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ABSTRACT. We consider a semi-Lagrangian approach for the computation of the value function
of a Hamilton-Jacobi-Bellman equation. This problem arises when one solves optimal feedback
control problems for evaluationary partial differential equations. A time discretization with
Runge-Kutta methods leads in general to a complexity of the optimization problem for the
control which is exponential in the number of stages of the time scheme. Motivated by this, we
introduce a time discretization based on Runge-Kutta composition methods, which achieves
higher order approximation with respect to time, but where the overall optimization costs
increase only linearly with respect to the number of stages of the employed Runge-Kutta
method. In numerical tests we can empirically confirm an approximately linear complexity
with respect to the number of stages. The presented algorithm is in particular of interest for
those optimal control problems which do involve a costly minimization over the control set.

1. INTRODUCTION

In this work we consider the numerical solution of deterministic optimal control problems,
with a focus on the discretization in time. In particular, we are interested in the numerical
approximation of the value function stemming from the Dynamic Programming Principle, which
connects to the characterization of the solution in terms of the Hamilton-Jacobi-Bellman (HJB)
equation, which describes the closed-loop (or feedback) optimal control of evolutionary partial
differential equations (PDEs).

We consider for example finite time horizon problems, for some T' < co, such as

T
(1) o() = inf Jafa) = it | glpu(s.0)als) e ds,
with a function g as the running cost and A > 0 the so-called discount factor. Here, J, () is the
cost functional and v the value function, which one can interpret as the optimal cost for a system
trajectory starting from position z. The goal of an optimal control problem is to determine a
control policy o* which minimizes the cost functional (1).
The underlying to be controlled dynamical system is given by

y(s) = f(s,9(s),a(s))
y(to) = o,

(2)

with xg,y(s) € R, and
a:fte,T] - ACR™, T e RU{+o0}, to < T.
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Given the set of admissible controls
aceAY {a: [to,T] — A, measurable}

we will consider the solution of the ODE (2) for a fixed . In the following we call the set of all
possible values of trajectories of (2) the state space. Note that the existence of the solution of
the initial value problem (2) for a measurable « can be derived from the Carathéodory theorem,
in particular we assume f is continuous and Lipschitz continuous with respect to y.

Now, to derive a numerical scheme for the solution of (1), one has to take several discretization
steps to obtain an approximation of the value function. First is the spatial discretization, where
one has to consider the complete domain in which the state dynamics are observed. Typically,
this means that the computational effort rises exponentially with the dimension of the state
space. One way to address this issue is a spatial discretization based on (adaptive) sparse grids
as e.g. in [BGGK13, GK17].

In addition to the spatial discretization we have to introduce a discretization in time. Note
here, that an important property of (1) is Bellman’s Dynamic Programming Principle (DPP),
which states that assuming the solution to equation (2) exists and is unique, then for all z € R?
and 7 > 0 it holds

,
) ole) = { [ gt alo) e ds e ol |
0

Based on employing the DPP piecewise, one can construct semi-Lagrangian schemes for the op-
timal control problem, as presented in the next section. To achieve that numerically, one has to
consider the discretization of the state dynamics (2), which relates also to the numerical quadra-
ture for the integral in (3). In this work, we are analysing higher order time discretizations for the
state dynamics, in particular Runge-Kutta methods, and corresponding numerical quadrature
approaches.

The determination of the optimal control « for a certain time interval now is the last ingredient
of the numerical algorithm. The needed optimization here interacts with the time discretization.
For simplicity, we consider the computation of the optimal control for a certain time by compar-
ison over a discrete sample of the control set. If we now apply a Runge-Kutta method for the
numerical integration, a representation of the control has to be provided for each stage. For the
simple discretization of the control set with an arbitrary sampling this will lead to exponential
complexity with respect to the number of sampling points when using standard Runge-Kutta
schemes [FF94].

In this work, we introduce an approach which allows to overcome this drawback, i.e. we can
achieve approximately linear complexity with respect to the costs of one minimization prob-
lem, e.g. the number of sampling points, even when using a Runge-Kutta scheme with sev-
eral stages. For the approximation of the value function we use a semi-Lagrangian method
[BGGK13, FF14, GK17]. The presented approach is based on an idea similar to Bellman’s Dy-
namic Programming Principle, but applied to the numerical integration and quadrature parts
within the semi-Lagrangian method. For this purpose we consider a special class of schemes
based on Runge-Kutta composition methods for the time discretization.

Note that in the following we assume an autonomous dynamic in equation (2), i.e. for a
non-autonomous system (2) we then consider the independent variable s as part of an extended
state vector.

Furthermore, in the numerical examples we also consider an infinite horizon problem, i.e. we
have the modified cost functional

(1) he) = [ atun(s.0).als)e ds.
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The finiteness of the integral (4) is guaranteed for a bounded g. In the following we will addi-
tionally assume that g is Lipschitz continuous.

The structure of the article is as follows. In Section 2 we describe the approximation of
solutions to first order PDEs with semi-Lagrangian schemes. Section 3 provides an overview for
the interpolation techniques with sparse grids, that will be used later for numerical tests. In
Section 4 we discuss time discretization approaches for the semi-Lagrangian schemes. Section 5
describes the results of numerical tests.

2. SEMI-LAGRANGIAN SCHEME FOR THE HAMILTON-JACOBI-BELLMAN EQUATION

The underlying idea of semi-Lagrangian schemes was first proposed for the advection equation
in [CIR52]. A detailed derivation and survey can be found in [FF14]. This section gives a brief
introduction to the topic.

2.1. Semi-Lagrangian schemes for optimal control problems. The idea of a semi-Lagrangian
scheme is the discretization of the integral representation of the value function (3). The basic
building blocks are the approximation of the ODE (2) for y,', the approximation of the inte-
gral for the running costs!, and the spatial reconstruction of the value function at time 7. An
additional numerical approximation has to be provided for the optimization over the control set
A.

In the first step we replace a trajectory of y.(s,«) by a numerical solution of the ODE with
an s-stage Runge-Kutta approach and consider a semi-discrete function, which is defined on the
time grid {tg,...,tn}. We will in the following use superscripts to denote the time point of the
discrete approximation, i.e. for the system dynamics we write

yl’ = yx(l/,O((V)), Ve [tO’T]'

Furthermore we use y?*! for y;"“ = Yo (tn+1, a(tns1)) and set 7, def thy1 —tp forn=1,... N.

Thus, an approximate solution of equation (2) is given by

(5)

)

{yg-i_l = yn + Ti&;(ynagna’r’i) déf (I)(yn7gn’7—i)
Yo =1

where ® is the increment function and ® the one-step map for some Runge-Kutta method. For
a scheme with s stages one has s time points starting from ¢,,, then a¢™ denotes a set of control
tuples a™ = {ag, . ,ag_l} C A®. Note that the controls are a part of the numerical solution,
i.e. we compute an element o™ of the control set .A|[ see Section 4) which is piecewise
constant and defined by a™.

