 45] for more
details. However as previously explained, more computational effort is needed and it might not be
worth the effort with our special type of function, especially when we take multiple initial guesses
to avoid non-optimal stationary points.



3.1.2 Numerical differentiation and integration

In this subsection, we focus on the evaluation of the the function value and its derivative in Algorithm
1. We suggest to compute both the function value and its derivatives by numerical approximations.
For the sake of exposition, let us denote

Fp) =T () + / H(s,p)ds — (2,p)

To compute the function value F(p) numerically, we suggest the following standard rectangular quadra-
ture rule to approximate the integral:

F(p) = J*(p) + ZH(p, iAs)As — (z,p). (3.1)

with a given choice of As. Meanwhile, we suggest approximating the partial derivative 9;F(p) by a finite
difference:
F(p+oe;) = F(p
9 F (p) = ( )= 7o) (3.2)

g

with a given choice of 0. By using numerical differentiation, we have the advantage of not necessarily
handling tedious analytic computations of the derivative of Hamiltonian which might be singular at times.
Also, we only have two evaluations of the function value per iteration. However, by performing numerical
approximations, either differentiation or integration, we are bound to introduce numerical errors. These
errors introduced by numerical approximation can be effectively controlled by choosing appropriate sizes
of As and o.

3.2 ADMM /split-Bregman splitting

An optimization algorithm involving splitting schemes might compute faster than a coordinate-descent
algorithm in some cases, especially when the Hamiltonian is of some very special form: homogeneous of
degree 1. For the sake of completeness and as an alternative approach, therefore we also propose the
ADMM /split Bregman algorithm (c.f. [15, 16, 18]) for the optimization procedure, where proximal maps
are encountered. This serves as another choice for some special problems when we observe ADMM to be
faster than the coordinate descent algorithm.

As explained in our previous work [5], ADMM applied to a general non-smooth non-convex opti-
mization problem may fail due to non-convexity. But it works very well for some practical nonconvex
problems, e.g. in matrix completion [36, 37, 46, 47] and phase retrieval [43]. Convergence of ADMM is
now known in [42] for either (1) a convex (possibly non-smooth) functional in the second step, or (2) a
non-convex functional with some additional regularity assumptions (e.g. strict prox-regularity, piecewise
affine, etc.) in the second step. Interested readers may refer to [42] and the references therein for a
more thorough discussion of the issue. To avoid any complications caused by non-convexity, we follow
our previous work in [5] to minimize a convex functional in Step 2. This way ADMM is guaranteed to
converge.

3.2.1 The algorithm

Before we get to the split Bregman algorithm, let us first consider the following two homogeneous
degree 1 convex functionals:

Uy (t,p) = (0, Qc(T = t)p) + (p,ac(T —t))
<p7 QD(T - t)p> - (pa aD(T - t)>

S
[ V)
—~
\.ﬂ
=

I



and
Ri(t) = [—e” T MNg(T -1))",
Ry(t) = [—e T=OMNL(T —1)]*.

where * denotes the matrix transpose. Then we get that H(¢,p) can actually be written as a difference
of the two functionals

H(t,p) = Wi (t, R1(t)p) — Wa(t, R2(t)p) .

With this notation in hand, we are ready to propose our optimization ADMM/split-Bregman algo-
rithm for solving (2.7), which now aims to minimize the following functional:

t
) =70+ [ {06 Ra(5)p) — o s, Bals) s = (2.p).
0
This is equivalent to solving the following minimization problem
t
win {770+ [0 (5(9) = W (5 () s~ )
0

subject to  Ri(s)p=71(s), Ra(s)p =12(s) for 0 < s <t.

Therefore we introduce the following augmented Lagrangian functional for a given (z,t) € R? x (0,7):
£>\17/\2,V1()72()( ())

= JY (z,v) / {1 (8,71(s)) — 2 (s,72(s))} ds

+?10H/\1(s)— 1(8) + Ra(s)o| | ds + 2 /|1A2 5) + Ra(s)v|*ds

Now we present our splitting algorithm:
Algorithm 2. Forn=1,2,...., do:
1: For all s € (0,t), compute
WHs) = argminigpe {1 (5,0) + 2|[N(s) = 1+ Ra(s)0]|*}

sy € argminleRd{ Uy (5,1) + p||/\’“ “ 1+ Ras k||}

(The computation of 'yf+ can be done directly by applying the shrink operators, and that of 'yk'H

can be computed using the stretch operators. They will be briefly described in the next subsection;
see also [6, 5] for more details.)

