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Abstract

In this thesis, we investigate a discretization of the optimality principle in dy-
namic programming based on radial basis functions and Shepard’s moving least
squares approximation method. We prove the convergence of the discrete value
function for increasingly dense sets of centres, develop an adaptive version of the
algorithm and generalize a Dijkstra-like algorithm of Bertsekas which allows an
efficient calculation of the value function. We illustrate the theory with numerous
numerical experiments.

Zusammenfassung

Diese Arbeit beschéftigt sich mit einer Diskretisierung des Optimalitéatsprinzips
der dynamischen Programmierung, welche auf radialen Basisfunktionen und Shep-
ards Methode der beweglichen Kleinste-Quadrate-Approximation basiert. Wir
zeigen die Konvergenz der diskreten Wertefunktion fiir zunehmend dichtere Zen-
trenmengen, entwickeln eine adaptive Variante des Algorithmus und verallgemein-
ern einen Dijkstra-artigen Algorithmus von Bertsekas zur effizienten Berechnung
der Wertefunktion. Wir illustrieren die Theorie anhand zahlreicher numerischer
Experimente.
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0. Introduction

The present thesis presents an approach to efficiently approximating optimal value
functions of optimal control problems.

An optimal control problem poses the task of finding optimal solutions for control
systems, which are a generalization of dynamical systems. Dynamical systems are
ubiquitous when considering physical or technical systems where they describe the
changing state of a system over time. If, in addition, the system can be influenced
(by a control function) in the course of time, one has a control system. Usually
there is also a cost function which, like the dynamics, depends on the state and
the control at the particular time.

The objective is either steering the system towards a certain state, the target,
or minimizing the total cost, which accumulates over time.

If one tries to achieve this objective not just for one specific initial state of
the system, but for all possible initial conditions at once, an appropriate tool
is the (optimal) value function. It describes the smallest possible total cost in
dependence on the initial condition.

The most concrete examples of optimal control problems are shortest-path prob-
lems, which can be imagined as the situation where a virtual driver tries to move
a vehicle on a plane (possibly with obstructions) from a given starting position
to a certain target on the shortest path or, more generally, in minimal time if the
velocity is not constant.

Here, the state space is the plane, the possible controls are the allowed speed
vectors and the cost can be constant or e.g. the kinetic energy.

There is an important distinction of control systems whether they are considered
in continuous or in discrete time. Our methods apply to the discrete-time setting,
but continuous-time control systems can be discretized by standard methods (any
numerical integrator for ODEs) from numerical analysis.

Among the approaches towards optimal control problems in continuous time
stand out two major methods, Pontryagin’s maximum principle (] |) which
gives a necessary condition for an optimal value function, and the Hamilton-
Jacobi-Bellman (HJB) equation (| ]) which provides both a necessary and
sufficient condition.

This thesis deals exclusively with methods related to the latter approach because
it has an analogue in discrete time, the Bellman equation. It has the form of a
fixed point equation for the optimal value function of the system. In its most



0. Introduction

basic and simplified form (without a control input) it splits the value function

V(o) =Y e(a:)

1=0

along a (discrete) trajectory xg,x1,2,... with xp11 = f(x) into
V(zo) = c(xo) + V(z1) = c(zo) + V(f(20))

where f is the dynamics.
More generally (if ¢ also depends on a control input ), it is given by (| )]

V(z) = inf [e(x,u) + V(f(z,u))].

uelU

The iteration with the corresponding operator

r:veIT(V), I'(V)z)= ;Iellf][c(x,u) + V(f(z,u))]
is called dynamic programming.

From the value function it is possible to construct a policy for the choice of
optimal controls, a feedback, which assigns a control to each point of the state
space. If this feedback is plugged into the control system one gets a closed-loop
system: a dynamical system with a cost functional. Without discounting, it is
also possible to approximate the maximal domain of stability (points which can
be steered towards the target) for this closed-loop system by finding the subset of
the state space where the value function is finite. However, most authors consider
control systems with discounting, which assigns smaller weights to summands of
the cost functional which are added at a later time.

The state space is usually infinite and the Bellman operator nonlinear because
of the infimum on the right-hand side. For these reasons control problems do not
allow for an exact analytical solution, in general.

Although methods from nonlinear | | and nonsmooth | | analysis
might be tried to deal with the non-linearity, usually some kind of space discretiza-
tion is necessary. The methods which have been used so far include finite differ-
ence (| : |), finite element ([ |) and, more recently, set-oriented
methods (| , ).

Usually their discretization suffers from the curse of dimensionality: The nu-
merical effort scales exponentially with the dimension of the problem, because
the volume of the state space and hence the size of the discrete state space scale
exponentially.

We do not use a discretization of the state space, but instead discretize the
space of functions on the state space. To this end we employ linear function
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spaces generated by radial basis functions (RBF), radially symmetric functions
with distinct centres of symmetry.

Usually, one uses translations of a fixed shape function, but in some cases one
scales the translated functions differently (in spatial direction). Radial basis func-
tions have the form ¢;(z) = ¢(ol|lz — x;||), and hence the functions in the RBF
space have the form

n
> aiplollr — i), a; €R.
=1

Here, x1, ..., xz, are the centres, ¢ is the shape function, o is the shape parameter
and the «; are the coefficients of the linear combination.

Owing to their self-evident definition, radial basis functions have been used for
a long time; recently, interest grew in compactly supported radial basis functions,
particularly due to the extensive work of Schaback and Wendland (] , ,

, : ).

What is interesting about radial basis functions? On the one hand,
the discretization of control problems by the use of radial basis functions can be
implemented efficiently. This is possible because the radial symmetry of the basis
functions allows for the use of distance matrices (the matrix of pairwise distances
of a set of points) which are sparse for basis functions with compact support.

However, the main advantage of radial basis functions concerns the curse of
dimensionality. The discretization is meshfree, at least in principle, in other words,
it does not rely on a regular grid, but basically any point set {z1,...,z,} can be
used, though with different quality of the obtained approximation.

Note, however, that per se this does not avoid the curse of dimensionality: For
general optimal control problems, it might be impossible to avoid the curse of
dimensionality by using radial basis functions with compact support. The volume
of their support in relation to the volume of the state space shrinks exponentially
so that the number of basis functions which are required for a good approximation
grows exponentially. If one uses basis functions with global support, this argument
does no longer hold, but there is no advantage to be expected in compensation
for the increased numerical effort.

However, radial basis functions can help to alleviate the curse of dimensionality,
under the requirement that the centres are distributed according to the relevance
of different regions to the control problem. An appropriate distribution of the
centres can be chosen a priori for specific control problems; or they can be cho-
sen “automatically” by an adaptive algorithm. The latter approach will also be
presented in this thesis.

Radial basis functions have been used with Hamilton-Jacobi-Bellman equations
and the related and generally better-known Hamilton-Jacobi equations, e.g. in

11



0. Introduction

[ : , |. Here we consider radial basis functions in the
discrete-time setting, i.e. for the Bellman equation.

For our implementation it is necessary to project functions onto a finite-di-
mensional approximation space. In most applications of radial basis functions,
one uses interpolation at the centres of the basis functions for this projection.
However, we deal with a different approach, namely a moving least squares ap-
proximation method under the name Shepard’s method (| ]) which essentially
approximates function values by a convex combination of function values at nearby
centres. One of the main advantages of Shepard’s method compared to interpo-
lation with RBFs is that the projection with the corresponding Shepard operator
is (under additional assumptions) contractive and thus allows for the application
of Banach’s fixed point theorem.

This thesis is organized as follows.

Chapter 1 gives a brief review on control systems, radial basis functions and
Shepard’s method.

Chapter 2 is the core of this thesis. We derive the Shepard-RBF discretization
of the optimality principle for optimal control problems and prove the convergence
of the value iteration scheme. We also prove the convergence of the approximate
value function to the exact value function for increasingly dense centre sets. For
this proof, one has to distinguish between discounted and undiscounted control
systems. Two crucial aspects are that the regularity of the value function (which
we have postponed to the appendix) and the dependence of the value function
on the target set have to be addresses separately for undiscounted systems. In
a subsequent section we develop statements about the constructed approximate
optimal feedback and the stability region of the corresponding closed-loop system.

In Chapter 3 we describe the implementation of the algorithm and give several
numerical experiments. We also vary some of the parameters and choices from
the numerical experiments and compare the convergence behaviour.

Chapter 4 is devoted to the investigation of a variant of the dynamic program-
ming algorithm where an adaptive refinement of the set of centres is used. In
numerical experiments we compare the convergence speed with the one from the
non-adaptive procedure.

In Chapter 5, we apply a slight generalization of Bertsekas’ Dijkstra-like al-
gorithm (| |) for stochastic shortest path problems on our discretizations of
control systems. This is possible because the Bellman equation under the Shepard-
RBF discretization corresponds to a fixed point equation obtained for stochastic
shortest path problems.

12



1. Preliminaries

1.1. Discrete-time control systems

Throughout this thesis we consider time-invariant, or autonomous, discrete-time
control systems of the form

Th41 :f(a:k,uk), k‘:O,l,Q,.... (1.1)

Here, f: Q x U — € is a continuous map defined on compact sets Q@ C R?,
0 € U C R?, referred to as state space and control space, respectively. In addition,
we assume that a continuous cost function c¢: Qx U — [0,00) is given as well as a
constant discount rate 0 < f = Bp < 1. We use the notation fp if it is important
to distinguish it from S, which will appear in (1.10).

Consider the cost functional

oo

T(wo, (ug)) =Y B (g, u)

k=0

which assigns the total cost along the trajectory to the initial point g and the
control sequence (ug)ren,- The optimal value function, or simply value function,
is defined by

V(zg) := inf J(xo, (ux)), (1.2)

(uk)
i.e. the greatest lower bound on the total cost for trajectories starting from xg.
Note that both J and V' have values in [0, 0], so they may attain the value co.
It is a priori not clear whether the infimum on the right-hand side is attained for
some control sequence.

Finite horizon approximation and discounting

A control system is discounted if the discount rate [ is less than one, and undis-
counted if § = 1. In general, we are more interested in undiscounted systems,
although they are more difficult to treat both in theory and numerically.
As an approximation to undiscounted systems, one often considers the finite
horizon approximation
K
Tic(wo, (ur)) = elag, ug)

k=0

13



1. Preliminaries

for some large fixed integer K. This is a rough simplification which makes com-
putation easy as long as K is not too large. Moreover, it also directly implies the
continuity of the corresponding optimal value function in a straight-forward way:.
Jx is continuous as a composition of continuous maps and the correspondingly de-
fined Vi is continuous because the space UKt of finite control sequences is com-
pact. It is also easy to give an a apriori bound, namely Vi < K maxqxy ¢(x, u).
The finite horizon approximation has, besides its approximation error, the disad-
vantage that the resulting optimal value function does not fulfil the optimality
principle (1.4). For this reason, we do not investigate it further.

However, the use of a discount rate 0 < § < 1 shares some similarity with
the use of the finite horizon approximation, as both approximations give lower
weight to those summands of the cost functional which arise at later times of the
trajectory. With a discount rate the weights are 1,3, 3%, ... while for the finite
horizon approximation it is 1,...,1,0,....

Discounting also leads to a bounded value function with an a priori bound.
In fact, it is immediate that one has V < maxqyyc(z,u)(1+ 8+ 32 +...) =
maxqxy ¢z, u)ﬁ

Equilibrium points and target sets

In the undiscounted case, finiteness of V' can not be expected generally. A neces-
sary condition for finiteness is that limg_, ¢(zg, ur) = 0 for some control sequence

To avoid infiniteness of V' everywhere in ) one requires the existence of an
equilibrium point, which by convention is the point 0 € €2, and fulfils f(0,0) =0
and ¢(0,0) = 0. Here, obviously V' (0) = 0 for the optimal control sequence uy = 0.

For many problems, one also requires a compact target set T C {2 and that
¢(x,u) is bounded from below by a constant § > 0 for all x € Q\ T and u € U. If
one assumes c(x,u) > 0 for all 0 # z € Q,u € U and T has 0 as an interior point,
then the existence of such a 0 > 0 is immediate because then 0 € f, so 0 is not in

the compact set Q \ To, which implies min c(x,u) > 0.

(\T)xU
One then redefines J and V as if the cost function were zero on all of T,
specifically ¢(z,u) = 0 for all x € T,u € U, and as if the trajectory can be kept
in T" after this set has been reached so that Vp = 0.
So the accumulated cost is
K*—1

J(xo, (ug)) == Z c(xg,ug), K*=inf{k e N |z, € T},
k=0

and again V' (zo) := inf(,,) J (o, (ux)). Note the difference from the finite horizon
approximation where K is a constant while here, K* = K*((z})) depends on the
trajectory.

In order to unify our notation, we set T = {} whenever no target set is given.
Alternatively, one could choose 7" = {0} with the same effect.