The other step of the numerical scheme relating to time is the approximation of the integral
in equation (3), for which one can use a quadrature formula with ¢ nodes. Consider an index set
J=1{0,...,q—1}. The approximation G*(z,7) is given by

t+1
(6) G (@, 7a") = 7Y wig(ylal) e M / 9y (s,0), as)) e ds,
icJ t

tro o] (

where v; and w; are the nodes and weights of a quadrature formula, respectively, and
0<w; <1, w>0, » wi=1

ieJ

n the following we will refer to the numerical solution of a ODE as numerical integration, while we will refer
to the numerical approximation of an integral as numerical quadrature.
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Additionally, one needs a numerical approximation of the value function v(x). For this purpose
we consider a, for now unspecified, finite spatial grid composed of some points {x1,..., 25} C
Q C R? and discrete function values V; = wv(x;). Furthermore, I[V](yz(tn+1,)) denotes a
suitable interpolation of v(y,(tn+1,@)) on Q. Thus the spatial approximation is given by

def
IV](z,a) = I[V](Yo (tns1, @) = 0(ya(tns1, ).
Together, the semi-Lagrangian scheme can be written as

v =min {G* (x5, 70, a") + IV (z5,0") }

(7)

v = ul(x;)

In equation (7) v} denotes the approximation of the value function for the time ¢, at the spatial
coordinate x;. The function u(x) represents the terminating condition for the end time T = ty.

Note that we use a comparison approach for the minimization in A|[tn,tn+1]' This means we
consider a sampling A of the control domain A with R points and compare approximations of
the value function at time point ¢, for each element of the set

(AA)Sdef{{ag,...,ag_l} : a}jeAA,kO,...,sl}.

Furthermore, here and in the following we use the abbreviated notation

. def .

min = min

an” a”e(Aa)’®
Observe that in some situations, assuming the value function is differentiable, the minimiza-
tion can be achieved by using the gradient of the value function. Generally, any minimisation
procedure which uses only evaluations of the objective function, and not its derivatives, could
be performed without changing the main steps of the scheme. In all cases, there is a fixed (or
suitably bounded) cost d. per individual minimization.

2.2. Examples of semi-Lagrangian schemes. Semi-Lagrangian schemes for the Hamilton-
Jacobi-Bellman equation with different orders in time are presented in [FF94]. The simplest case
is the combination of the Euler method for the ODE and rectangular rule for the quadrature.
We get with J = {0}, vy =0 and wp =1
(8) v =min [mg(z;j,a5) + IV (@ + 7f (tn, 25, 05))] -
0

Note that in this section we use I[V](z; + T&)(tn,xﬁg”)) instead of I[V](z;,a™) to emphasize
the numerical integration scheme.

A more sophisticated approach is to use the Heun formula for the solution of the ODE and the
trapezoid rule for the quadrature. In this case we have J = {0,1}, wg = w1 = 1/2 and vy = 0,
v, = 1. The complete scheme is of the form

n . Tn n Tn = n n n
o = min, Eg(xj, ay) + ?g(xj + 78(ty, xj, a5, at,7),at)
01
(9) +I[Vn+1]($j +T&)(tn>xj7ag7a?77)> )

with

1 1
q)(tnaxjvag?a?ﬂ-) = if(tnvxj’ag) + Qf(tn’xj + Tf(tn,zj,ag)’a?).
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Another example is the fourth order Runge-Kutta scheme RK4. The parameters are J =
{0,1,2,3}, wp = w2 =1/6, w1 = w3 =1/3, 1y =0, v1 = v = 1/2, v3 = 1. The resulting scheme
is

k
v =a T
2
1% kl 1%
ym2:x+7—? yz3:x+7—k2
with
k
ko = f(tn + voT, 2, 0() kv = f(t, + im,x + 7'50, at)
kl n n
kng(tn—FVQT,l'—FT?,aQ) ks = f(tn + vsT,x + Tk2,a%)
. 1
O(t,,x,a0,a1,02,a3,7) = 6(1430 + 2Ky + 2ko + k3)
and
. Tn v n V1 n v n v n
vl = min | — (g(yx?, ag) +29(y,’, ay') +29(y2, a3) + g(yw?,ag))
af.ap,ag,ay | 6 ’ 7 ’ 7
(10) +I[V"+1}($J~ +Té(tn,:C,ag,a?,ag,agm) .

The approach corresponds to the Butcher tableau

(11)

== O

I

6

o+ O Ol
wiH ONl=
Wl =

As we can see in equations (9) and (10), the main drawback of the higher order schemes is
the increasing complexity of the minimization problem. In fact, for a simple discretization of the
control space with d, samples and minimization through comparison we get O(d?) evaluations
of the trajectory for the equation (9). The complexity for the RK4 discretization is O(d?) equa-
tion (10). In general for an one-step method with s stages the complexity for the minimization
is O(d3).

3. SPARSE GRIDS

The derivation of semi-Lagrangian schemes in the previous section requires spatial approxi-
mation of the solution at the time points ¢, in each step. In particular, for the discretization of
Bellman’s DPP equation (3) an interpolation of the value function must be used to obtain the
remaining running costs for a given trajectory.

In general every spatial approximation can be applied to the equation (7), e.g. Lagrangian,
ENO, WENO or FE interpolation, see [FF14]. We use sparse grids for the spatial approximation
of the value function in more than one dimension. A detailed presentation and introduction to
this discretization approach can be found in [BG04, Gar13, Pfl10]. This section recalls the main
ideas, where the representation follows [BGGK13, GK17].
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For simplicity we consider a space domain Q = [0, 1]d, d € N. For a multi-index
I=(l4,...,lg) e N?
consider a mesh ; and a set of mesh parameters
hy= (hiyy. . hy,) = (270 ... 270

which represents the spatial resolution in every dimension for a given [. Now, the points of the
mesh ; can be denoted by

LLj = ('rlhh? cee 7$ldajd)’ Ty 5, = Jt - by, t=1,....d

[ is also referred to as level and defines the resolution of the discretization, j defines the position
of the point ;. N

In the following we consider two different sets of basis functions defined on the mesh ;. The
first one is constructed with linear hat functions

p(2) = max(1 - |e],0).
For a level [ and an index j we define

(12) (@) E o2 — ),

and d-dimensional piecewise d-linear hat functions

d
def
(13) ¢15(2) = T e (@),
t=1

where z = (x1,x2,...,24) € .
The space of all d-dimensional piecewise d-linear basis functions is

VLd;fSpan{QDLl'Ut:0,...,2lt,t:1,...,d}.

For Vi, we define hierarchical difference spaces W; and write V} as their discrete sum

d
def
(14) W EVN\PVie, Vi=PW
t=1 k<l
with e; the ¢-th unit vector.
For n = (n,...,n) € N% every f € V,, can be represented as
(15) @)= > > e,
lelloo <n j€BL
where

Bﬁg{jeNd

Gje=0,...,2% -1, j,0dd, t=1,...,d, ifl;>1
ji=0,1,2, t=1,....d, ifl,=1("

The idea of a sparse grid is to take out those basis function ¢; ; which only have a small
contribution to the representation of the interpolated function f [BiGrOéL7 Garl13]. To measure
this, we introduce the so-called Sobolev-space with dominating mixed derivative H2,;, norm and
the corresponding semi-norm:

2@ = ZZI

1£1172
0<k<2

8‘&‘1f

k1 kq
Oxy* -+ - 0xyy

anf

d 2 —
and  |fln 0x?--- 07

mix

@ =

2 2
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©1,0 V1,1 01,2 #1,1
2,1 $2,3 P21 2.3
©3,1 03,3 03,5 03,7 031 33 ©3.5 P3,
(a) normal basis (b) fold-out basis
2,3 $2,3 2,3
’ e B ——
x2.3 1 T3 1 x2.3 1

(c) last basis before the boundary is folded up and extrapolated linearly

FIGURE 1. Normal and fold out basis functions.