2: Compute

Pt = argminveRd{J*(v) /||)\k YEF(s) + R(s || ds

Pz/ [[X*(s) — 74+ (s) + Ra(s)o]| ds}

k+1

i.e. v solves

[aJ* + p1/0 Ri(s)R1(s)ds + pg/o R;(S)RQ(S)dS] v
= z2+4p /0 Ri(s)(v1 ! (s) = AL (s))ds + 02/0 Ry(s)(75 7 (s) = A3(s))ds



3: For all s € (0,t),

M) = AF(s) =T (s) + Ra(spo™
A TH(s) = A5(s) = H(s) + Ra(s)o™

4 If 0P — 0| < ¢, stop.

Return vgpa = vFTL.

We have the two following remarks:

1. First, this algorithm is similar to its time-independent counterpart suggested in our previous work
[6, 5], but this algorithm is now more involved since we are now dealing with the time-dependent
case. This is most apparent when we need to introduce curves 7;(-) and ~;(-) in our splitting
scheme, instead of just vectors in R?. This slows down the algorithm considerably when T' becomes
large. However the operations in running Algorithm 2 involves only explicit and easy-to-compute
proximal maps (that we will discuss in the next section), it is difficult to say which algorithm,
Algorithm 1 or Algorithm 2, performs better in a particular problem. In fact different choices
of d, T as well as the hardware structure of the computer may affect the speed of each algorithm
and therefore it might be predictable that either Algorithm 1 or Algorithm 2 may have an edge
in each case. However, we observe in our numerical experiments that Algorithm 1 seems to work
faster in general under our implementation in Section 4. Therefore for the sake of simplicity, we
only present results from Algorithm 1. Nonetheless, readers are strongly encouraged to try both
algorithms on their own computer and choose the faster one for practical purposes and real-life
problem solving.

2. The evaluation of the sub-steps in Algorithm 2 involves both optimization of subproblems and
evaluation of integrals. The subproblems will be discussed in the next subsection, while integration
can be done numerically as suggested in Section 3.1.2.

3.2.2 Proximal maps, Shrink and Stretch operators

We notice that in both substeps of Algorithm 2, we need to compute the following proximal map
[29],

(I +adf) (=) = argmin, cpa {af(v) + %Hv - xH2}

where f is either a convex functional or a homogeneous functional of degree 1 which can be either convex
or concave. There is a large library of proximal maps that are known explicitly, e,g. the proximal map
of the quadratic functions f = L(Az,z) + (b,z) + cis (I + 0f)"*(xz) = (I + A)"'(z — b) when —1 is
not an eignvalue of A. Other proximal maps can be again obtained by splitting, Newton’s Method and
Moreau decomposition [29]. A special class of proximal maps that are extensively studied is the case
when f = £®, where ® is a homogeneous convex functional of degree 1.

Inspired by compressed sensing algorithms, e.g. in [48], we recall the following shrink operators for
proximal maps of the positive homogeneous (of degree 1) convex functional ®. In fact, we notice that @
is actually the gauge functional of its Wulff set W (see for instance [33, 34, 13, 20] for its definition and
more details) as:

O(v) = g;(wp%

As in [6, 5] we recall the definition of the shrink operator of the positive homogeneous (of degree 1) convex
functional @ as

shrinkg (2, @) := (I + a0®) ()
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for any o > 0. By the Fenchel-Legendre duality [20, 34] and the Moreau decomposition [29] of a general
convex function f, we have, for any a > 0,

(I4+adf) Y z)+al+atof*) Ya/a) =2, (3.3)
We get that the proximal map of the positive homogeneous (of degree 1) convex functional ® is
shrinks (z,a)(z) = (I + @d®) ' (z) = x — Proj,, v ()

for any o > 0.