14



1.1. Discrete-time control systems

For some problems, one is actually not interested in the accumulated cost but
only in steering the system towards the target. Then the goal is to design control
sequences for each initial point xy that stabilize the system in the sense that
discrete trajectories defined by zxr1 = f(xp,ug),k = 0,1,2,..., reach T in a
finite number of steps for all initial conditions zy in a maximal subset S C €2, the
region of stabilization. Points xg which allow such control sequences are said to
be controllable to the target.

In those cases a cost function ¢ need not be given in the problem formulation.
In order to use the methods presented in this thesis to tackle control problems,
it can be adequate to construct “artificial” cost functions. A generic choice is
c(x,u) = Og|lz|? + Cyllul|? for constants Cy, C,, > 0, the easiest way to define a
function with ¢(0,0) = 0 and otherwise ¢(x,u) > 0 for (z,u) € Q2 x U.

If one considers discounted systems, there is no need for stabilization or for an
equilibrium point, let alone a target set. Still, in practice there will usually be an
equilibrium point because discounted systems are in most cases approximations
to undiscounted systems.

Feedbacks

So far, we considered the situation where control sequences (uy) € U N had to be
chosen in dependence on a given initial point zg with the aim to obtain a low
accumulated cost.

The definition of the trajectory and the accumulated cost is such that the
trajectory “has no memory”: The optimal control ug in the kth step only depends
on x, but neither on the way on which the trajectory reached x; nor on the
number k of steps from xg to x;. This is true even in the discounted case in
accordance with the fact that the discounting sequence (1,3, 3%, ...) has been
chosen as a geometric sequence: If the point x; is given, the task of minimizing

oo

> Ble(wi,u)

i=k
is essentially the same as minimizing

oo

> Bl i)

1=0

for the initial point Zy := x; they just differ by the constant rate 5.

For that reason, one can restrict to the search for a map u: 2 — U called
feedback, and choose uy := u(zy) to define a control sequence implicitly. So the
iteration (1.1) changes to

Thk+1 :f(xk,u(xk)), k:0,1,2,..., (13)

15



1. Preliminaries

A feedback turns a control system into a closed-loop system, i.e. a dynamical
system x — f(x,u(z)) without control.

In the next section, we provide a rigorous argument why it is possible to restrict
to feedbacks in order to find optimal control sequences.

1.2. Dynamic programming

In order to construct such a feedback, we utilize the optimality principle, which
is given by the Bellman equation, cf. | , ],

V() = inf[e(r,u) + BV(F(r, )], 7€ OT, (14

ue
where V': Q — [0, 00] is the optimal value function. This equation is valid because
the accumulated cost for z consists of the cost in the first step ¢(z,u) and the

accumulated cost from f(z,u), discounted by the factor 5. It can be derived from
the definition of V:

V(zg) = (1515) J (o, (ug))

= inf Bkcx , U
(uk)kz_% (ks uk)

= inf) [e(xo,up) + Z ﬁkc($k> ug)]

(e k=1
o0

=inflc(zg,ug) +  inf Z Bkc(:ckH, Upa1)]
Uo Uk ) k>1 =0

:i&f[c(wo,uo) + BV (21)]

= iilof[c(xo, uo) + BV (f(wo,uo))]-

From the right-hand side of the Bellman equation, one defines the Bellman
operator

L(V)(z) = ;Iellf]

[c(@,u) + BV (f (2, u))]. (1.5)
By means of the optimal value function V', we define a feedback by
u(z) = argmincple(z, u) + BV (f (z,u))],

whenever the minimum exists, e.g. if V' is continuous, as in this case the right-
hand side is continuous in v € U and U is a compact set.

If B < 1, this is a S-contraction. Consequently, by Banach’s fixed point theorem,
there is a unique fixed point.

16



1.2. Dynamic programming

Lemma 1.1. If § < 1, the Bellman operator T': L>®°(R*,R) — L*(R* R) is a
contraction and thus possesses a unique fixed point.

If 5 =1, T is just non-expanding. In this case, the existence of a fixed point
of I is not clear. On the other hand, if there is a fixed point V, it is not unique,
because then V + C', for any constant C' € R, is a fixed point as well. For the
undiscounted case, however, one needs a point of equilibrium or even a target
set anyway, as explained in the last section. This yields the boundary conditions
Vir =0and V re\@ = 00. If no target set is specified, the boundary condition
reads as V' (0) = 0, with the additional requirement that V' be continuous in 0,
because in this case trajectories might never reach 0 but only converge to 0.

In the remainder of this chapter, we consider only undiscounted control systems
with target sets which contain zero as interior point.

The Kruzkov transform.

In general, some part of the state space 2 will not be controllable to the target
set T. By definition, if 5 = 1, V(z) = oo for points x in this part of Q. From
a theoretical viewpoint, this does not pose any problem: On the contrary, the
optimal value function allows thus to characterize the controllable subset of €.

However, the case beta = 1 might not only have the problem that the Bellman
operator might no longer be a contraction. Also for the numerical implementation
parts of 2 with V' = oo could lead to the problem that infinite values at certain
points might propagate through the approximation procedure to other points.
This could lead to infinite approximate values also for points which have actually
finite values.

An elegant way to deal with the fact that V' might attain the value oo (and
also with the missing contraction, as we will see), is by the Kruzkov transform (cf.
[ ]) on V to get the function

v(z) = exp(—V(x)), (1.6)

where we use the continuous extension exp(—oo) := 0. Under this transformation,
the optimality principle (1.4), after applying exp(— -) on both sides, takes the form

v(x) = sup {e_c(m’“)v(f(x,u))} ., xe\T, (1.7)

uelU

the boundary conditions transform to v|p = 1 and v rs\@ = 0. The right-hand
side of this fixed point equation yields the transformed Bellman operator

sup,ep [~ M0(f (2, u))] @ € Q\T,
Fw)(x) =< 1 xeT, (1.8)
0 z € R%\Q

17



1. Preliminaries

on the Banach space L>(R* R), where

o) = { 11’('”) i?ﬁs\T’ (1.9)

Since we assumed ¢ to be bounded from below by ¢ > 0 outside of the target
set, we obtain ||I'(v) — T'(w)||eo < BK||v — w]|oo With

Br =e %= sup supe @ < 1. (1.10)
z€Q\T uelU

The contraction rate Sx is specific to the Kruzkov transform, like the contraction
rate Sp for discounted system.
Now for each z inQ), u € U and v1,v2 € L®°(R?® R) we have

605 (2, 1)) — =D (1) =D o (£, ) — (@, )|
<em oy (f (@, ) — va(f(
SﬁKlvl(f(xv u)) - UQ(f(x’ u))|7

=
S

and hence

[P(v1)(z) = T(v2) ()| =

sup [0 )] = sup [~ )|

uelU uelU
< sup |e= W (f(z,u)) — ey f(a, U))’
uelU

<Br|vi(f(z,u)) —va(f(z,u))].
We then have by the Banach fixed point theorem

Lemma 1.2. If § = 1, the Kruzkov transformed Bellman operator I': L>°(R* R) —
L>®(R* R) is a contraction and thus possesses a unique fized point.

It might seem redundant to define v and plugging it into (1.8) instead of plugging
in v instead. This is indeed the case if one only considers iterations with I" because
T'(v) = I'(v) with the operator from (1.9).

However, in (2.2) we will consider iterations of a composed operator S o I" for
which it is important to enforce the condition vy = 1 on the function resulting
from this operator.

Note that for discounted systems, the transformed Bellman equation would read

v(x) = sup {e_c(x’“)v(f(x,u))ﬂ} . e O\T, (1.11)
uelU

and the Bellman operator

sup,ey [e7 Mo (f(z,u))] @€ O\T,
F)(z) =< 1 rel, (1.12)
0 xr € R\

18



1.3. Continuous-time control systems

The latter is no contraction, because v — v7 is expanding close to v = 0.

So one can consider the Kruzkov transform as a substitute for the discounting
in the sense that both lead to Bellman operators which are contractions, but the
combination of discounting and the Kruzkov transform does not work in general.
In the whole thesis we will implicitly assume the Kruzkov transform for Shepard
discretized undiscounted control systems.

1.3. Continuous-time control systems

The methods which we develop in this thesis apply to discrete-time control sys-
tems. However, in many cases one considers discrete-time control systems which
are time-discretizations of continuous-time control systems. For that reason we
collect some facts about continuous-time control systems in this section. We refer
to | | for a standard work on this topic.

Assume a continuous map f: Q x U — R?® and a continuous cost function
c: Qx U — [0,00) on compact sets Q C R*, U ¢ R?, 0 € U, as state and control
space, respectively. For an initial point x¢ and the choice of a measurable control
function u: [0,00) — U the trajectory is given by the solution of the initial value
problem

2(0) = wo, @(t) = f(x(t), u(t)).

The cost functional is
o
J(xg,u) = / c(z(t), u(t))e Mdt
0
with discount rate A > 0, and the optimal value function is

V(zo) := inf J(zg,u), (1.13)
ucU

where U = {u: [0,00) — U measurable}.

For time-7-sampling the correspondence between the discrete and continuous
discount rates 8 and \ is given by § = e~ *". The continuous-time analogue of
the Bellman equation is the Hamilton-Jacobi-Bellman equation (] , ,

]). It reads

AV(z) = sup[—f(z,u) - VV () — c(z,u)],
uelU

where VV is the gradient of V', hence f(z,u)- VV(z) is the directional derivative
of V in the direction of f(z,u). If there is no discounting, A\ = 0, a possible
interpretation for the equation is that —c(z, u) describes the decrease of V' along
the trajectory in the direction f(z,u).

Clearly, a discrete-time dynamical system can be obtained from a continuous-
time one via the time-7 map, 7 > 0,
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1. Preliminaries

[T (o) = z(7)
if the flow of the vector field is used.

For control systems this is possible as well, but a difference is that for a complete
equivalence it is necessary to use the infinite-dimensional control space U :=
{u:[0,7) — U measurable}. For xg € Q and v € U” the discrete-time system
map is given by

fT(x()a U) = SU(T),
where z(+) is the solution of the ODE

2(0) =z, 2'(t) = f(x(t),u(t)),

and the discrete-time cost function is

cT(xo,u):/O c(x(t),u(t))dt.

1.4. Radial basis functions

In this section we recall some facts about radial basis functions and Shepard’s
method. We refer to | | for a more detailed discussion.

Approximation with radial basis functions

The value function V from (1.2) or its Kruzkov transform v from (1.6) can be
expressed in closed form only for simple optimal control problems, such as linear-
quadratic ones. In general, we need to approximate it numerically within a finite-
dimensional approzimation space V.

In this thesis we are going to use radial basis functions for this purpose, expressly
radially symmetric functions ¢;: R% — R of the form p;(z) = ¢7(||z — zil|2) =
o(ol|z—=;||2) on some set X = {z1,...,x,} C R? of centres. The shape parameter
o controls the “width” of the radial basis functions (see Figure 1.1, left) and has
a significant impact on the numerical results.

We assume the shape function ¢: R — [0,00) to be nonnegative, typical
examples include the Gaussian (1) = exp(—r?) and the Wendland functions
©(r) = max{0, P(r)}, normalized in the sense that ¢(0) = 1 and at least once con-
tinuously differentiable. Here, P is an appropriate polynomial which leads to ¢ be-
ing strictly positive definite (see next subsection), having a certain smoothness and
the minimal possible degree. Moreover they have the structure P(r) = (1—r)!Q(r)
where @ is a polynomial with positive coefficients; as a consequence P(r) > 0 for
0<r<1land P(r) <0 forr>1and so

; P(or) for0<r<1/o,
7 (r) =
0 for r > 1/o.
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‘ 1 :
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Figure 1.1.: Left: Wendland’s function @31 for some shape parameters. Right:
The shape of some Wendland functions.

See Figure 1.1, right, for some examples for Wendland function.

In case that the shape function ¢ has compact support, we will need to require
that the supports of the ¢;’s cover €.

We only use Wendland functions in this thesis.

Interpolation with radial basis functions

One way to use radial basis functions for approximating some function g: 2 — R
is by (scattered data) interpolation: One uses the ansatz

@)= api(x), a€R,
i=1

and requires ¢ to fulfil the interpolation conditions §(&;) = ¢g(&;) at some points
& € Qi = 1,...,n. The coefficient vector &« = (ayq,...,qy,) is then given by
the solution of the linear system Aa = g¢(§) with A = (¢;(&))i; and g(&) =
(9(&1),--.,9(&)). In order to guarantee the unique solvability of this system, one
usually aims at making A positive definite by choosing suitable shape functions
(cf. | ], Chapter 3).