The function space

H2,:(@) = {1 € HIIfl12, (0 < C for € >0}

miz

has the property, that for f € H2, () it holds
(16) f2ll2 < C(d) - 27210 f] 2

miz

()
with constant C(d) > 0, which depends on the dimension d, and
def
= Z o jpi(z) € Wy
JEBL

The estimation (16) motivates the replacement of ||I||cc < n in equation (15) by

(17) 1 <ntd—1.

The resulting sparse grid space

(18) Vi @ wi
Ikl <n+d—1

has the dimension dimV;j = O(2" - n*~!) in comparison to dimV,, = O(2"?) for regular full
grids. This fact leads to a significant reduction of the computational complexity. Note also, that
the error estimate for a function f € HZ, () is

1f = fill2 = O(h%, -log(h, 1))
compared to a full grid, which has for f € H?, the classical Sobolev space,
1f = falla = O(hZ).

For increasing level and dimension, the rule in equation (17) leads to a high number of points
on the boundary of the domain in comparison to the inner area [Pfl10]. Here, an alternative is
to use the so-called fold out ansatz function [Pfl10]. In this case, a sparse grid consists only of
inner nodes and the reconstruction is extrapolated to and over the boundary, cf. Figure 1(c).
An example of a sparse grid with fold out basis functions is given in Figure 2.
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1, —

[ ] [
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([ ] [

[ ] [
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[ ] [ ]

[ ] [

—1 - -

FIGURE 2. Sparse grid for level 6 on the domain [—1,1]? with fold out ansatz functions.

The second considered basis on ) is constructed with B-splines. We provide a brief introduc-
tion to B-splines on sparse grids, following [Pfl10, VP16]. The definition of a cardinal B-spline,
i.e. a B-spline with constant separation between nodes, is

1
def def _
bo(x) = X[o,l)(iv)» v (x) = /o vP l(l’—y) dy.

For level [ € N and an index j € I; def {1, 3,5,...,2 — 1} we consider hierarchical B-splines
gof,i :[0,1] — R of the form

» def z p+1
o (x) = bP <hl T I

with h; = 27!, For p = 1 the ¢y ;(x) is a piecewise linear basis function as in (12). The support
of ¢7 () is given by

supp(¢y;()) = [0, 1] N [h (§ = (p+1)/2)  hu (§ + (p+ 1)/2)]

and is larger than in the case of hat functions. This property leads in general to a larger
computational effort for the sparse grids based on B-splines. However, this drawback is equalized
by a higher approximation order of the B-splines with respect to the mesh size.

The d-dimensional hierarchical B-splines can be constructed analog to (13) with a tensor
product approach. Similarly, the corresponding hierarchical B-spline subspaces are defined and
(14) holds in this case as well. Therefore, one can use (18) to define a sparse grid space using
the hierarchical B-spline spaces. See [VP16] for details, where additionally a B-spline basis with
a modified behavior on the boundary is defined, which corresponds to the linear approach with
fold out ansatz functions.
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4. SEMI-LAGRANGIAN SCHEMES WITH HIGHER ORDER TIME DISCRETIZATION

In this section we introduce a semi-Lagrangian scheme with higher order time discretization,
which has only linear scaling with respect to the numerical costs for the optimization over the
control set, a significant improvement in comparison to the approach outlined in Section 2.2. The
main idea is to separate the optimization problem for each stage of the Runge-Kutta scheme.
This approach is analog to the Dynamic Programming Principle (3).

An important aspect in the representation of the value function in equation (3) is the sep-
aration of the optimization problem in two parts. For a given initial state x we consider the
contribution of the running costs up to the time 7 and the remaining cost-to-go as the value
function evaluated at y, (7, a(7)), i.e. v(y. (7, a(7))).

The separation of the optimization problem is possible due to a rather general assumption on
control, see Section 1 and [FF14]. Since we require the control to be a measurable function of
time, it is possible to compose two different controls at some arbitrary time point t*. E.g. we
can consider aq, asg : [0,2t*] — R and define a3 [0,2t*] — R to

_ Oél(t)7 0§t<t*,

The property (19) has very strong consequences for the complexity of the minimization over
the control set A. Let us consider a finite time optimal control problem for a given initial state
x

(20) min J, (o)

acA

with a cost functional 2

T
(21) Jo(a) = / o(y(s), a(s)) ds

and the corresponding value function as in (1). We define a restriction of (21) on some time
interval [ti,tj] with 0 <t; < tj <T

def

(22) Je [ti,t5] (a> =

/ " g(u(s), a(s)) ds.

ti

The corresponding optimal control problem for Jw|[ti,tj] is
(23) i Jale, ) (@)

and we define (23) to be a subproblem of (20).
The set of minimizing control functions Ar|[ti t] corresponding to Jm|[ti » is

As

def
(tit;] — AIgmMax ']x|[ti,tj] (@)
acA

_ {a* €AVaeA: Tl , (") < T,

[ts,t5] (04)} .

Obviously, Ay|( 7 is the set of solutions to the original optimal control problem (20) on [0, 7]
and, due to the property (19), we have

(24) Aslior) © Aslie,

—As

2To simplify the presentation we omit the term e in this section.
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for all 0 < t; <t; < T. Furthermore for the time intervals of the form [t;, T with ¢; < T' we can
conclude

(25) Ag‘;|[0,T] C Axhtl,T] C Ax‘[tz,T] cC...C A$|[tN,1,T]

for an increasing sequence 0 =tg < t; <t < ... <ty_1 <ty =T.

From the expression (25) we can derive two important properties in terms of the algorithmic
complexity. The first one is called optimal substructure. A problem is said to have an optimal
substructure if the optimal solution to the problem is contained within optimal solutions to its
subproblems. In the case of the optimal control problem (20) we consider as subproblems the
finding of the set of minimizing control functions on each of the time intervals [t;, T]. From (25)
we obtain

a* S “’41|[t,;,T] = Ol* S Azht]‘,T]

for all 0 <'t; < t; < T, which shows, that the minimization of the control over A exhibits the
optimal substructure.

The second property is the overlapping of subproblems, which means, that we can reuse the
subproblems multiple times for the solution of the original problem. E.g. a set Al’l[tj,T] can be
used for the computation of all sets Aw|[t,~,,T] with 0 < ¢; < t; < T. For this purpose we can
restrict the minimization of the cost functional Jw'[ti,T] to the set Ax|[t]_7T] to obtain 'AI|[t,;,T]7
ie.

mit Jelery (@) = i el 7y (@)

Both properties — optimal substructure and overlapping subproblems — allow for an efficient
minimization of the control. Due to the optimal substructure we can divide the original problem
into less complex subproblems, i.e. we consider minimization over a smaller set of controls for
each time interval [t;, T|. The overlapping property, on the other hand, guarantees, that we have
to solve each subproblem exactly once. Problems of this kind can be computed efficiently by the
Dynamic Programming approach, see [CLRS09].