On the other hand, for the proximal maps of —® where ® is a positive homogeneous (of degree 1)
convex functional ®, we rely on the stretch operators for the function evaluations, [6, 5]. Let us define,
for a given non-empty compact set W, the furthest points of a point = to C' as the following set-valued
function

Furg (z) := argmax,co{llz — y[*}, (34)

where argmax returns the set of maximizers. With this definition of the Fury, operator in (3.4) for any
compact set W, we can rewrite the above expression of ‘proximal map’ by the following formula:

(I — ad®) ! (z) =z + Furaw (—2). (3.5)

Inspired by the definitions of the shrink operators, we introduce the following stretch operators for
proximal maps of a positively homogeneous of degree 1 convex functional ®:

stretchg (z, ) := x4+ / VA pur oy (—2) (V)

Furow (—x)

where Hy is the Hausdorff measure of the set W. For more details and fast evaluations of the shrink
and stretch operators, readers may refer to [6, 5] for more detailed discussions.

4 Numerical Experiments

In this section, we provide numerical experiments which compute viscosity solutions to HJ PDE

with time-dependent Hamiltonian arisen from control system. For a given set of points (¢,z) , we use
Algorithm 1 to compute (2.3). We set M = 500 and have a different initial guess of the Lipschitz
constant L in each example. We evaluate (¢,z) in a given set of grid points over some 2 dimensional
cross-sections of the form {0} x [—3,3] x {0} x [~3,3] x {0}¢ where a + b+ ¢ = d — 2,. We choose our
error tolerance in the coodinate descent iteration as ¢ = 0.5 x 10~7, which acts as our stopping criterion.
The step-size in the numerical quadrature rule in (3.1) is set to As = 0.02, and the step-size for numerical
differentiation in (3.2) is ¢ = 0.01. In all our examples, we set random initial starting points uniformly
distributed in [—10, 10]d. For a convex Hamiltonian, we make one initial guess, and for a non-convex
Hamiltonian, we perform 20 independent trials of initial guesses to get rid of possible local minima or
in places when the derivative of the viscosity solution does not exist. Our algorithm is implemented in
C++ on an 1.7 GHz Intel Core i7-4650U CPU. In what follows, we present some examples.
Example 1 We consider a simple toy example which is in d = 2 to check the algorithm. We consider the
initial value to be a function with zero level set as an ellipse enclosed by the equation (z, Ax) = 1 where
A = diag(1,25/4), i.e. our initial condition for the HJ PDE is J(z) = $((z, Az) — 1). The Hamiltonian
is induced by the ODE system in (2.1) with

w= (80 o= (59 w=(30)

and C(t) = B1(0) C R?, D(t) = {0}. The end-time is chosen to be T' = 0.7 and the Lipschitz constant
is chosen as L = 5. Figure 1 shows the zero set contours of the solutions ¢(t,z) = 0 using our new
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algorithm where ¢t = 0.1,0.2...0.7. A clear comparison is performed with our solution to the solution to
Lax-Friedrichs scheme. Indeed a first order Lax-Friedrichs monotone scheme [31] is implemented with
At = 0.001 and Az = 0.005. We can see from the comparison that the two solutions almost coincide.
The solution from the Lax-Friedrichs scheme even has some tiny defects introduced by the boundary
of the domain, in that the level sets are a little bit undershot when they approach the boundary of
the domain. The computational time per point over the grid points (¢, z) where ¢ € {0.1,0.2...0.7},z €
{(-=3+40.1p, -3 +0.1q) : p,g=0,...,60} C [-3,3]? is 2.041 x 10~*s per point. Considering the fact that
the algorithm can be implemented in an embarrassingly parallel fashion, this order of magnitude of the
run-time per point is satisfying for fast computation of the solution to HJ PDE in a computer that allows
parallel computing.

Figure 1: Level sets of the solution from control problems in Example 1 for ¢t € {0.1,0.2...0.7} with initial data
J(z) = 3({z, Az) —1) (A = diag(1, 25/4)) over gridpoints z € {(—3+0.1p, =3+ 0.1¢) : p,q =0,...,60} C [-3,3]%;
left: Hopf-Lax formula, right: Lax-Friedrichs.

Example 2 Now we consider another example with a Hamiltonian introduced by two different control
sets. We again consider the same initial value J(z) = 1({z, Az) —1). The Hamiltonian is induced by the
ODE system in (2.1) with

0 1 05 0 0 0
M= (—2 —3> Ne = < 0 0.5) Np = (0 0)
and respectively the control sets are C(t) = B1(0) C R?, D(t) = {0} and

Ct) = {{z—ac,Qz'(z—ac)) <1} CR?,
D(t) = {0} Cc R?