Formally, for some function g: Q — R, we can define its interpolation approxi-

mation Ig: Q — R by
n
Ig=" glz:)u;,
i=1

where the u} : 2 — R are cardinal basis functions associated with the centres X,
i.e. a Kronecker basis of the approximation space span(¢1, . .., ¢n) with v} (z;) =1
and u(z;) = 0 for i # j. Note that Jv depends linearly on v.

However, using interpolation for approximation has some shortcomings in our
context. As an improvement, we use a least-squares type approach for function
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approximation known as Shepard’s method, cf. | |, which we will develop in
the next sections. Shepard’s method has several advantages over interpolation:

(a) Computing the approximation on a finite set of points only requires a matrix-
vector product (in contrast to solving a system of linear equations for inter-
polation),

(b) the discretized Bellman operator remains a contraction, since the operator
associated to the Shepard approximation is non-expanding (cf. Lemma 1.3),
and

(c) the approximation behaviour for an increasing number of centres is more
favourable. For Shepard’s method, in contrast to interpolation, one gets con-
vergence if one considers shape functions with compact support and the sup-
ports of the basis functions are scaled proportionally to the fill distance (to
be defined in (2.8)) of the centres, giving rise to sparse matrices in the imple-
mentation.

Weighted least squares

Given some approximation space A = span(ai, ..., ap), a;: @ — R, the set of
centres X = {z1,...,zp}, m < n, and a weight function w: Q — (0,00), we
define the discrete inner product

(1,920 = > o1 (wi)ga(i)w(),

=1

for g1,92: © — R and the induced norm || - ||y. The weighted least squares
approximant § € A of some function ¢g: 2 — R is then defined by minimizing
llg — gllw. The solution is given by § = 2211 a;a;, where the optimal coefficient
vector a« = (ayq,...,ap,) solves the linear system Ga = g4 with Gram matrix

G = ({ai, aj)w)ij and g4 = ({9, aj)w);-

Moving least squares

When constructing a least squares approximation to some function g: Q — R at
x € Q, it is often natural to require that only the values g(z;) at some centres z;
close to x should play a significant role. This can be modelled by introducing a
moving weight function w: Q x Q — R, where w(¢, z) is small (or even zero) if
I€ — z|2 is large. In the following, we will use a radial weight

w(&, x) = 7 ([|€ — x[|2),
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1.4. Radial basis functions

where 7 = (o) is the shape function introduced before. The corresponding
discrete inner product is

<glvg2 . Zgl xz 92 l‘z (xu )

The moving least squares approximation § of some function g: 2 — R is then
given by g(z) = §“(r), where g* € A is minimizing ||g — §°||,s(..z)- The optimal
coefficient vector a” is given by the solution of the Gram system Gx ¥ = g% with

G* = ((ai, aj)y(.z))ij and g% = ({9, a5)w(.2));-

Shepard’s method

We now simply choose A = span(1) as approximation space. Then both the
Gram matrix G¥ = (1,1)y(.4) = Z?Zl w(zj,r) and the right-hand side g% =
(9 Do) = Sor, g(@i)w(z;, x) are scalar. Thus we get

T = g4 /G =31 g(xi)i(x), where

w(zi, )
Vi(r) = =5 : (1.14)
Zj:l w(zj, )
We define the Shepard approximation Sg: Q@ — R of g: Q@ — R as
Sg(x) =a"-1= Zg(xZ)M(x), x €. (1.15)

Note again that Sg depends linearly on g. What is more, for each z, Sg(z) is a
convex combination of the values g(z1),...,g(zy), since the 1; form a partition
of unity, Y 1i(x) =1 for all z € Q.

Another important property of the Shepard operator is that it is non-expansive.
This yields a contractive Bellman-Shepard operator, to be defined in (2.1).

For the next lemma, let W := span(¢1, ..., 1y,).

Lemma 1.3. The Shepard operator S: CO(R*, R) — W C C°(R*,R) has norm
1.

Proof. Since, by assumption, the ; are nonnegative and, as mentioned above, for
each z € Q, Sg(x) is a convex combination of the values g(z1), ..., g(x,), we have
for each x € 2

|Sg(x |<Z|g zi)i(e)] < max |g(z; |Z|wz I = max [g(wi)] < gl

so that ||Sg|loc < [|g]lcc- Moreover, for constant g one has Sg = g and conse-
quently [|Sgloo = llgloc- O
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2. The Shepard discretization of the
optimality principle

In this chapter we define the Bellman-Shepard operator, which gives an iterative
method to approximate the value function of a control problem. This operator
makes use of the Shepard approximation, which depends on a set of centres. We
prove that if the fill distance of a sequence of sets of centres shrinks to zero, the
approximate value function converges to the exact value function. The distinction
of control problems on whether they are discounted or not, leads to the split of
the convergence proof for decreasing fill distance into Sections 2.3 and 2.5.

For undiscounted problems, we also show in Section 2.6 results about the quality
of the approximate feedback (which one gets from the approximate value func-
tion) with regard to its ability to find trajectories along which the value function
decreases.

The content of this chapter has mainly been published in | ]

2.1. Discretization of the optimality principle

We want to compute an approximation to the fixed point V resp. v of the Bell-
man operator (1.5) resp. (1.8) by wvalue iteration, which means by iterating I" on
some initial function VO resp. o%. 1 We would like to perform this iteration in-
side the finite-dimensional approximation space W C L*(R® R), i.e. after each
application of I', we need to map back into W.

Discretization using radial basis functions Abstractly, choosing some (finite
dimensional) approzimation space W C L*°(R® R) as well as some projection
operator IT : C°(R* R) — W, one defines the discrete Bellman operator

[Hol': W — W.

If the operator II is constructed such that [|TI|| < L and T such that ||| < 3,
then IT o I' has the norm |[ITo '] < L. If these maps can be arranged such that
LB < 1,110l is a contraction, possessing a unique fixed point V = (ITo F)[f/] by
Banach’s fixed point theorem.

n this section we always write V, V?, etc. rather than v, v°, etc., but the considerations
concern both the discounted and the Kruzkov case.
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I I
x  Prescribed values *

Shepard approximation

——— RBF interpolation

-0.5 0 0.5 1 1.5 2 2.5

Figure 2.1.: Example of a Shepard approximation and an interpolation with radial
basis functions.

In the following we will consider RBF interpolation and Shepard’s method for
radial basis functions as choices for the approximation operator II.

As a simple motivation, we plot in Figure 2.1 an example of both approximation
methods in a one-dimensional case with four prescribed values (black x’s in the
figure) and the two approximating functions. One sees that the Shepard approxi-
mation does not interpolate the given values exactly. However, it looks smoother
than the RBF interpolation and fulfils monotonicity: Its maximum and minimum
are bounded by the maximum and minimum of the prescribed values. This is a
consequence of Lemma 1.3.

Next, we consider RBF interpolation and Shepard’s method for the discretiza-
tion of the Bellman operator.

Interpolation

Choosing A = span(yq, .. ., ¢y), we define the Bellman interpolation operator to
be

Iol': A— A

In general, the operator [ is expansive and not necessarily monotone. If the max-
imal expansion rate is denoted by L, in the worst case the contraction rate 3 of
I' has to compensate for L, specifically fL < 1. However, L is not known, in gen-
eral. For that reason, one cannot rely on the iteration with I oI' to be convergent
(although in most of our numerical experiments it turned out to converge) and
move our focus in this thesis towards the value iteration with Shepard’s method.

Shepard’s method

Correspondingly, we define the Bellman-Shepard operator as

D:=Sol':W—W (2.1)
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2.1. Discretization of the optimality principle

for the Shepard space W = span(v1,...,,). > Explicitly, the value iteration
then reads
VA= S(T[VY), k=0,1,2,..., (2.2)

where, as mentioned, some initial function V0 € W has to be provided.

As a composition of the contraction I' and the non-expansive Shepard operator
S, c¢f. Lemmas 1.1 resp. 1.2, and 1.3, we get the following theorem about the
Shepard value iteration.

Theorem 2.1. The Bellman-Shepard operator T : (W, || - |eo) = OV, || - |0 is a
contraction,
IT(V1) = TVl < IV = Val|,

thus the iteration (2.2) converges to the unique fized point VeWw ofT.

Explicit formulas for the Bellman-Shepard discretization

In the case of a Kruzkov transformed value iteration, (1.8) yields the iteration

supyer {e WOk (f(z,u)} @ e T,
V() = To¥)(z) = ¢ 1 zeT, (2.3)
0 x € R%\Q,

and if we expand this in a Shepard basis as in (1.15), we get

n supyep {e @ (f(zi,u)} @ € Q\T,
Solh)(x) => vix){ 1 z; €T, (2.4)
i=1 0 z; € R\

For later use in Section 5.2, we will now consider the related iteration with I'o.S,
instead of with S o I'; which converges to the fixed point I'(v) instead of v.
If we expand v¥ in (2.3) a Shepard basis as in (1.15), we get

supyer 1€ 3o R ()i (f(w,u)) } oo € O\T,
FoSH(z) =< 1 xeT, (2.5)
0 x € R5\Q.
As in Chapter 1 was specified, v,v*, etc. refer to Kruzkov transformed value

functions, while V, V¥, etc. refer to discounted systems. For discounted control
systems instead of Kruzkov transformed ones, the previous equation becomes

o S[V¥(z) = inf
uelU

{a(zv, W+ 83 VE@i(f(a, u>>} . @6
=1

and so the fixed point equation has the form

V(z) = inf {c(m, u) + BZ V(xi)zm(f(x,u))} . (2.7)

uelU -
=1

2To simplify the notation, we use the letter W to denote both an abstract approxima-
tion space and the Shepard space.
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2. The Shepard discretization of the optimality principle

2.2. Stationary vs. non-stationary approximation

Our aim is to prove that for decreasing fill distance, the approximate value function
converges to the exact one. The approximate value function is the fixed point of
the Bellman-Shepard operator. As an auxiliary result we show in this section
that the sequence of Bellman-Shepard operators corresponding to an increasingly
dense set of centres converges to the identity.

For the set of centres X we define the number

hi= by = mamin o — €], (2)
which is called the fill distance of X in 2. This is the radius of the largest open
ball inside €2 that is disjoint from X.

In non-stationary approximation with radial basis functions, the shape param-
eter o from Section 1.4 is kept constant while the fill distance h goes to 0. Non-
stationary interpolation is convergent (cf. [ , Theorem 15.3]). On the other
hand, stationary interpolation, i.e. letting 1/0 shrink to 0 proportionally with h
(0 = C1/h for a constant C7 > 0), does not converge (for a counter example see
[ , Example 15.10]). For Shepard’s method instead of interpolation, though,
the exact opposite holds: Non-stationary approximation does not converge (cf.
[ , Chapter 24]), while stationary approximation does, as we will show below.
In practice, this is an advantage, since stationary approximation allows us to keep
the associated matrices sparse.

Assume we are given a Lipschitz continuous function g : 2 — R, and a sequence
of sets of centres X\  Q with fill distances hY). We consider the Shepard
operators SU) associated with the sets X) and shape parameters

o) =y /nb) (2.9)

for some constant C; > 0. Under the assumption that h\9) — 0 we get conver-
gence of the respective Shepard approximants S (7) g: 2 — R to g as shown in
the following result, which is a minor generalization of the statement preceding
Theorem 25.1 in | ] from C! functions to Lipschitz functions.

From now on, we consider only shape functions with compact support. Oth-
erwise, the following lemma would require additional assumptions on the sets of
centres X ),

Lemma 2.2. Let g : Q — R, be some Lipschitz continuous function with Lipschitz
constant Ly. Then

lg = SVglls < Ly £-h1
1
where p is a number such that supp(p) C B,(0) = {z € R?| ||| < p}.

Proof. By the scaling effect of o/ we have

(49)
Supp(goaj ) C Bp/a(j)(o)
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as well as

P
sup  |g(x) — g(zo)| < Lgm, T € €,
z€B,, () (o) o

and, as a consequence,
l9(w0) = SDg(w0)| < Ly—s = Ly LD, mp e,

because the Shepard approximation is given by a convex combination of values of
g inside a p/cr(j)-neighbourhood. O
The analogue result holds true for Lipschitz continuity up to perturbation, as
we will show in the next lemma.
A function is called Lipschitz continuous with Lipschitz constant L > 0 up to
a constant perturbation € > 0, if

l9(x) —g(y)| < Lljx —y[| + €
for all z,y € Q.

Lemma 2.3. If in the last lemma, g is only Lipschitz continuous with Lipschitz
constant L > 0 up to a constant perturbation € > 0, then

lg = SDgllo < LyL-h) +e.
Ch
Proof. Here, the first inequality from the last proof becomes

sup |g(@) = glao)| < Ly +2, w0 € Q,
mEBp/g(j)(xo) o

leading to

lg(x0) — SV g(z0)| < Lgi. +e= Lgﬁh(j) +e, o€
U(]) Cl

2.3. Convergence for decreasing fill distance with
discounting

In this section we show that the approximate solution V from Theorem 2.1, which
depends on the set of centres X, converges to the exact solution V' if the fill
distance h of X converges to zero.