4.1. Composition methods. If we denote the semi-Lagrangian scheme (7) for the computation
of the value function from Section 2 with a step size of 7 by §™ and use the Dynamic Programming
property, it is possible to rewrite equation (7) as

(26) VO (x) = S™(S™2(... (8™ (x))...)) =8 08™o0...08™(x),

where {to,t1,...,tn} is a partition of [0,7] with 0 = ¢) < t; < t2 < ... < ty = T and
T, = tiy1 — t; for i = 1,..., N are the corresponding step sizes. For the sake of simplicity we
assume the terminating condition u(z) = 0 in (26). In this expression each term of the form

(27) ST"oS8T* o, .. 08™

can be considered a solution of the subproblem (23) on the time interval [¢;,T], whereby we
associate the restricted value function
def .
(28) Ol 1y (@) = min Jal, 1y (@)
with the set of minimizers Ay |, 7.

We obtain expression (26) because, on the one hand, we can restrict the set of optimal controls
after each time step 7; without loosing the optimal solution for the complete time interval [0, T7],
which is an expression of the optimal substructure of (25). On the other hand, we reuse the
solution of the subproblems due to the overlapping in (25). Therefore we can express the semi-
Lagrangian scheme for 7; as a function of the semi-Lagrangian scheme for the time step 7; with
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1 < j. Altogether we can write the value function for ¢ = 0 as a composition of semi-Lagrangian
schemes applied to each time interval 7;.

The reduction of complexity due to the Dynamic Programming Principle is a clear advantage.
The idea we present in this section is to mimic the Dynamic Programming property within a
single step of a semi-Lagrangian scheme (7). As described in Section 2, in general the time
discretization leads to an exponential complexity of the minimization problem. To overcome this
drawback, we now consider Runge-Kutta methods with a structure similar to (26) and explain
in the following how these methods can be used to construct a semi-Lagrangian scheme of higher
order in time with linear scaling with respect to the numerical costs of the control minimization
problem. The construction is based on the following theorem from [HLWO06]

Theorem 4.1. Let ®, be a one-step method of order p (i.e. the local error for ®, is of order
O(7P+1)) with step size 7 and

UV, =&, ,0...00,,,0P,
If y1,...,7s fulfil
’Yl—i-—i-’}/szl
(29) W+t =0

then the composition method ¥, is at least of order p + 1.

With Theorem 4.1, the construction of higher order Runge-Kutta methods can be achieved by
solving (29). However, the system (29) has only solutions for even p. Therefore in this work we
consider methods derived from Theorem 4.1 by using the Implicit Midpoint Rule (with p = 2) as
®... These methods are called Diagonally Implicit Symplectic Runge-Kutta (DISRK) methods.
Different schemes of this kind are given in [HLWO06] and references therein. We recall that the
Implicit Midpoint Rule has the following Butcher’s tableau

11
(30) 2
The simplest DISRK scheme, which is obtained through composition, has order 4 and is of the
form
1 2
2 21/+1y 2T T o1/

with corresponding Butcher’s tableau

(31> =73 =

1 1

= ia

1 1
(32) 2 | 2"

1
1- = 1—-2a =
2@ a a a

a 1—2a a

1 (p=2)
9 _ol/p+) 1.35120719195966, see [FQ10].

In the following, we refer to this method as DISRKj3. Note that it is not necessary to calculate
the Butcher’s tableau of the composition DISRK explicitly. The construction of the scheme
allows to apply the implicit midpoint methods ®.,, with time steps ;7 given by equation (29)
in a loop. Thus, the method in tableau (32) is equivalent to

where a =

DISRKs __ ;M M M
(I)T - (I)Ws‘l' © (1)727' °© (I)’h‘r
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with 7; from (31) and ® denotes the Implicit Midpoint Rule with step size 7.
As we are not restricted in the number of the composition steps, other solutions for an order
4 method are possible. E.g. we can set

1 41/(p+1)

(33) N=NR=NU=%= ey B e
The associated method will be denoted by DISRK5.

Other examples for solutions to equation (29) are
v1 = y7 = 0.78451361047755726381949763
Y2 = 6 = 0.23557321335935813368479318
v3 =5 = —1.17767998417887100694641568

v4 = 1.31518632068391121888424973,

(34)

and
v1 = Y9 = 0.39216144400731413927925056

Yo = s = 0.33259913678925943859974864
(35) v3 = 7 = —0.70624617255763935980996482
Y4 = 76 = 0.08221359629355080023149045
v5 = 0.79854399093482996339895035.
The methods are both of order 6. However, the method (35) is constructed by increasing the
minimal number of stages and minimizing max; |y;|. This derivation yields smaller error coeffi-
cients, see [HLWO06] and results of numerical experiments in Section 5. In the following, we refer

to DISRK7 for (34) and DISRKg for (35).
The following method is of order 8 and will be denoted by DISRK;~.

v1 = 717 = 0.13020248308889008087881763
Y2 = 716 = 0.56116298177510838456196441
v3 = 715 = —0.38947496264484728640807860
Y4 = 714 = 0.15884190655515560089621075
(36) v5 = 113 = —0.39590389413323757733623154
Y6 = 712 = 0.18453964097831570709183254
v7 = 711 = 0.25837438768632204729397911
v8 = 710 = 0.29501172360931029887096624
Y9 = —0.60550853383003451169892108.
Other methods with different properties are presented in [HLWO06]. Essentially, the con-
struction of a method with a composition according to Theorem 4.1 provides a solution to the

non-linear Runge-Kutta order equations. However, multiple solutions can exist for the non-linear
equation system.

4.2. Semi-Lagrangian schemes with Implicit Midpoint Rule. To overcome the, in the
number of stages, exponential complexity for the optimization of the control for semi-Lagrangian
schemes based on standard Runge-Kutta methods, we are seeking to utilize the Dynamic Pro-
gramming Principle to obtain a representation of a semi-Lagrangian scheme which is analog to
(26). An important ingredient to achieve such a representation is the time discretization with
DISRK methods.

In particular, we now derive a semi-Lagrangian scheme based on the Implicit Midpoint Rule.
Subsequently, we will use this scheme analog to the Implicit Midpoint Rule in the derivation
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of the DISRK methods as an elementary building block and apply Theorem 4.1 to construct
schemes of higher order in time.

Note that Theorem 4.1 can directly be used with the Implicit Midpoint Rule. However, the
time discretization in a semi-Lagrangian scheme consists of two parts — numerical integration
and quadrature. Furthermore, the goal of the semi-Lagrangian scheme is to approximate the
value function (1), not the state of the controlled system (2). This means, that to use Theo-
rem 4.1, we have to analyse the discretization error for the value function in (7) with respect to
time. For that we will consider the approximation of the running costs

/E@Aﬁa@»@
0

as well as of the costs-to-go v(y,(7)). In the following we present an approach to compute both
quantities with a global approximation order of p = 2.