Q. — 03 01y _ _ (-05
c=\01 0.3 ¢=\-0.75

QDZO aD:(8>.

The end-time is again chosen to be T' = 0.7 and the Lipschitz constant is chosen as L = 5. Figure 2
provides us the zero set contours of the solutions ¢(t,z) = 0 with the respective Hamiltonians using
our new algorithm where ¢t = 0.1, 0.2...0.7, together with its Lax-Friedrichs counterpart [31] implemented
with At = 0.001 and Az = 0.005 for comparison. We can see that the two solutions match perfectly. The

where
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computational time per point over the grid points (¢,z) where ¢ € {0.1,0.2...0.7},z € {(—-3 + 0.1p, -3 +
0.1g) : p,g = 0,...,60} C [-3,3]? for the respective Hamiltonians are 5.114 x 10~*s per point and
3.319 x 10~%s per point, both of which are of the same order of magnitude as in the previous example.

Figure 2: Level sets of the solution from control problems in Example 2 for ¢ € {0.1,0.2...0.7} with initial data
J(z) = 3({z, Az) —1) (A = diag(1, 25/4)) over gridpoints z € {(—3+0.1p, =34 0.1¢) : p,q =0,...,60} C [-3,3]%;
left: Hopf-Lax formula, right: Lax-Friedrichs; top: C(t) = B1(0), D(t) = {0}, bottom: C(t) = {{z —ac, Qz'(z —

ac)) < 1}, D(t) = {0}

Example 3 We now get to non-convex time-dependent Hamiltonians introduced by time-independent

control sets. The initial value is the same as in the previous example. J(x)

Hamiltonian is induced by the ODE system in (2.1) with

0 1 05 0 1 0
M_(—Q —3) NC_(O 0.5) ND_(O 0.5)

and the control sets are taken as

c@t) = {(z —aC,Q(_Jl(x—aC» <1} Cc R?,
D) = {{z—ap,Qpl(x —ap)) <1} C B>

13
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where
Q. — (03 01 [/ -05
c=\o1 03) 2~ \-o7s

0.4 0.2 0.5
QD‘<0.2 0.4) aD‘(o) '

The end-time is also chosen to be T = 0.7 and the Lipschitz constant is again chosen as L = 5. Figure 3
contains the zero set contours of the solutions ¢(t, z) = 0 with the respective Hamiltonians using our new
algorithm where t = 0.1,0.2...0.7, as well as its Lax-Friedrichs counterpart again with At = 0.0005 and
Az = 0.0025. In this case, we can observe that the solution from our newly-proposed algorithm, which
uses directly the exact solution from the Hopf-Lax formula, actually captures the corners of the level
sets much more sharply than the Lax-Friedrichs algorithm does. This goes along with the well-known
property of the Lax-Friedrichs algorithm that it introduces numerical diffusion and thus a smoothing
effect in the solution computed. The computational time per point over the grid points (¢, z) where
t€{0.1,0.2...0.7}, 2 € {(-=3+0.1p, —=3+0.1q) : p,q=0,...,60} C [-3,3]%is 2.196 x 10~*s x 20 per point.
It is fairly satisfactory when parallel computers are used to implement our method, especially because
our Hamiltonian is now non-convex and is therefore more difficult to optimize.

3

Figure 3: Level sets of the solution from control problems in Example 3 for ¢ € {0.1,0.2...0.7} with initial data
J(z) = L ((z, Az) — 1) (A = diag(1,25/4)) over gridpoints z € {(—3+0.1p, —3+0.1¢) : p,¢ =0, ...,60} C [-3,3]%;
left: Hopf-Lax formula, right: Lax-Friedrichs.

Example 4 In what follows, we get to several physical systems introduced by Dr. Hewer of China
Lake Naval Station (private communication) with possibly non-convex time-dependent Hamiltonians and
possibly time dependent control sets and higher dimensions. The initial value is the same as in the
previous example in d = 2, and with a function with zero level set as an ellipse enclosed by the equation
(x, Az) = 1 where A = diag(1,25/4,0.5,...0.5) when d > 2.