As we show in Section A.1 in the Appendix, V is Lipschitz continuous for
undiscounted control systems.

However, for discounted control systems, one only gets Lipschitz continuity up
to an arbitrarily small perturbation:
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2. The Shepard discretization of the optimality principle

Theorem 2.4 (Lipschitz continuity of V up to perturbation). Let V' be the optimal
value function of a discrete-time control system with discount rate 0 < g < 1, and
let the system dynamics f and the cost function ¢ be Lipschitz continuous with
Lipschitz constants Ly and L, respectively.

Then V is Lipschitz continuous with Lipschitz constant L = L(g) > 0 up to an
arbitrary constant perturbation € > 0. If the discount rate is such that 8Ly < 1,
then V' 1s even Lipschitz continuous with Lipschitz constant Lcﬁ.

Proof. Let M. := max, ,)caxv |c(r,u)|. For any € > 0, one can choose k € N
such that
k k+1
2((ﬁLf) —l—(ﬁLf) +... )M, <e.

Then

[T (20, (ur)) = T(yo, (i)l = | Belar,ur) = Y Belyp, )
k=0 k=0
<) B e(wn, k) — B e(yp, up)|
k=0

o
<> BLLE)xo — woll

k=0
<[lzo = yoll Le(1 + Ly + (BLp)* + -+ + (BLy)" ) +e.
)

Consequently,
[V (x0) = V(yo)| =| ggf) J(xo, (ur)) — (lilf) I (Yo, (ug))]
< gilf) |J (0, (uk)) = J (Yo, (uk))]

<Lllzo — ol + .

If the discount rate is chosen such that 8Ly < 1, then

|7 (o, (ur)) = T (yo, (ur))| <Y B*LeLifllzo — ol

k=0
<l L !
x —_— —_—
and so
1
— < |l2o — ol Lo———.
[V (x0) = V(vo)| < llzo — ol “T=BL;

O
The following example shows that, in general, V' is not Lipschitz continuous, so
it is in fact necessary to allow for a perturbation.
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2.3. Convergence for decreasing fill distance with discounting

Example. We set Q = [0,1],U = {0}, 8 = 1,

2¢ — 1 foer%,
f(x):= f(z,0):=< 0 forz =0,

a smooth monotone interpolation for 0 < x < %

and
c(x,0) == x.

Then V is not Lipschitz continuous in a neighbourhood of 1.

Proof. The system is deterministic, because it has only one control and so an
initial value already determines a trajectory. Define (x) by g := 1 and (y;) by
Yo = (1 — 2%) for some K € N. Then

oo

1 1 1 1
V) =Viwo) =) g, =2= 145+ 34+ gy +gp V()
k=0

and

where QLKV(I) > 5%

1 1 1 1

V(l)—V(l 2K) >2K+ ok — Kok
and . .

V) -V (1-5) VI)-V(1-3)

7 = T > K,
1= (1= ) o

so differential quotients of V' can be arbitrarily large in a neighbourhood of 1, and
so V' is not Lipschitz continuous. [

It might appear counterintuitive that for discounted systems one only gets Lip-
schitz continuity up to perturbation instead of Lipschitz continuity as for undis-
counted systems. An explanation is that in the corresponding Theorem A.8, a
necessary assumption is that the system is globally controllable or, equivalently,
has a finite optimal value function, which is a rather strong condition in the undis-
counted case. For discounted systems the finiteness of the optimal value function
is already a consequence from the boundedness of the cost function.
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2. The Shepard discretization of the optimality principle

However, Lipschitz continuity up to arbitrary perturbation suffices to prove the
convergence of the approximate solution to the exact solution for the optimal
value function for discounted control systems.

Theorem 2.5. Assume a control system with the assumptions from Theorem
2.4 and let V' be Lipschitz continuous with Lipschitz constant Ly (g) > 0 up to
perturbation € > 0.

Assume a sequence of sets of centres XU < Q with fill distances h\9) > 0,
o) = ¢y /hY), Cy > 0, the associated shape parameters, SU) : CO(R% R) — W
the associated Shepard operators and V) € W the unique fixed points of T'U) =
SW oT. Moreover, assume h) — 0 for j — oo. Then

IV =V 0.

Proof. First, we show that

. 1 .
|V -V < =5 <CﬁlLv(a)hU> —|—5> .

Let el be the norm of the residual of V in the Bellman-Shepard equation,
expressly
=V =TOV) oo = [V = SV .

Then

|V -V ||oos|rv TDV)]oo + VY =T (V)]
U 4T vt >>—f<j><V>||oo
< el 4 BV — Va0,

where the last inequality is by Theorem 2.1. Consequently,

eld) 1 D . e
< L (4)
|V — 174Y Hoo_l—ﬁ_l—ﬁ<C1LV(€)h +5)—>1_6

for h)) — 0, where the last inequality is by Lemma 2.3. The expression on the
right-hand side can be made arbitrarily small, as € can be chosen freely, and hence
we have ||V — V)|, — 0 for j — oco. O

2.4. Implications of (non-)discounting for dynamic
programming

In Section 2.3 we considered discounted control systems, i.e. that 0 < g < 1.
While there might be some justification of discounting in applications (in the sense
that those costs which have to be paid in the future are not as important as the
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immediate costs), in most cases the discount rate is just an artificial modification
of the original problem in order to simplify the theory, to force finiteness of the
value function and sometimes also to allow for a finite horizon approximation.

Often one is interested in the case that there is no discounting, because the
undiscounted value function might be the relevant quantity. In this case one gets
a better numerical solution by approximating the undiscounted value function
directly, instead of by first modifying the given problem with the introduction of
a discount rate.

We recall two crucial differences of undiscounted control problems in comparison
with discounted ones:

e The finiteness of the undiscounted value function in certain regions implies
the controllability of these regions to the target in the sense of Section 1.1.

e As was explained in section 1.2, if there is no discounting, one needs the
Kruzkov transform in order to get a contraction and convergence for the
value iteration.

2.5. Convergence for decreasing fill distance with
the KruZkov transform

Theorem 2.5 showed that the approximate solution obtained for the optimal value
function with the value iteration (2.2) converges to the exact optimal value func-
tion if a sequence of sets of centres is considered with fill distance converging to
0. There it was assumed that the discount rate is less than one.

In this section we prove that the corresponding result holds also true if no
discount rate is present, but instead the Kruzkov transform is applied.

For the proof of the following theorem, we employ Lemma 2.2 in order to show
convergence of the approximate value functions for decreasing fill distance. To this
end, we need to assume that the value function V', and hence also its Kruzkov
transform v, is Lipschitz continuous. This is true, according to Theorem A.8 in
the Appendix, under the following assumption:

Assumption 2.6. We assume that a discrete-time control system is given that
is stabilizable on all of 2, and that there is a feedback so that the closed-loop
system has 0 as an asymptotically stable fixed point. Furthermore, we assume
that f € CH(Q x U,Q), c € C?*(Q x U, [0, 00)).

From now on, we need a target set T" as explained in Section 1.2 which yields a
contraction rate fx as in (1.10).

Theorem 2.7. Assume a control system with Assumption 2.6 and let L, be a
Lipschitz constant for v. Assume a sequence of sets of centres X9 < Q with fill
distances h9) > 0, let oU) = C’l/h(j), C1 > 0, be the associated shape parameters,
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2. The Shepard discretization of the optimality principle

S . CO(RS,R~) — W the associated Shepard operators and 79 e W the unique
fized points of TW) = SU) o T'. Then

. I .
_ i <« P ()

v— 0V |o < .

| | C1(1 - Bk)

Moreover, if K9 — 0 for j — oo, then
lv = 59|oo — 0.
Proof. Let e() be the norm of the residual of v in the Bellman-Shepard equation,

D) = o = FO)oe = fJo = SDv|o.

Then
o= 5Ploe < o = TP @)oo + 57 = FD(0) ]
= e0) 4 IO D) — T (0) ] o
< eV 4 B oY) = vl oo
Consequently, )
) J j
b=l = 75 =

where the last inequality is by Lemma 2.2.
It follows that if h) — 0 for j — oo, then

v — 9 |o = 0 for j — oco.

Treating the case without target

So far, we have assumed the boundary condition V|p = 0 for the target set T,
which contains zero as an interior point. On the other hand, for the proof of
Theorem A.8 that V' is Lipschitz continuous, it is necessary that ¢(z,u) > 0 for
all z € (2 \ {0}) x U. These assumptions contradict each other.

The boundary condition V|p = 0 can be relaxed, though. For the existence
of the contraction factor fx in (1.10), it is sufficient that there is a boundary
condition V|7 = Vp (and the function Vp: T — RS’ need not be zero), in other
words, it suffices that the exact optimal value function is known a priori on a
neighbourhood 7' of the equilibrium point 0.

However, this assumption is no essential restriction on control problems, as
we show now. To this end we prove that we can change a given control system
in a target set 75 = T such that the value function V for the new problem is
known on 7T and deviates from the value function of the original system only
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2.5. Convergence for decreasing fill distance with the Kruzkov transform

slightly: If a sequence of target sets (T0)); with diam(70)) — 0 is given, then
VW) — Ve — 0 as we will show next. We extend the control space with a
special control u*, which allows to move directly to zero, but only at a large cost,
increasing fast with distance from zero. Then u* is an optimal control only for
states x which are sufficiently close to zero.

Let L be a Lipschitz constant for V and 0 € Ty C 17 € 15 =T C €. Let
U*:=UU{u*}, f(z,u*) :=0 and

C|x||? for x € T1,
c(z,u*) := ¢ a C? interpolation for x € Ty \ T1,
L||z|| for x € Q\ Ty,

with a constant 0 < C' < 1 such that c¢(z,u*) < ¢(x,u) for all x € Ty \ Ty, u € U
(This is possible because cﬁi’;ﬁ) is a CO(Ty \ Tp) function.).

We modify the one-step cost c(z,u) for x € To,u € U into é(z,u) such that
c(x,u*) < é(z,u) even for all z € Th,u € U:

{c(m,u) for z € X'\ Ty,

c(x,u) :=
(z,u) max{c(x,u),c(x,u*)} for x € Tp.

Proposition 2.8. The value function V of the new problem (with v*, and with ¢
instead of ¢) fulfils
V(z) = C|z||?* for x € Ty.

Proof. The value function is bounded from below by the cost for the first time
step: V(z) > mingey- é(z, u) > e(z,u*) = C||z|).

On the other hand, the choice of ug = u* gives x1 = 0 and the total cost of
C||z||?. So, in fact, V(z) = C||z|>. O

Theorem 2.9. Consider sequences 0 € Téj) C Tl(j) C TQ(j) with diam(TQ(j)) — 0.
Let V) be the value functions of the new problems (with u* and ¢) associated to
79 i =0,1,2. Then |V — Vs — 0.

Proof. Tt holds that V) < V + (diam(TZ(j)))Q. To see this, let an optimal tra-
jectory (zp,uy) of the original problem for the initial point zg € € be given. As
xr — 0 for k& — oo, there is a first z,, along the trajectory with z,, € T;. We
consider the control sequence (ug, ..., u,—1,u*) for the modified control problem
with value function V). Then

n—1

V(j)(aso) < c(xi, ui) +

C_llzall
<1

~
I
_ O

3

c(zi, ;) + (diam(T47))?2

IN
I
o

1

<V (z0) + (diam(TV)))2,
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2. The Shepard discretization of the optimality principle

On the other hand, one can also see that V) >V — Ldiam(TQ(j)). To this
end, we consider an optimal trajectory (x,,uy) for the modified control problem
with value function V) for the initial point xg € 2. Then there is a first x,, with
Ty, € TQ(j ). Now there are two cases

If w1 # u*, VO (xg) > Z c(xi,u;) and

i
L

V(o)

IN

c(xi, ui) + V(xy)

o

.

<N (i, u) + L diam(Téj)).

1

3
—

I
o

So V@(zg) > V(z0) — L diam(T: ; >).
But if u,_1 = u*, one gets V1) (z) > Z 2 (4, ui) + L||xp—1]] and V(zg) <
Z?:_OQ c(xi,u;) + L||xp—1||. This shows that V( D (z0) > V(o).
]

2.6. Construction of a stabilizing feedback

So far, we were concerned with the approximation of the value function V', but did
not investigate the feedback u. The reason is that from a theoretical viewpoint,
the construction of one of them yields the other one without much effort: From an
optimal feedback u one can directly calculate an optimal trajectory (xy) by (1.1),
and then calculate V' (zg) from (1.2), because the optimality of the feedback u, and
hence of the control sequence (u;) = u(zy) for xp has been assumed. The other
way round, an optimal feedback can be defined from the optimal value function
V by
u(z) = argmin, c7[c(z, u) + V(f(z,w))], =€l

However, for numerical reasons it is important to analyze the feedback in more
detail because the correspondence between optimal value function and optimal
feedback is no longer an exact correspondence if these maps are replaced by ap-
proximations.