To ease the presentation we will combine the numerical integration and quadrature, i.e. let
us consider the state vector Y, (t) € R4 in the form

Y, 1(t)) def (yx(t)> < (t) )
Y. ()= (" = = ,
(t) (meg(t) I gy
with the corresponding differential equation

(37) Yo(t) = F(t,Y) def( (v (2), alt ))).

oy (1)
The Implicit Midpoint Rule with step size 7 now yields, denoting Y, def Y.(0),
(38) Yo(r)=Y] =Y, + 7K,
with implicitly defined K € R+1
K=F((1/2),Y,+ (7/2)K).
From equation (37) we can derive for k, € R? and k, € R

- () - (ORI

The last equality is due to g being independent of . Thus we get

ky = f(y2(0) + (7/2)ky, a(7/2)) = vr = 4.(0) _y -

kn = g(yx(7/2)7 0(7/2))7

where k, is the solution of the first stage equation for the Implicit Midpoint Rule applied to the
state dynamic (2) and y7 is the approximation to the solution y,(7) by the Implicit Midpoint
Rule.

As our goal is to estimate the error of the approximation of the value function within one
semi-Lagrangian step with respect to time and apply Theorem 4.1, we also have to consider the
discretization error for the running costs.

It is clear, that by the approach (38) we can compute the state of the controlled system, i.e.
Yz.1, with error order p = 2. However, for the computation of the running costs Y, o we need
an evaluation of ¢(y,(7/2),a(7/2)) and thus an approximation of y,(7/2). We use k, from the
calculation of Y, ; for a linear approximation of y,(7/2):

x4y

(39) balr/2) m o+ (r/2)ky = T
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Note that this can also be interpreted as the Implicit Euler Rule applied to approximate the
value of y, at 7/2, i.e. the implicitly defined stages

ky = f(42(0) + (7/2)ky, a(7/2))
have the same value for the Implicit Midpoint Rule with step size 7 and the Implicit Euler Rule
with step size 7/2.

As stated in Section 2 we consider a piecewise constant control o € A. From the viewpoint of
time discretization, we consider an exact evaluation of the control function «(s) at the time point
s = 7/2. By this interpretation, we will not obtain any additional error with respect to «(s)
due to the time discretization with the Implicit Midpoint Rule (38). However, we will achieve in
general only a suboptimal solution in the minimization problem over the control set A.

The approach (39) for the calculation of y,(7/2) leads to a linear approximation for g(y,(7/2),
a(1/2)) if we assume Og(z,y)/0x to be bounded by some constant Cy on the computational
domain 2, respectively g(x,y) to be Lipschitz continuous with respect to the first argument as
stated in Section 1. To estimate the error we can develop g(z + (7/2)k,, @(7/2)) into a Taylor
series around y,(7/2) and use, with ¢ € [y,(7/2),x + (7/2)k,], the mean-value form of the
remainder:

9(=(7/2),a(7/2)) — g(x + (7/2)ky, a(7/2))
= 9(Y2(7/2),a(7/2)) = 9(y2(7/2), a(7/2))
(40) —09(§,a(7/2))/0x (2 + (7/2)ky — y2(7/2))
<Cy oO(72)

The O(7?) estimate is due to the linear approximation (39). If we plug g(z + (7/2)ky, a(7/2))
into equation (38) instead of k,,, we get a local error of O(73) in the approximation of 7, (7) due
to the multiplication of K with 7.

To simplify the presentation of the algorithm for a semi-Lagrangian scheme based on the
DISRK methods in the following, we denote the approach for the calculation of Y, (7) with the

—M

linear approximation (39) as ®, and the approximated state Y,(7) as Y, i.e.

T

Yy, 4o (f(”f +(7/2)ky, MT/QD) =3 (Yo, a,7),

(41) 9(x + (7/2)ky, a(7/2)) 7

ky = f(x +7/2ky, a(1/2))

— (Y
YV, = (%),
* (YE,Q)

So far we have an approximation of the state dynamics and of the running costs of order O(72).
As outlined in the beginning of this section, our goal is to apply Theorem 4.1 to the computation
of the value function. Besides the calculation of the running costs, the semi-Lagrangian scheme
(7) consists of the approximation for the costs-to-go v(y,(7)). To estimate the local discretization
error for the evaluation of v(y, (7)) with respect to time we can provide an argument similar to
equation (40). Here we neglect the impact of the control discretization and assume the optimal
control a* to be known. Assuming that v'(x) is bounded on 2 we can estimate

0(y2(7)) = v(@ + 7hy) = 0(Ya (7)) — v(ya(T))

and

(42) —'(§) (@ + Thy — ya(7)).
—~—
<C, O(73)

Please note that the approximation of the state in the Taylor expansion is of order O(73), which
is due to the Implicit Midpoint Rule with a local error of O(73). Note that in the estimation
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(40) we use the linear approximation from equation (39) and thus have O(72). In other words,
comparing (40) with equation (42), in the former one uses a k, from a scheme with time step 7,
and not 7/2.

Altogether, we have an approximation of the value function v(x) by a higher order semi-
Lagrangian scheme with a local time discretization error of O(73). This means that we can
apply Theorem 4.1 with p = 2 to construct higher order composition schemes. Note that here
we neglect the impact of the spatial reconstruction operator I for the approximation of the
costs-to-go v(y.(7/2)).

4.3. Optimization of the control. In this section we are going to derive a semi-Lagrangian
method with higher order in time. Our main motivation is to preserve the Dynamic Programming
property, which can be achieved by considering schemes in the composition form as described
in the representation (26). Then, by the Dynamic Programming property we are allowed to
separate the optimization of the control for each time interval and thus decrease the complexity
of the minimization problem.

Based on Theorem 4.1, this can be accomplished by using special compositions with time
steps 7;T, as described for the Runge-Kutta methods in Section 4.1. To be more precise, let us
consider a DISRK method of the form

(43) U :(D’YSTO"'O(P’YQTOCI)Wl'P
With this, we want to derive the following representation of a semi-Lagrangian scheme
(44) ST =8%T0...08"T o SNT,

For positive 74; we can use directly equation (7) to provide an algorithm for §77. However,
we have to consider negative y; more carefully, i.e. it must be clarified how one attains a semi-
Lagrangian scheme ST with 7 < 0.

As already outlined at the beginning of Section 4.1, there is a connection between semi-
Lagrangian schemes for the approximation of the value function and the subproblems of the form
(23) for the time intervals [¢;,T]. A more detailed consideration shows, that S (x), whereby
7; = t;+1 — t; and the notation is as in Section 4.1, solves the subproblem (23)

e Jolit, 401 (@),
i.e. we have

v(x)|[ti,ti+1] ~ ST (),

with v(z)[y,, ;,,,) from (28). Please note, that in expression (26) the step S™ solves

min Jz

a€ A‘[z [ti:tiea] (a)

i+1,T]
In this case, the restriction of A to the set A|[ti+17T] achieves that we consider optimal control
over the time interval [t;,T] and not only on [¢;,t,11] as for ST (x).