For d = 2, we first focus on a time-dependent non-convex Hamiltonian is induced by the ODE system

in (2.1) with
0 1 0 0 10
M= (—2 —3) Ne = (0.5 o) »Np = (0 0.5)

and the time-independent control sets are taken as

C(t) = {{z—ac,Qc'(r—ac)) <1} C R
D(t) = {(z—ap.Qp'(r—ap)) <1} CR?
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where
Qe = 0.3 0.1 o — -0.5
¢~ \o1 03) "¢ \-075
Q, = 0.04 0.02 an — 0.5
D= 10.02 0.04 P~ \o
The end-time is still 77 = 0.7 and the Lipschitz constant as L = 5. Figure 4 shows the zero level
set contours of the solutions ¢(t,z) = 0 with the respective Hamiltonians using our new algorithm
where ¢t = 0.1,0.2...0.7, as well as its comparison with the Lax-Friedrichs solution computed with At =
0.0005 and Az = 0.0025. Again, we can compare the close-up of the respective solutions that the
sharp angle created by non-convexity is captured more sharply with the Hopf-Lax formula, since it
is free from numerical diffusion. The computational time per point over the grid points (z,¢) where

z € {(-3+4+0.1p,—-3+0.1q) : p,¢=0,...,60} C [-3,3]? and ¢ € {0.1,0.2...0.7} is 4.860 x 10~%s x 20 per
point.

Figure 4: Level sets of the solution from the control problem in Example 4 with d = 2 for ¢ € {0.1,0.2...0.7}
with initial data J(z) = 1((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) over gridpoints z € {(=3+0.1p, —3+40.1q) :
p,q=0,...,60} C [-3, 3}2; left: Hopf-Lax formula, right: Lax-Friedrichs, top: normal size, bottom: close-up.

To better compare the figures, we also plot an overlap of the two solutions given by our newly suggested
algorithm using the Hopf-Lax formula and that of Lax-Friedrichs. Figure 5 shows the overlap of the close-
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ups of zero level set contours of the solutions (same as in Figure 4), with colored contours as Hopf-Lax
solution and black-and-white as Lax-Friedrichs solution. One can see that they actually almost coincide.
The Lax-Friedrichs solution clearly has some smoothing effect introduced by numerical diffision in the
scheme.

0.8

0.6

0.4

-0.21

-3

Figure 5: Close-up comparison of level sets of the solution from the control problem in Example 4 with d = 2
for t € {0.1,0.2...0.7} with initial data J(z) = 3((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) over gridpoints
z € {(-3+0.1p,—3 4+ 0.1q¢) : p,q = 0,...,60} C [-3,3]% colored: Hopf-Lax formula, black-and-white: Lax-
Friedrichs.

Then we get to a time-dependent non-convex Hamiltonian induced by the ODE system in (2.1) the
same set of matrices M, No and Np but with time dependent control sets:

Ct) = {{z—ac(t),Qct)"(z —ac(t)) <1} C R,
D(t) = {(z—ap(t),Qp(t)" (z—ap(t)) <1} CR?

)

_2: (0.3 0.1 —0.5 cos(
_ -2t — _
Qclt) = e <0.1 0.3) ac(t) = (—0.75) 0-1 (sin(
0.04 0.02 0.5 cos(Zxt)
ot - _
Qp(t) =e <0.02 0.04> ap(t) = ( 0 > 01 <sin( )
The end-time is again 7' = 0.7 and the Lipschitz constant L = 5. The zero set contours of the solutions
©(t, z) = 0 are given in Figure 6 using our new algorithm where ¢ = 0.1,0.2...0.7, and its comparison with
Lax-Friedrichs is also provided with At = 0.0005 and Az = 0.0025. We can again see from the close-ups
the sharp angle created by non-convexity from the Hopf-Lax formula. The computational time per point
over the grid points (¢, z) where t € {0.1,0.2...0.7}, 2 € {(—=3+0.1p, —3+0.1q) : p,¢ =0, ...,60} C [-3, 3]?
is 2.360 x 10~*s x 20 per point. This order of magnitude is actually very satisfactory considering the

fact that the Hamiltonian is increasingly non-convex with respect to time and the control sets are now
time-dependent.