In the preceding section, we analyzed the error that the approximate value
function has in comparison with the exact optimal value function. Here, we will
show how that implies the stability of the feedback derived from the right-hand
side of the optimality principle (1.4).

In this section we consider undiscounted problems, i.e. 8 = 1 because for dis-
counted problems the stabilization is not necessary for the finiteness of the value
function. As common in dynamic programming, we use the approximate value
function V(z), z € S := {z € Q : V(z) < oo}, in order to construct a feedback
which stabilizes the closed-loop system on a certain subset of €2.
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2.6. Construction of a stabilizing feedback

This feedback is (following the exact case from above)

ii(z) = argmin, .y [c(z,u) + V(f(z,u))], z€S.

Note that the argmin exists, since U is compact and ¢, f and V are continuous.

We will give two related, yet independent theorems which state that the exact
value function resp. the approximate value function descend along discrete tra-
jectories defined by the feedback as long as the one-step cost is above a certain
level. One cannot expect the (exact or approximate) value function to drop ac-
cording to the one-step cost in each step. The deviation can be bounded, though.
In our first theorem this deviation depends only on the approximation error of
V in comparison to V. We will make frequent use of the minimal one-step cost
co(z) := minyey c(z,u) at a point x.

Theorem 2.10. Assume that the approximate value function fulfils
V=Vl <e
Then we have for the descent in each step
V(f(z,a(x))) < V(z) — co(z) + 4e.
Proof. Let u, be the optimal control for z, i.e.
Viz) = clz, ue) + V(f (2, us)).

As a consequence,

V(z) > ez, u) + V(f(2,us) — 2e > ez, @) + V(f(z,a(z))) — 2,
implying
V(f(z,a(z)) < V() —clz, @) + 2 < V(x) — co(z) + 2,
and so
V(f(z,a(z)) <V(z)—co(z) + 4e.

O]
So the value function decreases along a trajectory of u as long as co(x) > 4e.
In our next theorem, we will treat the change of the approximate value function
instead of the exact value function.
We define the Bellman residual

e(x) := inf [c(z,u) + V(f(z,u))] = V(z), z€S,

uelU

and show that V decreases along a trajectory of the closed-loop system if the set

Ry = {a € S|e(2) <néa)}, ne01),
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2. The Shepard discretization of the optimality principle

where the Bellman residual is (at least by a constant rate) smaller than é(x) :=
c(z,0(x)), contains a sublevel set of V and we choose the initial condition in this
set. One can show that the ratio of the descent of the approximate value function
and the one-step-cost can be controlled as long as the value function is not too
small.

Evidently, the inequality in the definition of R; can only be checked a posteriori
after some approximate optimal value function V has been computed. The size
of the largest sublevel set of V which is contained in Ry, strongly depends on the
example and the approximation quality of V (cf. also examples 3.3 and 3.4).

Theorem 2.11. Suppose that Do = {x € S | V(z) < C} C Ry, for some C > 0.
Then for any xo € D¢, the associated trajectory gemerated by the closed-loop
system x;41 = f(z;,0(z;)), 7 =0,1,..., stays in Do and satisfies

/—1
V(wg) < V(o) = (L=n) Y clxj,lzy)).
j

Il
o

Proof. Since e(z) = é(z) + V(f(z,0(x))) — V(z), we have for z; € Do C R,
Vi(zjp1) = V(xj) — é(x;) +e(x;) < V(zy) < O,

thus z;11 € D¢, which shows that the closed-loop trajectory stays in D¢. Further,

V(zjt1) (zj) — c(xj,u(z;)) + e(z;)
Lj

=V
< V(xj) = (1 = n)e(zj, u(x)),
which shows the decay property. O]

The strong assumption of Theorem 2.11 is harder to obtain if ¢ is small. For
that reason, we give a variant of the proposition which is similar to Theorem 5 in

[GJ05].

To this end, we define the function ¢ which connects ¢y and V' in the sense that

i(s):= sup V(z),

z€{co<s}

where ¢g is defined as before by cp(x) := minyep c(x,u), and {cg < s} is a
shorthand notation for ¢y ([0, s]).

Theorem 2.12. Assume that the approximate value function fulfils
IV =Vl <e¢

and
e(r) < max{nco(x),ep}
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2.6. Construction of a stabilizing feedback

for allz € D C Q, some gy > 0 and some n € (0,1). Then for each x € D and
' = f(z,u(x)) one has
V(') <V(z) = (1 = n)e(x, u(x))
or i
V(2') < 6(eo/n) + € — minco(x).
zeD

Proof. If V(z') < 6(e0/n) + € — mingep co(z), there is nothing to show.
Otherwise V(z') > d(e0/n) + € — mingep co(x).
On the other hand,

uclU
=c(z,a(z)) + V(f(z,0(2))) — ¢
=c(z,u(z)) +V(2) —¢
>co(x) + V(') —¢
> :rvréilr)l co(z) +V(a) —e
>d(c0/n),

so V(x) > d(eg/n), implying co(x) > €o/n, i.e. ncg(x) > € by definition of 4, and
so e(z) < neg(x) by the bound on e. This in turn implies

() — c(z,u(z)) + ()
() = e(z,u(x)) + neo(x) < V(w) = (1 = n)e(z, u(z)).
O
By iteration of the statement of the theorem, one gets the following corollary.
If the first case of the theorem occurs in each of the [ steps, the first case in the

corollary occurs. If, however, in at least one step the second case of the theorem
occurs, the second case in the corollary occurs.

Corollary 2.13. Assume that the approximate value function fulfils
IV =Vipo@ <e

and
e(r) < max{nco(z),eo}

for allx € D C Q, some eg > 0 and some n € (0,1). Then for each xo € D and
the corresponding sequence

zip1 = f(a,a(zy))
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2. The Shepard discretization of the optimality principle

one has

-1
Vie)) < Viwo) = (1 =n) ) clzj,ufz))

3=0

or

V(x;) < 0(e0/n) + € — min co(x).
xeD
as long as xq,...,x;_1 € D.

2.7. Summary and outlook

In this chapter, which is central to this thesis, we have constructed the Bellman-
Shepard operator as discretization of the Bellman operator and have shown that
it is a contraction on the Shepard space. Therefore the value iteration converges
to the unique fixed point of the Bellman-Shepard operator. A proof of the conver-
gence of the approximate value function towards the exact one for a sequence of
centre sets with decreasing fill distance has been given, both for discounted and
undiscounted control systems.

Another aspect was the suitability of the method for the construction of tra-
jectories because an approximate value function gives rise to a corresponding
feedback. We have shown conditions for this feedback to induce trajectories along
which the value function respectively the approximate value function decreases.
These estimates allow for points of the state space to be stabilized, i.e. steered
close to the target by the feedback.

For an implementation one has to make some choices, specifically of the shape
functions, the set of centres and of a scheme for the specification of the shape pa-
rameter for different sets of centres. In Chapter 3 we will give numerical examples
and also compare some of the different choices which are possible for the Shepard
discretization in a benchmark example.

There are many ways in which the approach presented in this chapter can be
extended. One possibility for an extension is not to fix the shape parameter o at
the same value for all basis functions ¢;. One could, e.g. either try to choose o
greedily in an optimal way for each ¢; or to implement a multilevel type scheme
which works with a scale of values for o.

The choice of the centre set can be further investigated. Its only important
parameter in the convergence proofs is the fill distance. So one has full flexibility
in designing the set of centres. An interesting question is if it is generally better
to choose the set of centres in a universal form independent of a specific control
problem, to adapt it to individual control problems, or even to use an adaptive
algorithm, which adds to an initial set of centres further centres in an improved
or even optimal way. A criterion which has been applied successfully in similar
situations, e.g. in | ] aims at reducing the residual in the Bellman equation
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2.7. Summary and outlook

uniformly, by refining regions with large residual. In Chapter 4 we will present an
algorithm which incorporates a corresponding adaptive refinement step.

One drawback of the value iteration used here is that the images of all possible
centre-control value pairs have to be computed and the corresponding matrix
entries have to be stored. It would be nice to have some sort of “fast marching”
type algorithm which needs this reachability information only locally. In Chapter
5 we show a connection between the Bellman-Shepard discretization of control
problems and stochastic shortest path problems. This allows for the application
of a Dijkstra-like algorithm (] ]), which was originally designed for stochastic
shortest path problems, on an equivalent discretized Bellman equation.

As a final remark, the approximation space that we use here is rather smooth—
in contrast to the value function which in general is only Lipschitz-continuous.
If one considers a relaxed version of the optimality principle, e.g. in the sense of
[ ], smoother solutions might exist which can be approximated with higher
efficiency. If one aims for higher-order convergence, higher-order moving least
squares approximations could then be tried, cf. | ]. We did not find convinc-
ing results while investigating in these directions, though.
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3. Implementation and numerical
examples

This chapter is dedicated to the numerical implementation of our method. We
start with some details about the implementation, present several numerical ex-
amples and compare the impact which different choices for the discretization have.
Parts of this chapter have been published in | ]

3.1. Implementation

A function
veEW= Span(¢17 R 7wn)

is defined by the vector v = (01, ..., 0,) € R"™ of its coefficients, i.e. 0 = Z?:l 05,
cf. Section 1.4. We can evaluate © on an arbitrary set of points Y = {y1,...,ye} C
Q2 by the matrix-vector product A(Y )0, where A(Y") is the e x n-matrix with entries
aij = V;(yi)-

In order to compute 0%

Lin the value iteration (2.2), and assuming the Kruzkov
transform, we need to evaluate I'[0¥] on X as in (2.3), i.e. we have to compute

I R

In general, this is a nonlinear optimization problem for each x;. For simplicity and
computational speed, we choose to solve this by simple enumeration, i.e. choosing

a finite set U = {uy,...,um} C U of control values and approximate
D)) & max {em@m)at (7o, u,)) } (3.
j=1,..m

for each z; € X\T'. This introduces an additional error, which, in principle, could
be minimized by using some more sophisticated NLP solver (such as fminsearch
in MATLAB) at the expense of a drastically increased run time. For a thorough
discussion of the effect of the discretization of the control space onto the value
function see, e.g. | .

Let Y/ = {f(zi,u;) |i=1,...,n,j = 1,...,m}, then the values o*(f(z;,;))
are given by the matrix-vector product A(Y”)o*¥. From this, the right-hand side
of (3.1) can readily be computed.
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3. Implementation and numerical examples

Remark. 1. We have formulated our approach for a discrete-time control sys-
tem which may, as mentioned in Section 1.3, be obtained via time-sampling
from a continuous-time system. In fact, the systems in the following numer-
ical experiments have been obtained this manner. One of the central ques-
tions in this case is the error introduced by the time sampling. We do not
consider this problem here and refer instead to | , , , .

2. In some cases, our numerical examples are given by restrictions of problems
on R* to a compact domain 2 € R®. In general the dynamical system on
R% is a map f; : R®* x U — R?® which does not restrict to a map fy :=
fila : Q@ x U — €. This can be achieved by replacing fa with f := Il o fo
where II is a Lipschitz-continuous projection of R® onto €2. In our numerical
experiments, it did not matter whether the projection step was included,
which is why we decided to omit it from our implementation.

Distance matrices and kd-trees

For the numerical realization of our algorithms we have to evaluate radially sym-
metric functions on large sets of points leading to expressions like ¢7(||lz; — y;||)
which have to be evaluated for many pairs of points (z;,y;) € X X Y where
X = {x;} C Qs the set of evaluation points and Y = {y;} is the set of centres.
In order to calculate all of them simultaneously and fast, it is best to construct a
distance matriz which contains all the pairwise distances ||z; — y;|| for all points
r; € X and y; €Y.

However, as we use basis functions with compact support U /0(0), most of these
expressions ¢ (||z;—y;||) equal 0 whenever ||2;—y;|| > . Therefore, it is desirable
to find for each point z; € X all points y; € Y which are close to ;. To that end,
we employ a tool called kd-trees in the implementation by Guy Shechter, which
can be found on ([ ]). The corresponding algorithm subsequently divides the
state space in parts in which one continues to search for nearby points.

3.2. Example: A simple 1D example
We begin with the simple one-dimensional system
f(z,u) =z + aux
on Q =1[0,1],U = [-1, 1], with parameter a = 0.8 and cost function
c(x,u) = ax.