From the association of S™ with the problem (23) one could argue, that ST with 7 < 0 solves
(23) for some time points 7; > n; and T = n; — n;, where we now use the notation 7;, n; to
increase the readability. Indeed, let us consider the subproblem (23) for [n;, n;]

(45) min J,
acA

(7,51 (@)
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and the associated set of minimizers A'[m.nj]' By definition of A'[m n;) We have for an element

ni,n;]

Vo € A : Jz|[77177j] (OZ*) S JI‘[mmg‘] (a) <~
n; n;
VaeA: [ gly(s),a*(s))ds < / g(y(s), als)) ds &
i i

(46) vacd:- [ " g(u(s), a*(s)) ds < — / " (u(s). als)) dr

j n;
where we exchange the integration boundaries for the last term in (46). Now we obtain
Mi i
Vaeds [ gty @)z [ gls).a)ds
n; n;
This means, we can characterize a* as a maximizing element for the cost functional
i
Bl @)= [ olats),0(5))
J
over the set of controls A, where we have n; < n; for JI|[n,~ il Therefore we can identify the set
of minimizers .A|[m n,;] With the solution of the problem

max Jolpy, ) (@)-
From this derivation it is clear, that
Alinen) 0 Alpgy ng =9

for control sets A with

Ja,B e A Jolp, (@) # o
i.e. for controls which are distinguishable with respect to J,
(47) Al O Al =10

from (24), which shows, that (45) is not a subproblem of (20). Thus, by considering ST to be an
approximation of the solution to (45), we cannot derive a representation of the form (26). To be
precise, by adding a step S™ with 7 < 0 to a composition

SToSTitlo .. .0 8™

[n4,m;] (8)

- In particular we obtain

[mﬂ?j

MisNj

with 7, > 0 for k =4,..., N we will obtain

(48) S 087087t 0...08™
which solves the problem

(49) N R ORA

The set of solutions to (49), denoted by A|~, has for controls distinguishable with respect to
Jf”|[m ny] A0 empty intersection with the set ‘A‘[m‘ ) which is approximated by

S T08 08T 0. .. 08,
Due to the property (25) we get
Al N A|[0,T] =0.

Altogether, by considering compositions of the form (48) we will not obtain the solution to the
problem (20).
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From the above considerations it is clear, that ST must be derived as an approximation to
some subproblem of (20). Furthermore, if we preserve the optimal substructure and overlapping
of subproblems, we can achieve the composition form (26) by the rationale as in the beginning
of the Section 4.1, which is based on the Dynamic Programming property.

Let us examine the derivations in (46). By exchanging the integration boundaries we can
replace the min operator in (45) by the max. This surely can be performed vice versa. Thus we
can consider S7 as solving the problem

(50) MAX Jolfy, 1 (

a)

for some time points 7; > n; and obtain by (46) an equivalent characterization of A‘[m,nj] as the
solution of

(51) glelﬂ Jx‘[ﬂjﬂh‘] (a)-

It is clear, that (51) is a subproblem to (20) (see the definition in (23)), which preserves the
Dynamic Programming property. Altogether, by associating 8™ with the problem (50) we can
achieve the composition representation (26). Please note that due to the form

ST08" 08T o...08™N

we must consider S™ given the set Alj;, 77 This means we have to solve the problem (50) and not
the problem (51), wherefore we would need the set of minimizers Al . We use the following
theorem from [BCD97], which provides a characterization of the value function for the reverse
time direction, to derive an algorithm for (50). Note here, that we can assume autonomous
dynamics.

Proposition 4.1 (Backward Dynamic Programming Principle). Under the assumptions on f
and g from Section 1, for all 7 > 0 small enough and Z so that there exists a z € R? and an
optimal o* € A with = y, (1, @*), it holds

(52) v(T) = max (v(yg(—T, a)) e —/ g(yz(—s,a),a(—s))e*® ds)
aECA~ 0
where A~ = {a: [-T,to] — A, measurable}.
To clarify the connection between (50) and (52) we remark, that with the notation from (52)

we have n; = 0 and thus 7 = —n; = —7. By applying the substitution r = 7, — s to (50) we
obtain

nj 0
el :/ g(yw(r)’a(r))dT:/ 9(Ya(r), o(r)) dr

_ / " G — ), — 5)) ds.

Furthermore we have y,(n; — s) = yz(—s) due to = being denoted by z in the Theorem 4.1.
Finally we can identify the evaluation of the value function v(y,(—7, «)) with the restriction of
the control set A to Al .

Based on (52) we can provide the following scheme for the computation of S7, i.e. for negative
time steps, analog to (7)

(53) 0" = max { G (aj, yim, A") + V7] (a5, A™) )

In equation (53) V7i-17 denotes the approximation of the value function from s%i-17.

. A —M
For the computation of quadrature G*(x;,7;7, A") and of Yai7 we choose the scheme @/

derived in Section 4.2. Thus, by the Theorem 4.1, we achieve higher convergence order with
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respect to the time step size, if we neglect the effects of the control discretization and the error of
the spatial reconstruction I[V7i-17]. In the next Section 4.4 we provide the complete algorithm
for semi-Lagrangian schemes based on Runge-Kutta composition methods.

4.4. Algorithm for high order semi-Lagrangian schemes with DISRK methods. Al-
gorithm 1 illustrates the idea of a semi-Lagrangian scheme with a DISRK method. X c R?
denotes the set of grid points from the spatial discretization, i.e. for X = {z1,..., 25} we have

YX:(Yzl,Ym27...,YIM)

With < and > in the lines 12 and 15 respectively we denote element wise comparison of
the value function at the spatial grid X. This means, that the minimization/maximization is
independent for each grid point.

Algorithm 1: Semi-Lagrangian scheme for the Hamilton-jacobi-Bellman equation with
DISRK time discretization and optimization by comparison

Data: a1,..., a4, - sampling of the control space
Y, --.,7s - composition coefficients, T' - end time, 7 - time step
vr - value function at T
I - interpolation operator

Result: Approximation of the value function for ¢t =0

1t="T
2 Voia = vr
3 while ¢ > 0.0 do
4 for j=1,...,sdo
5 fori=1,...,d. do
6 a=aq;
7 Y zixT(YX,a(t),T) > Approximation of the state dynamic and
running costs as in (41)
8
9 Vv :?sz + I [Vod] (?;71) > Approximation of the value function as in
(7"
10
11 if v; > 0 then
12 if V,;q >V then
13 L Vold =V
14 else
15 if Vyq <V then
16 L L Vold =V
17 t=t—rT

18 return Vg

The important part of the Algorithm 1 is the inner for-loop in the line 4, where the compo-
sition is calculated for given 71, ...,7vs. One can easily verify that the complexity of the control
optimization is O(s - d.), where d. denotes the number of discretization points of the control
space and s is the number of stages of the DISRK scheme. Note, that the value function V'
is updated for each step ;7. This means, after each iteration of the for-loop in the line 4 we
obtain a temporary value function v”7 as described in Section 4.3. The resulting value function
after time 7 is constructed via a sequence of v7i7.
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Algorithm 1 in this form is for finite time problems. For infinite time horizon control problems,
e.g.with the cost functional (4), we have to adapt the stopping criteria of the while-loop of
Algorithm 1 slightly. This can be achieved by comparing the computed value functions for two
steps of the while-loop in the line 3. We then stop the iterations if the change in the value
functions is less then some required tolerance TOL:

1

(54)
| Xre

Y UIVM(@) - IV*@)?] <TOL

where X,..r C R? denotes a set of spatial test points. Another approach is to use the maximum
in the change of the value function

(55) | max {I[V*¥)(z) — I[V*!](2)} < TOL.