where

R ERGAE
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Figure 6: Level sets of the solution from the control problem in Example 4 with d = 2 for ¢ € {0.1,0.2...0.7}
with initial data J(z) = %((x, Az) —1) (A = diag(1,25/4,0.5,...0.5)) over gridpoints z € {(—3+0.1p, —3+0.1q) :
p,q = 0,...,60} C [—3,3]%; left: Hopf-Lax formula, right: Lax-Friedrichs, top: normal size, middle and bottom:
close-ups.
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To better compare the figures, we again plot an overlap of the two solutions given by our newly
suggested algorithm using the Hopf-Lax formula and that of Lax-Friedrichs. Figure 7 shows the overlaps
of the close-ups of the two zero level set contours of the solutions (same as in Figure 6), with colored
contours as Hopf-Lax solutions and black-and-white as Lax-Friedrichs solutions. One can now see the
more apparent smoothing effect possibly introduced by numerical diffusion in the Lax-Friedrichs solutions,
but except that, they still match perfectly.

— 0.8F
06
041

0.2

-3 -28

Figure 7: Close-up comparison of level sets of the solution from the control problem in Example 4 with d = 2
for t € {0.1,0.2...0.7} with initial data J(z) = 3((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) over gridpoints
z € {(-3+0.1p,-34+0.1q) : p,q = 0,...,60} C [-3,3]% colored: Hopf-Lax formula, black-and-white: Lax-
Friedrichs.

Next we get to a case with d = 3 with a Hamiltonian which is induced by the ODE system in (2.1)
with

0 1 0 0 0 0
M=10 0 -0.0136 Ne=10 0 0 Np =0.
0 0 —2.0000 20 0 O

and the time-independent control sets are taken as

C(t) = {{z —ac,Qc' (z —ac)) < 1} C R, D(t) = {0},

where
0.3 0.2 0.1 —0.5
Q-~=102 03 02 ac = | -0.2
0.1 0.2 0.3 0

The end-time is now chosen as T = 0.5 and the Lipschitz constant is still set to L. = 5. Figure 8
shows the zero level set contours of the solutions ¢(t,z) = 0 with the respective Hamiltonians along
the two respective 2-dimensional cross-section {0} x [—3,3]? and [—3,3] x {0} x [-3,3] using our new
algorithm where ¢ = 0.1,0.2...0.5. The respective computational time per point over the grid points
(t,z) where t € {0.1,0.2...0.5},z € {(0,-3 + 0.1p, -3 + 0.1¢) : p,q¢ = 0,...,60} C {0} x [-3,3])? and
t€{0.1,0.2...0.5}, 2 € {(=3+0.1p,0, —3+0.1q) : p,q=0,...,60} C [-3,3]x{0} x[—3, 3] are 6.997x 1035
per point and 9.376 x 1035 per point, which is still satisfactory in a 3 dimensional case.
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Figure 8: Level sets of the solution from a control problem in Example 4 with d = 3 for ¢ € {0.1,0.2...0.5} with
initial data J(z) = 1((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)); left: over gridpoints z € {0} x [—3, 3]?, right:
over gridpoints z € [—3,3] x {0} x [—3,3].

Example 5 Now we arrive at several physical systems described in [24] with possibly non-convex time-
dependent Hamiltonian under possibly time dependent control sets in higher dimensions. The initial
value is now again a function with zero level set as an ellipse enclosed by the equation (z, Ax) = 1 where
A = diag(1,25/4,0.5,...0.5).

For d = 6, we consider Hamiltonian induced by the ODE system in (2.1) with

—920 0 0 0 0 0
0 —95 0 0 0 0
0 0 0 0 0 0
M 01X 0744 —0032 0  —0154 —00052  1.54
0337 —1.12 0 0.249 —0.1 ~5.2
—0.02 0 0038 —0.996 —0.000295 —0.117
2 0 000 0
0 2500 0 0
0 0 000 0
Noo = 01x o g g 0 0 0
0 0 000 0
0 0 000 0
Np = 0.