Apparently, the optimal feedback is u(x) = —1, yielding the optimal value func-
tion V(z) = z. For j from 10 to 1000, we choose equidistant sets X () =
{0,1/4,...,1=1/4,1} of centres, U = {—1,-0.9,...,0.9,1}, T = [0,1/(25)] and
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3.3. Example: Shortest path with obstacles
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Figure 3.1.: L®-error of the approximate value function V@) = —log(3()) in

dependence on the fill distance 1/j, where j is the number of centres.

use the Wendland function ¢?(r) = max{0, (1 — or)*(40r + 1)} as shape function
with parameter o = j/5. In Figure 3.1, we show the L*-error of the approximate
value function V@) in dependence on the fill distance h()) = 1/j of the set of
centres X ). We observe a linear decay of the error in h(7).

3.3. Example: Shortest path with obstacles

Our next example is supposed to demonstrate that state space constraints can
trivially be dealt with, even if they are very irregular: We consider a boat in the
Mediterranean Sea surrounding Greece (cf. Fig. 3.2) which moves with constant
speed 1. The boat is supposed to reach the harbour of Athens (marked by an x
in the map) in shortest time. Accordingly, the dynamics is simply given by

f(z,u) =2+ hu,

where we choose the time step h = 0.1, with U := {u € R? : ||u|| = 1}, and the
associated cost function by
c(x,u) = 1.

In other words, we are solving a shortest path problem on a domain with obstacles
with complicated shape.

In order to solve this problem by our approach, we choose the set of centres
X as those nodes of an equidistant grid which are placed in the Mediterranean
Sea within the rectangle shown in Fig. 3.2, which we normalize to [—10,10]%.
We extracted this region from a pixmap of this region with resolution 275 by
257 pixels. The resulting set X consisted of 50301 centres. We choose U =
{exp(2mij/20) : j = 0,...,19} C C under the identification C = R?. The choice
of 20 equidistant points as discretization of the control space does not introduce
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3. Implementation and numerical examples

Figure 3.2.: Isolines of the approximate optimal value function for the shortest
path example, giving the approximate length of the shortest path
from a point in the Mediterranean Sea to the port of Athens (which
is marked by an x in the map).

a significant discretization error. In fact, we compared the numerical solution to
the ones obtained for much finer control space discretizations and there are no
visible differences. The position of Athens in our case is approximately given by
A = (—4,4) and we choose T = A + 0.004 - [-1, 1]?. We again use the Wendland
function 7 (r) = max{0, (1 — or)*(4or + 1)} as shape function with parameter
o = 10.

In Figure 3.2, we show some isolines of the approximate optimal value function.
The computation took around 10 seconds on a 2.6 GHz Intel Core i5.

3.4. Example: An inverted pendulum on a cart

Our next example is two-dimensional as well, with only box constraints on the
states, but the stabilization task is more challenging: We consider balancing a
planar inverted pendulum on a cart that moves under an applied horizontal force,
cf. [JO04] and Figure 3.3.

The configuration of the pendulum is given by the offset angle ¢ from the
vertical upright position. We do not include the position or motion of the cart
in the state space. Correspondingly, the state of the system is x = (x1,22) =
(¢, ) € R2. The equation of motion becomes

4 1 .
(mr cos?(p) — —) ¢ — = m, sin(2p) p? + % sin(p) — m cos(p)u =0, (3.2)

3 2 m/
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3.4. Example: An inverted pendulum on a cart

Figure 3.3.: Model of the inverted pendulum on a cart.

where M = 8kg is the mass of the cart, m = 2kg the mass of the pendulum
and ¢ = 0.5m is the distance of the centre of mass from the pivot. We use
m, = m/(m + M) for the mass ratio and g = 9.8m/s? for the gravitational
constant. The stabilization of the pendulum is subject to the cost

(0.1 + 0.05¢° + 0.01?) . (3.3)

N —

c(z,u) = (e, @), u) =

For our computations, we need to obtain a discrete-time control system. To this
end, we consider the time sampled system with sampling period A = 0.1 and keep
the control u(t) constant during this period. The time sampling map has been
computed via five steps of the classical Runge-Kutta scheme of order 4 with step
size 0.02. We choose 2 = [—8,8] x [—10,10] as the region of interest, 7' = {0}
as the target set and the set X of centres as an equidistant 128 x 128 grid (cf.
Code 1), and U = {—128,120,...,120,128}. The parameters and also the control
space were chosen as in | | to allow for a comparison. We again use the
Wendland function % (r) = max{0, (1 — or)*(40r + 1)} as shape function, the
shape parameter ¢ is chosen such that the support of each ; overlaps with the
supports of roughly 20 other ;’s, i.e. 0 &~ 2.22 here.

In Figure 3.4, we show the behaviour of the (relative) L°°-approximation error
during the value iteration. We observe geometric convergence as expected by
Theorem 2.1. The computation of the optimal value function took 13 seconds.

In Figure 3.5, we compare the resulting value function (left) to the one computed
by the method from | | (right) on a partition of 2048 x 2048 boxes. Note that
the latter one is a pointwise lower bound on the true value function. In our
experiments, the functions on partitions with fewer elements took considerably
smaller values and we therefore believe that the Shepard-RBF approximation is
accurate.

In Figure 3.6, some isolines of the approximate value function are shown, to-
gether with the complement of the set R; (cf. Theorem 2.11) as well as the first 50
points of a trajectory of the closed-loop system with the optimal feedback. Note
that the discrete-time system has been derived from a controlled ordinary differ-
ential equation and that we work with a fixed time step, leading to the oscillatory
behaviour of the feedback trajectory close to the origin.
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Figure 3.4.:

Figure 3.5.:
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Inverted pendulum: Relative L*°-error of v) in dependence on the
number of iterations k in the fixed point iteration (2.2). Here, we
used the iterate v173 as an approximation to the true fixed point v,
since the error is approximately at machine precision then.
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Inverted pendulum: Approximate optimal value function on a 128 x
128 grid using the Shepard-RBF method described here (left) and the
graph based method from [JO04] on a partition of 2048 x 2048 boxes
(right).
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3.4. Example: An inverted pendulum on a cart

—log(v(+)) (isolines colour coded), together with the set Q\ Ry, where
the Bellman residual e is larger than ¢ (black dots) and a trajectory
of the closed-loop system starting at the initial value (1,0) (blue).

Figure 3.6.: Inverted pendulum: Approximate optimal value function V =
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1|%% an inverted pendulum on a cart

2lm = 2; M=8; 1 =0.5; g=9.8; q1l = 0.1; g2 = 0.05;

3lr0 = 0.01; m_r = m/(m+M);

alvf = @(x,u) [ x(:,2), ... % vector field

5 (g/1l*sin(x(:,1)) - 0.5*m_r*x(:,2).72.xsin(2*x(:,1)) - ...

6 m_r/(m*x1l)*u.*cos(x(:,1)))./(4.0/3.0-m_r*cos(x(:,1))."72),

7 0.5%( gq1*(x(:,1).72) + q2*(x(:,2).72) + rO*xu."2 )1;

slh = 0.02; steps = 5; % step size

9| f = @(x,u) rkdu(vf,[x zeros(size(x,1),1)],u,h,steps);% control system

1o phi = @(r) max(spones(r)-r,0) . 4.x(4*xr+spones(r)); % Wendland func.

11|T = [0 0]; v_T = 1; % boundary cond.

12| shepard = Q@(A) spdiags(1l./sum(A’)’,0,size(A,1),size(A,1))*A;7 Shep.op.
13|S = [8,10]; % radii of domain
1u|L = 33; U = linspace(-128,128,L); % control values

15| N = 128; X1 = linspace(-1,1,N);

16| [XX,YY] = meshgrid(X1*S(1),X1*S(2)); X = [XX(:) YY(:)]; % nodes

XU = kron(X,ones(size(U,1),1)); UX = kron(ones(size(X,1),1),U);

ep = 1/sqrt ((4*prod(S)*20/N"2)/pi); % shape parameter
fcXU = £ (XU,UX);

A shepard (phi (ep*sdistm(£cXU(:,1:2),[T;X],1/ep))); ) Shepard matrix

C exp(-£fcXU(:,3)); % one step costs

NN N B s e
N R O © o
nwn

%% value iteration
v = zeros(N~"2+1,1); vO = ones(size(v)); TOL = 1e-12;
while norm(v-v0,inf)/norm(v,inf) > TOL
v = v;
v = [v_T; max(reshape(C.*(Axv),L,N"2))°]; % Bellman op.
end

NN NN N
® N O GO N W

Code 1: MATLAB code for the inverted pendulum example. Here, A =
sdistm(X,Y,r) is the sparse matrix of pairwise Euclidean distances between the
points in the rows of X and Y not exceeding distance r. An implementation is
available on the webpage [1] of the authors of | ]

Finally, the behaviour of the L®-error of the approximate optimal value func-
tion in dependence on the fill distance h is shown in Figure 3.7. Here, we used
the value function with fill distance h = 0.02 as an approximation to the true one.
Again, we observe an essentially linear decay of the error. The corresponding
MATLAB code for this example is given in Code 1.

3.5. Example: Magnetic wheel

Lastly, we consider an example with three-dimensional state space: The stabiliza-
tion of a magnetic wheel, used in magnetic levitation trains, cf. | ] and
Figure 3.8.

A point in state space is given by the gap s (in meters) between the magnet
and the track, its change rate § = v (in m/s) and the electrical current J (in
Ampere) through the magnet. The control is the voltage u applied to the circuit.
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Figure 3.7.:

3.5. Example: Magnetic wheel
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Inverted pendulum: Relative L®-error of the approximate optimal
value function ) in dependence on the fill distance of the centres.
Here, we used the value function for fill distance 0.02 as an approxi-
mation to the true one.
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Figure 3.8.: Model of the magnetic wheel.
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Figure 3.9.: Magnetic wheel example: The set {z € Q | (z) > 1072} from two
perspectives.

The dynamics is given by

s=w,

C.J?

— MKg,

. 1 C
J = C(—RJ+—2JU—|—u>,
LS+2_S 2s

where C' = Ly2sg, the target gap sop = 0.01, the inductance Ly = 1 of the
magnet, the magnet mass m,,, = 500, the ratio of the total mass and the magnet
mass g = 3, the resistance R = 4, the leakage inductance Lgs = 0.15 and the
gravitational constant g = 9.81. The system is subject to the cost function

clx,u) = c((s,v,J),u) = (100(8 —50))% + 0% + 0.002u2) : (3.4)

DO | —

We consider the time sampled system with sampling period h = 0.001, approx-
imated by one explicit Euler step and keep the control w(t) constant during
the sampling period. The model has an unstable equilibrium at approximately
xo = (80,00, Jo) = (0.01,0,17.155), which we would like to stabilize by an op-
timal feedback. We choose Q = [0,0.02] x [—4,4] x [Jo — 80, Jo + 80] as state
space, T = {xo} as the target set, U = {6 -10%°a® | a € {~1,-0.99,...,0.99,1}}
as the set of controls, an equidistant grid X of 30 x 30 x 30 centres in 2, the
Wendland function ¢7(r) = max{0, (1 — or)*(4or + 1)} as shape function with
shape parameter 0 = 11.2, such that the support of each ¢; overlaps with the
supports of roughly 10 other ¢;’s. The computation of the value function took
around 60 seconds. In Figure 3.9, we show a subset of the stabilizable subset of
Q, i.e. we show the set {z € Q| o(x) > 1072},
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3.6. Dependence on the shape parameter

3.6. Dependence on the shape parameter

In this and the following two sections, we explore the impact of different choices
for some numerical aspects of our method. These include the shape parameter,
the set of RBF centres and the shape functions.

As a benchmark example, we use the inverted pendulum from Section 3.4.

The basis functions depend heavily on the shape parameter. As long as the set
of centres is chosen as a regular grid, it is usually best to choose a uniform shape
parameter for all basis functions.

Unfortunately, the choice of this shape parameter is not obvious.

We suggested to use stationary approximation in Section 2.2, meaning that for
changing sets of centres, the shape parameter is chosen inversely proportional to
the fill distance of the centre set, explicitly ) :== €1 /h\) in (2.9) for a constant
ratio C7 > 0. For our experiments we chose the shape parameter such that about
10 other centres are in the support of each basis function. This specification
is consistent with the existence of such a constant ratio C7 > 0 which, for the
pendulum example and equidistant centre sets is C7 = 0.32.

We compared this choice to C7 = 0.32 - Cs for some numbers C5 close to 1.

Figure 3.10 shows

e the relative L°-approximation error for the first 100 value iterations for a
relatively dense centre set (h = 0.0315), and

e the error of the numerical solution (estimated by the comparison with the
numerical solution for a fine centre set) for centre sets with different fill
distance h9),

where the five graphs correspond to the scaling parameter values Co = 0.5, 0.7,
etc.

In (a) we see that the shape parameter is irrelevant for the convergence of
the value iteration; in L°°-norm the convergence corresponds to the worst case
estimate for the contraction in all five cases.

More interesting is (b), the comparison of the errors of the limit functions from
the value iteration. Our choice of Cy =1, i.e. C7 = 0.32 appears to be reasonable:
The asymptotic behaviour of the Lyo-error compares well to other Co-values.