5. NUMERICAL TESTS

In this section we present numerical results for semi-Lagrangian schemes based on DISRK
methods. We are mainly interested in the convergence rates for the error of the numerical
approximation compared to a reference solution and in the computational complexity.

For the error estimation we consider analog to [GK17] the difference of the exact solution vy s
to the approximation vy.m on a spatial test grid X,..; and approximate the L?(2) respectively
the L°°(€2) norm of the error with

v def [[Uref = Vnumll2

€y = |X'ref| ~ ||Uref - Unu'rn”L?(Q)v
def
(56) €% = |vres = Vnumlloo & [[Uref — Vnum |l oo (@)

In addition we provide convergence rates for the error estimates as

(57) pite) =log, (=1 ).

(2

where b is the refinement factor for the time discretization. In (57) e is one of the error estimates
from (56) and ¢ represents the i-th considered time discretization.

As a measure of the computational complexity we give the number of evaluations nf of the
state dynamics f(y(s), a(s)) from (2) as a function of control space discretization. Furthermore
we consider the rate of increase for n

;
n’

n;(n’) = log, (ﬁ) :
n;_y

with n; as the number of evaluation of f(y(s),a(s)) for the discretization of the control space
with 27 points, i.e. control level j.

5.1. One dimensional system with non-linear dynamics. As a first example we consider
a numerical experiment, which is well suited to test the performance of a scheme for smooth
solutions [FF94]. The state dynamics are given by

9(s) = f(y(s), s,a(s) = —y(s) e ¥ a(s)?
y(tO) = 07

and the expression for the running costs is

(58)

9(1a(5,0),(s)) = —y(s)ax(s)? — &) sin T2,
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FIGURE 3. Estimation €3 of the L?(f2) error. We consider all error estimates
for the calculation of the DISRKj5 regression line, the first 8 estimates for the
regression line of DISRKg and the first 7 for DISRK;7.

The exact value function for the infinite time horizon problem is [FF94]:
(59) Vpep(x) = e7¥=()

We approximate the value function in = [0,1] and the control is from A = [0, 1].

The numerical tests with Algorithm 1 in the value iteration form are performed using Matlab.
For the spatial interpolation we use cubic splines on an equidistant grid Xq with grid size of
AQ = 1073 for the DISRKj5 scheme and AQ = 10~ for the DISRKg and DISRK;7 schemes.
The discretization of the control set is AA = 1073 for the DISRK5 scheme, AA = 10~% for the
DISRKg and AA = 1075 for the DISRK ;.

To evaluate the error estimate we consider X,.;y = Xq. We decrease time discretization by
b=10%'ie 7, =10"%1.7,_;. We set the tolerance TOL for the while-loop in (55) to 10~1*
and end time 7" = 100.0 as an additional criterion for the termination. This means, we stop the
computation once the current time reaches 7' = 100.0 if the tolerance TOL in (55) has not been
achieved.

Figure 3 presents the error estimates e? as a function of the time resolution. We can observe,
that the convergence rate of the DISRK5 method correlates very well with the theoretical rate of
4. The DISRKg method does not achieve the expected convergence rate of 6 exactly, shows how-
ever results which are very close to the theoretical value for the first 7 measurements. Similarly
for DISRK;7 we observe a convergence rate of about 8 for the first five steps. The stagnation of
the error for the remaining part of the plot, in particular visible for DISRK;7, presumably can be
explained by the effects of the other discretization aspects, i.e. the impact of the discretization
of the control and the state space, respectively. In Table 1 we present more detailed values for
the error estimates and convergence rates for each time discretization.
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DISRK5 DISRKg DISRK 17
T es  pile) ey pi(e) €3 pie)
1.00¢ 1.61_3 - 4175 - 2416 —

7941 6.61_4 386 1.14_5 5.62 4.55_7 T7.24
6311 269_4 391 3.04_¢ 5.75 791 7.6

5011 1.09-4 394 7.90_7 5.85 1.23_g 8.08
3.98_1 437_5 396 2.03_7 5.89 1.60_9 8.85
3.16_17 1.75_5 3.97 5.23_g 5.9 1.71_10 9.71
2517 T7.18_¢ 3.87 140_g 5.74 259_11 8.19
2.00_; 3.06_¢ 3.71 4.10_9 532 1.69_11 1.87
1.68_1 1.12_¢ 4.36 2.16_9 278 1.55_117 0.35
1.26_1 3.62_7 491 146_9 1.69 1.42_117 0.38
1.00_; 1447 4 142_9 0.15 1.33-11 0.3

TABLE 1. Estimations ey of the L?(f2) errors and the corresponding conver-
gence rates p;(e) at time steps 7 for different DISRK methods. The theoretical
convergence rate for DISRKj is 4, for DISRKg it is 6, and for DISRK;7 it is 8.
Subscripts denote exponents in base 10, i.e. 1.0_,, = 1.0-107".

control DISRK35 DISRKg DISRK;7 RK4
level nf 14 (nf) nf 15 (nf) nf un (nf) nf un (nf)
1 25 — 41 - 75 — 64 -
2 55 1.14 95 1.21 177 1.24 1,024 4
3 116 1.08 209 1.14 384 1.12 16,384 4
4 242 1.06 429 1.04 796 1.05 262,144 4
5 487 1.01 871 1.02 1,614 1.02 4,194,304 4
6 978 1.01 1,756 1.01 3,248 1.01 67,108,864 4
7 1,961 1 3,523 1 6,521 1.01 — -
8 3,931 1 7060 1 13,063 1 - -
9 7,872 1 14,135 1 26,142 1 - -
10 15,741 1 28,277 1 52,314 1 - -

TABLE 2. Number of function evaluations n/ for the dynamics of the controlled
system (2) for one time step as well as corresponding increase rates 7;(n') for
different control levels, i.e. 2/ comparison points.

As a measure of computational effort we provide the number of evaluations of the state
dynamics n/ as a function of the discretization of the control space in Table 2, where we consider
2J points in the compare approach for the optimization. For these tests we choose a discretization
of the state space with AQ = 1072, Additional quantity is the increase rate 7} (nf). We observe
a near linear dependency of n/ on the cardinality of the discrete control set A, i.e. n;(n') ~ 1.0.

To illustrate the advantage of semi-Lagrangian schemes based on DISRK methods, we compare
the number of function calls to the Runge-Kutta 4 method (with Butcher tableau equation (11)).
For the Runge-Kutta 4 method we can observe (27)* evaluations of the state trajectory, where
j denotes the control level. The corresponding number of functions calls nf is (27)* - 4, i.e. the
state dynamics is evaluated 4 times for each control a € A due to 4 stages of the method. Please
note, that DISRK are implicit methods. This means, that the number of function calls n/ also
depends on the effort for the solution of the implicit equation for the stage k of the Implicit
Midpoint Rule (see Section 4). We use the fsolve Matlab function with the default trust-region
algorithm and parameters TolX = 10~'° and TolFun = 10~ to find k.
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5.2. Harmonic oscillator. As a second example we consider the control of a harmonic oscillator
as in [GK17]. The state dynamics are defined by

. 0 1 0
j = Ay + Bu, A_[l 0}’ B_H

with y € R2. The cost function is of the form

1
5u(0) = g Qe+ i Ru, = gl R=1]

with a = 0.1.