and the control sets taken as

C(t) = {{r —ac,Qy' (x —ac)) < 1} C RS, D(t) = {0},

where
31 0 0 0 O —10
1 3 1.0 00 -5
01 3 1 00 0
Q- =0.1x 001310 ac =0.1x 0
0 001 31 0
0 0 0 0 1 3 0
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The end-time is now chosen as T" = 0.5 and the Lipschitz constant is now set as L = 4. Figure 9 presents
the zero set contours of the solutions ¢(t,z) = 0 along the two respective 2-dimensional cross-section
[—3,3]2 x {0}* using our new algorithm where ¢ = 0.1,0.2...0.5. The respective computational time per
point over the grid points (¢,z) where ¢ € {0.1,0.2...0.5},z € {(-=3 + 0.1p,—3 + 0.1¢,0,0,0,0) : p,q =
0,...,60} C x[—3,3]2x{0}*, is 5.625x 10~ 2s per point. This is actually excellent considering the fact that
it is usually impossible to compute a time-dependent HJ PDE solution/behaviours of a control system
in a 6 dimensional case effectively when conventional algorithms are used.

2}

L L L L L
-3 -2 -1 0 1 2 3

Figure 9: Level sets of the solution from the control problem in Example 5 with d = 6 for ¢t € {0.1,0.2...0.5}
with initial data J(z) = 1((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) and time-independent control sets C(t) =
{{(z —ac, le(m —ac)) <1}, D(t) = {0} over gridpoints z € {(—=3+0.1p, —3+0.1¢,0,0,0,0) : p,¢g=0,...,60} C
x[—3,3]% x {0}*.

Next, we consider non-convex Hamiltonians induced by the ODE system in (2.1) with

—920 0 0 0 0 0
0 —95 0 0 0 0
0 0 0 0 0 0
Moo= 01XV 5744 0032 0  —0154 —00052  1.54
0337 —1.12 0 0.249 —0.1 ~5.2
—0.02 0 0038 —0.996 —0.000295 —0.117
20 0 000 0
0 250 0 0 0
0 0 000 0
Noo = 01x o g g 0 0 0
0 0 000 0
0 0 000 0
ND = 0.1)(,[6.

and the time-dependent control sets taken as

Ct) = {{z—ac(t),Qc(t)™(z—ac(t))) <1} CR®,
D(t) = {(z—ap(t).Qp(t)” (z —ap(t)) <1} C R,
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where

310 0 0 0 —10
131000 =5

_% |0 1 3 1 0 0 0 cos(Zt)

_ 2t — _ T

Qe®)=01e™" 1 g 1 3 1 o ac®=011 (sin(’éf)
0001 31 0
0000 1 3 0
1 02 0 0 0 0 —10
025 1 025 0 0 0 =5

0 025 1 025 0 0 0 z

Qp() =01 | o 70" g5 1 025 o | 2@=01f o[-0 <Z$E’§t§)
0 0 0 025 1 025 0
0 0 0 0 025 1 0

The end-time is still chosen as T'= 0.5 and the Lipschitz constant is again set as L = 4. Figure 10 gives
the zero set contours of the solutions ¢(t,z) = 0 along the two respective 2-dimensional cross-sections
[—3,3])% x {0}* using our new algorithm where ¢ = 0.1,0.2...0.5. The respective computational time per
point over the grid points (¢,z) where ¢t € {0.1,0.2...0.5},z € {(-3 + 0.1p,—3 + 0.1¢,0,0,0,0) : p,q =
0,...,60} C x[-3,3]% x {0}* is 7.862 x 10725 x 20 per point. This is impressive considering the high
dimension of the problem and the increasing non-convexity of the problem.

Figure 10: Level sets of the solution from the control problem in Example 5 with d = 6 for ¢ € {0.1,0.2...0.5}
with initial data J(z) = $((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) with time-dependent control sets C(t) =
{{z — ac(t), Qe(t) 'z — ac(®))) < 1}, D(t) = {( — ap(t), Qp(t) }(z — ap(t))) < Llover gridpoints =
{(=340.1p, =3+ 0.1¢,0,0,0,0) : p,q=0,...,60} C x[—3,3]* x {0}*.
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The last example is chosen with d = 10 and Hamiltonian induced by the ODE system in (2.1) with

(==l el eI e B e Men B e M e B el o)