3.7. Dependence on the set of centres

So far, we used equidistant sets of centres for the Shepard discretization. In
this section, we compare the equidistant choice with sets of centres consisting of
random points and two (related) types of so-called pseudo-random points, which
we briefly introduce here. More details can be found in | ] or | ].
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Figure 3.10.: (a) Relative L*-error in dependence on the number of iterations of
the value iteration. (b) Relative L*°-error of the approximate value
function in dependence on the fill distance.

Both figures have five graphs for different scaling factors Co for the
shape parameter.
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3.7. Dependence on the set of centres

Definition 3.1 (pseudo-random sequence, | ). A pseudo-random (or low-
discrepancy) sequence in [0, 1]° is a sequence of points x1, ... whose initial subse-
quences Xy := (z1,...,2x) have low discrepancy Dy (Xy) := supgep |AN(B) —
As(B)| where A, is the s-dimensional Lebesgue measure, Ay is % times the point
measure induced by Xy and B is the set of cuboids in [0, 1]® which are parallel
to the axes.

This is only a “pseudo-definition” as it is not universally agreed what a “low”
discrepancy is. Anyway, the best known sequences fulfil the inequality

Dn(Xn) < C(s) (ln]f]\f) , forall N eN,

with a constant C'(s) > 0 which depends only on the dimension s. The sequences
to be defined below fulfil this asymptotic behaviour, although with constants C/(s)
which are larger than the smallest known ones.
The name “pseudo-random” refers to the fact that pseudo-random sequences
share similarities with random sequences. Specifically, both have low discrepancy.
A classic example for pseudo-random sequences in one dimension are the van
der Corput sequences.

Definition 3.2 (Van der Corput sequence, | ]). The van der Corput sequence
for some integer b > 2 is given by z, = Z;'io aj(n)b=7=tn =1,2,... for the
base-b representation n = Z;io aj(n)bl.

The points of this sequence lie in the interval [0, 1].
For the multidimensional case one can combine van der Corput sequences for
different bases to define Halton points.

Definition 3.3 (Halton points, | ]). For the dimension s and pairwise rel-
ative prime integers (e.g. pairwise disjoint prime numbers) pi, ..., ps, we have s
van der Corput sequences x’f,x’%, ... for the bases pg, for k = 1,2,...,s. The

corresponding Halton sequence in [0, 1)* is defined as

In order to avoid that some special property of Halton points have an effect for
the Shepard discretization, we also use another multidimensional pseudo-random
sequence for comparison. Namely, the multidimensional van der Corput sequence
is constructed from the one-dimensional one by using the standard bijection be-
tween R® and R (or [0,1]* and [0, 1]) which combines digits in the sense that,

e.g. for dimension s = 2 and base b = 10 the point (0.ajala}...,0.a3a3d3...) is
mapped to O.a%a%a%a%a%a% ... and correspondingly for s > 3 and other bases b.

More formally, we have the following definition.
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3. Implementation and numerical examples

Definition 3.4. Let ¢, : R® — R be given by, using the representations z* =

Zjo'i() a?(n) b_j_la

We use the inverse of ¢4 to map a van der Corput sequence into [0, 1]*.

Definition 3.5 (Multidimensional van der Corput sequence). Let (z,) be the van
der Corput sequence for basis b > 2. Then we define the multidimensional van
der Corput sequence by

z°(n) = @5 (an).

We give a compact implementation for the construction of this sequence in
Code 2.

function X = md_vdC_sequence(n,s)

% n = Number of points, s = dimenSion, b = Basis of b-ary numbers = 2
b = 2;
dig = floor(log(n)/log(b)/s)+1;
[Dig ,N] = meshgrid(0:sx*dig-1,1:n);

0 N O oA W N

A = mod(floor(N./b."Dig),b);
B = kron(b."-(1:dig)’ , eye(s));
X = AxB;

Code 2: MATLAB code for the construction of the multidimensional van der Cor-
put sequence.

For the application for the pendulum example, one has to rescale the square
[0, 1]? with the set of centres to the rectangular state space.

In Figure 3.12 we have drawn error plots corresponding to the ones in Figure
3.10. This time the convergence of the value iteration is somewhat different for the
four centre sets, but not significantly. The convergence behaviour of the limiting
functions suggests that equidistant centre sets behave much better than random
or pseudo-random sets of centres.

3.8. Dependence on the shape function

A crucial aspect of RBF methods is the question which shape function is used. In
most cases we use the Wendland function ¢31(r) := (1 — )4 (4r +1).

Here, we test and compare different shape functions for the inverted pendulum
example.

As mentioned in Section 1.4, the Wendland functions ([ , |) are
defined by ¢(r) = max{0, P(r)}, where P is an appropriate polynomial which
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3.8. Dependence on the shape function
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Figure 3.11.: The first points of Halton sequences: Left: The first few members of
the one-dimensional Halton sequence in their order of appearance.
Right: The first few unordered members of the two-dimensional Hal-
ton sequence.

leads to ¢ being strictly positive definite, having a certain smoothness and among
these having the minimal possible degree. For their construction, the following
integral operator is applied.

Definition 3.6. Let
o0
(Io)(r) ::/ to(t)dt, r >0,
T

assuming the integral exists and is finite.

Obviously, this operator maps polynomials to polynomials and the same holds
true for piecewise polynomials. The Wendland functions ¢, are defined as fol-
lows.

Definition 3.7. One sets fi := max(0, f),
oi(r)=(1— 7’){F and
P,k *= [k90[5/2]+k+1-
By definition of the Gauss bracket in [s/2], we have that yg} = @3 for all

k € N. Consequently, the Wendland functions in dimensions 2 and 3 agree. The
first few are given by

p30(r) = (1=71)3,

p31(r) = (1= r)3(4r + 1),

p32(r) = (1 —7)%(35r% +18r +3) and
p33(r) = (1 — )% (323 + 25r% + 8r + 1).
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Figure 3.12.: (a) Relative L*>-error in dependence on the number of iterations of
the value iteration. (b) Relative L*°-error of the approximate value
function in dependence on the fill distance.
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Both figures have four graphs for equidistant (cyan), random (red),

Halton points (blue) and multidimensional van der Corput (green)

sets of centres.



3.8. Dependence on the shape function
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Figure 3.13.: (a) Relative L*-error in dependence on the number of iterations of
the value iteration. (b) Relative L*°-error of the approximate value
function in dependence on the fill distance.

Both figures have four graphs for different shape functions.

We have already plotted these functions in Figure 1.1, right, in Chapter 1.

In Figure 3.13 we have drawn error plots corresponding to the ones in Figure
3.10. The convergence of the value iteration does not depend on the shape func-
tion; with the exception of the first few iterations, the convergence corresponds
to the worst case for all shape functions.

One sees that those Wendland functions which are defined by higher-order poly-
nomials have the tendency to lead to somewhat smaller errors of the approximate
solution. This is at the expense of a slightly increased numerical effort, though.
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4. Adaptive choice of the centres

Discretizations with radial basis functions allow for the choice of diverse centre
sets. In order to take advantage of this flexibility, we compared different options
in Section 3.7. It turned out that the RBF discretization with random or pseudo-
random sets of centres behaves significantly worse than with equidistant sets of
centres. This experience calls for a more sophisticated way of selecting the centres
for the basis functions.

In this chapter we develop an algorithm for adaptively adding new centres to
an existing set of centres. As the aim is to achieve a small (global) error of the
approximate solution, we try to add centres in regions with comparatively large
(local) error. An estimate between the error and the residual allows for finding
the regions with large error, because the calculation of the residual is possible
without knowledge of the exact solution.

We remind the reader that in Section 1.4, we specified to use radial basis func-
tions for designing the approximation space A, i.e. functions ¢; : 2 C R® — R of
the form ¢;(z) = ¢7(x) = p(o||z — z4|]2) on some set X = {x1,...,2,} C Q of
centres. In this chapter we use the notation ¢;(x; o) instead of ¢7(x) to make the
notation more readable.

The shape parameter o, which controls the “width” of the radial basis functions,
had, up to now, to be chosen globally for a set of centres X. In this chapter we
allow to choose it individually for the different basis functions.

To simplify matters we only consider discounted control systems here, so we
always have 0 < # < 1. In particular, this will be required already in Lemma 4.1.

4.1. Adaptive construction of the centres

In Theorem 2.5 we showed the convergence of the approximate value function
towards the true value function for any sequence (X (g )) ;j of centre sets for which
the fill distance decreases to zero. In practice, it would be desirable to construct
this sequence such that, e.g. the error decreases as fast as possible.

To this end, we are now going to describe a construction of such a sequence based
on an adaptive refinement of XU) in state regions where the Bellman residual

eV (z) := inf [e(z,u) + BV (f(z,u)] = VI (z), ze XV

uelU

is large. Here, V1) is the approximate value function corresponding to the centre
set X)), More precisely, in order to construct XU*1 we are going to refine those
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4. Adaptive choice of the centres

L 4 * * * L 4 *
* *

* * * * *
* *

* * 4 * * *

Figure 4.1.: Subdivision: One centre from the left is assumed to be in X and thus
subdivided to get the figure on the right.

centres x € XU) for which |eU)(x)] is larger than a fixed fraction of the maximal
residual max, . yo) [ (z)].

Instead of using the same shape parameter o9 for all basis functions in AU we
()

are going to work with a shape vector of individual ;" for each centre z; € X (),

()

For each x;, we choose the largest o;”" > 0 such that the support of the associated

basis function p;(x; UZQ )) contains at least a fixed number n. € N of other centres
from X ).

Our procedure for choosing centres and regions for refinement resembles the
one in | ].

During the adaptive refinement, the set of centres will have varying “fineness”
in different regions. In order to keep track of this, we imagine the state space
being partitioned into disjoint boxes with centres z; € X@) and radii (vectors of
half edge lengths) h; € (RT)5. In each iteration of the adaptive refinement of
X (j), some centres x; will be refined by replacing x; by the vertices of the box

.,x7) and radius h;/2, i.e. by the 2° points

oy
vert(z;) = | o] £ ?Z :
7j=1,...;s

In Figure 4.1 an example of a refinement of a centre in the two-dimensional case

- _ (]
with centre x; = (x, ..

is given.
The adaptive algorithm reads as follows:

Algorithm 4.1 (Adaptive Dynamic Programming). Fiz 6 € [0,1] and some ini-
tial centre set X(© c Q. Forj=0,1,2,...,

a) compute VU) and eU)(z) for all x € XU),
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4.2. Convergence of the algorithm

b) set XU .= {i e XU ||el)(2)] > fmax,cxa |eV)(x)]},
¢) set XU .= (xU)\ X0y Useso vert(z).

The calculation of vert(z) contains the implicit task of updating the h; for new
centres in the course of the algorithm.

We terminate the algorithm as soon as sup,e yo) [eV)(z)] < TOL for a given
tolerance TOL > 0.

4.2. Convergence of the algorithm

Griine (| ]) proposed an adaptive finite difference scheme for the solution of
the Bellman equation and showed the convergence of the approximate solution to
the exact solution under the algorithm. Due to the similarity of our algorithm,
some of the results can be restated in our context.

First, there are estimates between the error and the residual of an approximate
solution. The first inequality is easier to prove, but the second one is more impor-
tant to use because it implies that a sequence of approximate solutions converges
to the exact solution if the sequence of corresponding residuals converges to zero.

Lemma 4.1. (Estimate between error and residual) We have

1 : . 1 :
5 max|eV) ()] < sup V/(x) - VO @) < g5 max|e? (@)
Proof. This works exactly as the proof for Theorem 2.2 in | ]. O

These estimates can be localized in the following sense.

Lemma 4.2. (Estimate between error and residual, local version) It also holds

1 70
;0@ < s V() - TO(y)

yEBu (@)

where My := max(; yyeaxv || f(z,u)| and

W < L )
igfgl‘/(ﬂc) V()| < [ pmaxe (2)

if K C Q fulfils f(x,u*) € K and f(x,u) € K for all x € K, where u* and @ are
the optimal control values with respect to V- and VU) | respectively.

Proof. See | ], Theorem 2.3. O
From now on, we make the following assumptions. Of special importance is
()

d), which assures that the shape parameters o;”’ do not deviate too much locally

from each other.

63



4. Adaptive choice of the centres

Assumption 4.3. For a point z € Q we define I(z) = I(z)¥) = {i|z €
supp @i+, 079))}, E(j)(x) 1= MaX;e [ (s) O'Z-(]) and g(j)(:c) = minger () 0y

a) At each point = € 2 the supports of at most 7. € N basis functions ; intersect,
where n. is independent of j.

b) There is some ¢ > 0 such that > | ¢i(z, O'( )) > ¢ for all z € Q2 and all j.