For the computational domain we choose @ = [0,1]? and for the control domain A =
[—3.5,3.5]. The discretization of the control space is obtained by an equidistant sampling, where
in the following we denote the number of sampling points for the control domain with |Aa| (com-
pare Section 2). We choose Aa with 10% sampling points for the computation with the Implicit
Midpoint Rule. Due to higher precision of the semi-Lagrangian schemes based on DISRK we
consider different numbers of sampling points for these methods. To estimate the convergence
rate with respect to the time step 7 we need to neglect the impact of control and state space
discretizations. In the following, the numerical experiments are computed with sampling sizes
from 5.0 - 10* to 5.0 - 10°. For the discretization of the value function we consider sparse grids
with linear and 3rd order B-Splines, both with the fold out ansatz. We use the SG++ library
(see [Pf110, VP16]) in the numerical implementation. The equation for the stage k of the Implicit
Mipoint Rule is solved with the standard Newton algorithm, whereby we require the residuum
of the implicit equation or the norm of the increment for k£ from the Newton step to be smaller
than 10712 as a terminating condition.

For this test case we can obtain a reference solution from the continuous time Riccati differ-
ential equation (see e.g. [FF14])

{ ATP(t)+ P(t)A — P(t)BR™'BTP(t) + Q = —P(t)

(60) P(T) =0

We choose T = 0.1 and solve (60) with a step size of 10~7. We obtain the following reference

solution for the value function
1

(61) Uref(x) = ia:TPx

with

p_ 9.966236712679333 - 1072 4.982996318566705 - 103
— (4.982996318566705 - 10~3  3.326412035418859 - 10~ )

where = denotes a vector from the state space. The computation of the error estimates from
(56) is performed on a domain ,..¢ = [0.25,0.75]%, where we consider an equidistant grid X,y
of step size 0.5/200.0 in both spatial directions.

First we consider the semi-Lagrangian scheme based on the Implicit Midpoint Rule for the
time discretization. The results are presented in the Figure 4. The goal of these computations
is to evaluate the performance of a semi-Lagrangian scheme without composition as well as
to estimate meaningful parameter ranges for the discretization of the control and state spaces.
However, as mentioned at the beginning of the section, the parameters have to be adapted for
DISRK methods of higher order in time.

Furthermore we will consider sparse grids base on fold out B-splines for the discretization of the
state space in the following experiments, as the achieved precision compared to the computation
time is better then for the fold out linear basis. Although the computation with B-splines is
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FIGURE 4. Estimation e} of the L?(Q) error for the Implicit Midpoint Rule with
T = 0.1. On the left with a linear fold out SG basis, on the right with fold out
order 3 B-splines. The numbers in the legend denote different SG levels.
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FIGURE 5. Estimation e} of the L?(Q2) error for the DISRK5 and DISRK7 meth-
ods with 7" = 0.1. The numbers in the legend denote different SG levels for the
fold out order 3 B-spline basis. |Aa| is the number of sampling points for
the control domain A. The regression is calculated with the first 8 points for
DISRKj5 with level 8 SG discretization, |Aa| = 105, and with the first 7 points
for DISRK, with level 9 SG discretization.

more complex compared to a linear basis for the same spatial grid (see Section 3), we can choose
a smaller level of the sparse grids in case of the B-splines.
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DISRKs5, B-splines level 8, DISRK7, B-splines level 9,
|[Aa| =105 |Aa| = 5.06
T ey pi(e) e pile) ey pile) e pi(e)
1.00_; 987_9 - 1918 - 142_9 — 2.69_9 —

7.94_> 3.14_9 4.98 6.05_9 498 283_10 6.99 5.64_10 6.77
6.33_2 1.06_9 4.7 2.04_9 471 5.80-11 689 1.22_19 6.65
5.002 6.22_19 2.32 1.209 232 223_17 4.15 5.55_11 3.42
3.98_o 2.04_10 484 393_10 4.84 4.78_12 6.68 2.33_11 3.78
3.16_2 9.59_11 3.28 1.86_10 3.26 1.62_12 4.71 9.20_12 4.03
251_o 4.07-11 3.72 890_11 3.2 5.99_13 431 4.27_q2 3.34
2.00_2 1.76_11 3.65 4.63-11 2.84 4.85_313 091 6.75_12 —1.99
1.58_> 815_12 3.33 288_11 2.06 - - - -

1.26_2 4.57_12 2.51 247_1; 0.66 - - - -

1.00_2 3.30-12 142 225_17 0.41 - - - -

TABLE 3. Estimations e} of the L(2) and e%, of the L>°(Q) errors and the cor-
responding convergence rates p;(e) at time steps 7 for different DISRK methods.
The theoretical convergence rate for the DISRKj5 is 4, for DISRK7 - 6. Subscripts
denote exponents in base 10, i.e. 1.0_,, =1.0-107™.

Next we consider semi-Lagrangian schemes based on the DISRKj5 and DISRK7 methods. The
results are presented in the Figure 5, while detailed numbers can be found in Table 3. We
consider results for the DISRKj5 scheme for a spatial discretization with sparse grid based on
level 8 fold out B-splines and |Aa| = 5.0 - 10* respectively |Aa| = 1.0 - 10°. Different control
domain discretizations are provided to illustrate the effect of the discretization of the control
space. The computations with the DISRK; scheme are performed with the discretization of the
control space with [Ax| = 5.0 - 10° and fold out B-splines grids of level 8 and 9.

For both schemes — DISRK5 and DISRK7 — we can observe convergence rates higher then
for a semi-Lagrangian scheme based on the Implicit Mipoint Rule, where we have p ~ 2.15 as in
Figure 4. A more precise interpretation of results is difficult due to the overlap of impacts from
different discretization parameters.

6. CONCLUSION AND OUTLOOK

In this work we present semi-Lagrangian schemes with higher order time discretization for
optimal control problems. The numerical method is in particular of interest with regard to the
cost complexity of the optimization over the control space. The approach allows for a separation
of the control optimization with respect to the individual stages of the Runge-Kutta scheme, by
exploiting properties in correspondence with the Dynamic Programming Principle. Therefore
the optimization costs increase linearly with the number of stages, but not exponentially as is
the case for standard higher order Runge-Kutta time discretization approaches.

In the numerical tests we observe nearly liner complexity O(s - d.) of the constructed semi-
Lagrangian schemes with respect to the costs d. of one optimization and the number of stages
of the Runge-Kutta method s. In comparison, in the general case an exponential complexity of
O(d?) holds for semi-Lagrangian schemes based on Runge-Kutta methods.

Besides the time discretization, semi-Lagrangian schemes are affected by the optimization
of the control space as well as by the reconstructions methods used for the state space. The
numerical tests in this work were performed with piecewise linear and B-spline based spatial dis-
cretization methods, where for two dimensions sparse grids were considered. For the optimization
in the control space we used a simple discretization with an equidistant step size, on which we
evaluated the function values and selected the optimum. It is clear from the numerical tests,
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that such a simple optimization in the control has a significant impact on the overall runtime
of the semi-Lagrangian scheme, in particular in view of the high accuracy which was needed to
be on-par with the time and spatial discretization. In future work, a more efficient optimization
procedure would need to be integrated into the numerical scheme.
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