0 1 0 0 0 0 0 0 0
—62500 —250 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0
0 —2450000 0 —130 0 0 0 0 0
0 0 —10000 0 -2 0 0 0 0
M= 0.001 % 0 0 900 0 0 0 1 0 0
0 0 0 —7260000 0 —62500 -1 0 0
0 0 0 0 0 0 0 0 1
0 0 0 0 40000 40000 0 —40000 -—200
0 0 0 0 0 0 0 1 0
0 000 O0OO0OODTUO0OOUO0DDO
1 00 0 0 0 0 0 0O
0 00 0 0 0 0 0 0 O0
10000 0 0O O O OO O OO
0 000 O0OO0OO0ODUO0OTUO0ODDO
Neo = 00011t 5 g 9000000 0 0
0 00 0 0 0 0 0 O00O0
0 00 0 0 0 0 0 0O
0 0000 O0OO0OUO0OTUO0DDO
0 0000 O0OO0ODUO0OTUO0ODDO
Np = 0.
The control sets are now given as
C(t) = {(z —ac,Qg' (x —ac)) <1} CR', D(t) = {0},
where
3 1.0 000 0 0 0 O —10
1 310 0 0 0 0 0 O )
0131 00O0UO0O0TO0 0
00131 00UO0TO0TUO0 0
0001 3 100O0TDO0 0
Qc = 0.001 x 0000131000 ac = 0.001 x 0
00 0 0 01 31 00 0
0 00O0O0OO0OT1U3T10 0
0 00O0O0OO0OO0OT1Z31 0
000 O0OO0OTO0ODOTUOT1 3 0

The end-time is again as 7 = 0.5 and the Lipschitz constant is now set to be L = 27. Figure 11 shows
the zero set contours of the solutions ¢(t,z) = 0 along the two respective 2-dimensional cross-section
[-3,3]2 x {0}® using our new algorithm where ¢ = 0.1,0.2...0.5. The respective computational time per
point over the grid points (¢, z) where ¢ € {0.1,0.2...0.5},z € {(—3 4+ 0.1p, =3+ 0.1¢,0,0,0,0,0,0,0,0) :
p,q=0,...,60} C x[—3,3]% x {0}® is 2.995 x 10~!s per point, which is still good considering the high
dimension of the problem.
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Figure 11: Level sets of the solution from the control problem in Example 5 with d = 10 for ¢ € {0.1,0.2...0.5}
with initial data J(z) = 3((z, Az) — 1) (A = diag(1,25/4,0.5,...0.5)) over gridpoints z € {(—3 4 0.1p, =3 +
0.1¢,0,0,0,0) : p,q=0,...,60} C x[—3,3]% x {0}® .

Example 6 We now make an explicit comparsion for the computational effort of our newly proposed
Hamilton-Jacobi solver and control problem using a graph of computational time per dimension. We again
consider the same initial value J(z) = 1 ((z, Az) — 1), and an example with a Hamiltonian introduced by
two different control sets. Now for a given dimension d, the Hamiltonian is induced by the ODE system
in (2.1) with

11 0 0 0 1 05 0 .. 0 0 O
111 .. 000 05 1 05 .. 0 0 O
011 .. 000 0o 05 1 .. 0 0 O
M= i Ne=|[: 000 Np =01x1
000 .. 1T 10 o 0 o0 .. 1 05 0
000 .. 1 11 0o 0 0 .. 05 1 05
000 .. 011 0o o o0 .. 0 05 1
and respectively the control sets is taken as
cit)y = {{z- aC,Qal(x —ag)) <1} cRY,
D(t) = {(z—ap.Qp'(z—ap)) <1} CR
where
03 01 0 .. 0O O O
01 03 01 .. 0 0 O
0 01 03 .. 0 0 O
Qc=1|: + 1 i ac =0
o 0 o0 .. 03 01 O
0 0 0 0.1 0.3 0.1
o 0 0 .. 0 01 03

Qp=001xI ap=0

The Lipschitz constant is chosen as L = 4. Figure 12 shows the computational time per point over
the grid points (t,z) where t = 0.1,z € {(—=3+0.1p, =3 + 0.1q) : p,q=0,...,60} C [—3, 3]? with respect
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to the dimension d where d € (0,20] [\ N. We can see the mild growth of computational time with respect
to the dimension of the problem.

0.18

0.16 - b

0.14- b

012 4

011 4

0.08 - 4

0.06 - T

0.04 - b

0.02- b

0 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Figure 12: Computation time per point over the grid (¢,z) with ¢ = 0.1,z € {(-3 4+ 0.1p,—3 4+ 0.1q) : p,q =
0,...,60} C [—3,3]* with dimension d € (0,20] N in Example 6.
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