¢) The unscaled shape function ¢ is Lipschitz continuous with constant L; > 0.

d) There is a ¢ > 0 such that z < ¢ for all z € 2 and all j.

e) The map f and the cost function ¢ satisfy the Lipschitz conditions
1f (@) — F@w)ll < Llls— gl le(,u) — (g, w)] < Lellz — y]
for all z,y € Q,u € U and some constants Ly > 0 and L. > 0.
We will need the next two lemmas as prerequisite for Lemma 4.6.

Lemma 4.4. The basis functions w,fj)(x) = pi(z /Zkef or(x OIE; )) are

locally Lipschitz continuous with Lipschitz constant 2nca )L, / e”.

Proof. We have

Zke[ er(z UIE; )) Zkel (x Ul(cj))
zkg ou( o;i”»?

c2

a ()

< QTAZCL;E(j).
3
O
For the next lemma, we need the Shepard operator S from (1.15).

Lemma 4.5. Assume that f : Q@ — R is Lipschitz continuous with constant
Lo > 0. Then Sf is Lipschitz continuous with Lipschitz constant

212 L1 Lo6

L = =2

Proof. We have

Lsiw) = 3 flavd @)

iel(x)
= > () = fla) o @) + J ) Y v @)
1€l(x) ie[(x) }
~0
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4.2. Convergence of the algorithm

since ) . I => 2/1 =1 for all x € Q, where k is some arbitrary
index from I ( ) So

25 L5V 272 Ly Loo) 9121 Lod
Z L()Hxl—kaz Nelno (x) < n.L1Lo0 (x) < n.lq 00-'

<
g2 T e200)(x) T g2

d
%Sf(b’lf)

€1(x)  <1/g00) ()

m
From now on, let N; be the number of centres in X( ) and 99 € RN be the

coefficients of V) with respect to the basis ng), e ,w ) of WU 7)., i

V@) =) oo @)

i=1

Lemma 4.6. (Hélder continuity) For any set X ) © Q of centres which satisfies
Assumption 4.3, any two centres T, xn € XU) and any two points x,y € Q, the
inequalities

o) — 05| < Hllam — || and [V () = VO )] < Hl|z —y|"
hold for constants H > 0 and 0 < v < 1 independent of X1

Proof. The proof works along the lines of Theorem 2.9 in | ]. The only
step which has to be adapted is the inductive proof that the iterates of the value

iteration
U(])vo = O /U(J)7k+1 = fU(J)ak

are Lipschitz continuous with Lipschitz constants L; > 0 which do not depend

k—1

on the set of centres X): Assume v7): is Lipschitz continuous with Lipschitz

constant Lj_q1. Then
(CoDHF ) (@) — (ToDF V) ()] < BLg-1 L |m — @l + Lellzm — 20l

and so Twl)* =1 ig also Lipschitz continuous with a Lipschitz constant lA)k, =
BLi_1Ly + L.. By Lemma 4.5, vk = Dyli)k—1 = S(Fv(j)’k_l) is also Lipschitz
continuous with Lipschitz constant Ly := LLj, for the constant L > 0 from Lemma
4.5 which is independent of k& and X ).

On the other hand, we have |[v)F — V|| < §F||v@)0 — V)| because TV is
a [-contraction.

Now, the remaining part of the proof of Theorem 2.9 in | | can be applied
to see that V1) is Holder continuous.

From the equation @7(,‘71) = infucy|c(zm, u) + BV (f(zm,u))] one gets that a
Holder condition is also fulfilled for the coefficients 177(7{). O

The residual at centre points is not necessarily zero because the Shepard ap-
proximation is not an interpolation but it converges to zero for a local fill distance
shrinking to zero.
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4. Adaptive choice of the centres

Lemma 4.7. Let hl(.j) = MaXpe(q,) |2k — Till2 for z; € XU, Then
€D ()] < HGYY
with the constants H and v from Lemma 4.6.

Proof. From v,gj) = infueple(zi, u) + BV (f(zi,u))] one gets

€D ()] = | inf [e(wi, u) + BV (f(ar,w)] = V()] = [0 = V(as)]

_ @Z(j)_ Z f)(j)w](fj)(xi) _ (@(j)_@éj))¢]ij)(xi) SH(hZ(‘j))fy-
kel(z:) kel(z:)

The last two lemmas immediately yield
Theorem 4.8. For all z,y € €,
e (z) — eV (y)| < Hellz —y||”  and |V (z)| < (H + H,) max{h(z), h(z;)}"

for some constant Hy > 0, h(z)¥) = max,, cr(z) |k — zll2 and the constant
from Lemma 4.6.

Proof. The first inequality follows from
VW () = VO(y)| < Hllz —y|
in Lemma 4.6:

W (z) =V (y)]

—|(inf e{w ) + BV (f )] = V() = (inf ey, w) + V) (£ (g, )] = V()
<Lellw— yll+ 8Hllz — gl Ls + Hlfo =y
<Hla gl

for some constant H, > 0. For, the second inequality we need a centre x; close to
x and get from the first inequality of this theorem and Lemma 4.7

10 ()] <[ (2,)] + €D (2;) — ) ()|
<HMIY + H,||w; — ||
<(H + H,)(max{h(z), h(z;)}".
]

The algorithm terminates as soon as sup,¢ xo |eV)(x)| < TOL, but only refines
centres z with |eV)(z)| > fmax,c ) e (z)]. This implies that centres with
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4.3. Implementation

le@)(2)| < @ TOL are never refined and consequently also no centres for which
(H + H¢)max{h(x),h(z;)}Y < 6 TOL. So the local fill distance is bounded
from below and, consequently, the algorithm eventually terminates. The error is

bounded by

sup [V(z) — VO (2)] < ——TOL
€€ - 5

according to Lemma 4.1.

4.3. Implementation

In comparison to Section 3.1 some additional points have to be addressed in the
case of the adaptive algorithm.

We implemented a function shapes which calculates the shape parameters just
small enough for the individual basis functions to fulfil the condition that each one
leads to the support of the associated basis function just large enough to contain
at least n. other centres.

A crucial point is the “subdivision” of centres with relatively large residuals,
i.e. their replacement by new centres as described in Section 4.1. To this purpose
it is necessary to save the radii h; € (RT)® with each centre z; € R®. The shape
parameters o; € R* which are also associated with the individual centres can
be saved, too, but have to be recalculated with the function shapes after each
subdivision step.

In order that Assumption 4.3 d) be fulfilled we slightly modified Algorithm 4.1
in our implementation in such a way that more centres are refined than specified
in the original form in order to get more moderate transitions between fine and
coarse regions of the set of centres. Theorem 4.8 and the lemmas preceding it
continue to hold true in this case.

4.4. Numerical examples

4.4.1. A 1D example with non-smooth solution

We begin with Test 2 from | ]. Let
1 2
Viz):=|-—e*
(@)= |t e
Assume a continuous-time control problem on 2 = [—2,2] with U = [0, 1],

Fl ) = ue — 2)(x +2),
clz,u) = —u(z —2)(z + 2)V'(x) — (u® — 2)V(z)
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Figure 4.2.:
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1D example: Comparison of exact and approximate optimal value
function (above) and error and residual in dependence on the number
of centres during the adaptive algorithm (below left) and for sets of
equidistant centres (below right).
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Figure 4.3.: 1D example: Distribution of local residuals, fineness and the errors
in the last iteration step.

and continuous discount rate A = 1. It turns out that V' is the optimal value
function. We use a discrete Euler step with step size h = 0.005 to get a discrete-
time control system. The corresponding discrete-time discount rate is § = 1 —hA.

In Figure 4.2, above, we plot the value function, once the exact function and
once a numerical approximation, which we got from the method in Chapter 2, i.e.
with a prescribed, in this case equidistant, set of centres.

In Figure 4.2, below left, we show the L°°-error and the L*°-residual, rescaled
by the factor ﬁ of the approximate value function VU) in dependence on the
number of centres in each iteration step. In accordance with Lemma 4.1 the error
is smaller than the rescaled residual. In the below right figure we see the corre-
sponding plot for the non-adaptive procedure, as in Chapter 2, with comparable
numbers of equidistant centres in each step. It turns out that in this example, the
adaptive procedure does not give an advantage.

In Figure 4.3 one sees the local residuals, fineness and the errors in the last
iteration step of the adaptive algorithm.

4.4.2. A basic growth model with explicit solution

Next, we consider Example 4.1 from | |. Its map

flz,u) =u
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Figure 4.4.: Growth example: Comparison of exact and approximate optimal
value function (above) and error and residual in dependence on the
number of centres during the adaptive algorithm (below left) and for
sets of equidistant centres (right).

allows the controller at each time step the choice what the next state is and its
cost function is given by

c(z,u) = In(Az® — zu(t))

with constants A > 0 and 0 < o < 1. This example is different from the others in
the sense that there is no equilibrium point z¢ with f(zg,0) = ¢(x¢,0) = 0. The
exact solution of this problem is known and is given by

V(r)=B+Clhx

with C' = 170‘0[5 and

In((1 = aB)4) + aB/(1 = aB) In(afA)
-5

In Figure 4.4, above, we plot the exact and the numerical solution for the value

B =

function. In Figure 4.4, below left, we again draw the L°°-error and the rescaled
L®-residual of the approximate value function V) in dependence on the number
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of centres in each iteration step and as comparison the corresponding plot for
equidistant sets of centres. This time, it turns out that the adaptive algorithm
manages to shrink the residual, and thus an upper bound for the error slightly
faster than the equidistant algorithm. The actual error itself is slightly larger than
in the non-adaptive setting, though.

4.4.3. An inverted pendulum on a cart

We revisit the planar inverted pendulum from Section 3.4.

We use an initial grid of N = 70 - 70 centres, yielding the approximate value
function shown in Fig. 4.5 (a). We then perform three steps of Algorithm 4.1,
yielding the approximate value functions shown in Fig. 4.5 (b)-(d). Also shown
are the centre sets X(O), e ,X(S) by black dots.

As in the previous examples, we compare in Figure 4.6 the L*°-error and the
L*°-residual, rescaled by the factor ﬁ, both for the adaptive algorithm, and the
non-adaptive algorithm with equidistant sets of centres. This time the adaptive
implementation of the algorithm gives a slight improvement for both the residual
and the error.

4.4.4. An office robot

We finally investigate a variant of the shortest path example in Section 3.3. We
consider an imaginary robot which is used in an office building (cf. Fig. 4.7).
The robot is supposed to drive from the office (red) to the coffee machine in the
common room (yellow) below (and back). The aim is to reach the coffee machine
in shortest possible time. The speed v(z) of the robot varies in different rooms
according to the colour in the image — it is 3 in the corridor (green) while it is
2 and 1 in the common room and the office, resp. Thus, the dynamics is simply
given by
f(z,u) =z + v(x)hu,

where we choose the time step h = 0.1, with U := {u € R? : ||u|| = 1}, and the
associated cost function by

(2.u) 0 at the target set (coffee machine),
c(x,u) =
1 otherwise.

In order to solve this problem by our approach, we choose as initialization the
set of centres X as those nodes of an equidistant grid which are in one of the rooms
(or the corridor) outside of the obstacles. The position of the coffee machine in
our case is approximately at the origin.

In Figure (4.7), right, we show some isolines of the approximate optimal value
function. Again, we compare in Figure 4.8 the L*°-error and the rescaled L°°-
residual for the adaptive and non-adaptive algorithm with equidistant sets of
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Figure 4.5.: Inverted pendulum: Approximate optimal value function and refined
centres (green points) in four steps of the algorithm.
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Figure 4.6.: Inverted pendulum: Error and residual in dependence on the num-
ber of centres during the adaptive algorithm (left) and for sets of
equidistant centres (right).

w ot
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Figure 4.7.: Office robot: Left: Model of the office robot problem. Right: Isolines
of the approximate optimal value function.
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Figure 4.8.: Office robot: Error and residual in dependence on the number of
centres during the adaptive algorithm (left) and for sets of equidistant
centres (right).

centres. The adaptive procedure leads to a somewhat smaller residual and error
for corresponding numbers of centres. In the non-adaptive case the scaled residual
sometimes appears to be smaller than the error. This is no contradiction to Lemma
4.1 because the actual L°°-norm of the residual is larger than the estimate by
calculating the maximum of it on finitely many centres.
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5. Shepard value iteration and
stochastic shortest path problems

The value iteration introduced in Chapter 2 provides an efficient method to ap-
proximate the optimal value function of a control problem. For the value iteration,
however, it is not only necessary to calculate the dynamics and the costs for all
centre-control pairs, but also to store this information and revisit it for each iter-
ation. One could increase the efficiency of the method if one could achieve that
the information about the respective dynamics and costs is only used locally in
each step, in a region where the value function is updated.

To this end, we note that there is a connection between the Shepard discretiza-
tion of the optimality principle for undiscounted control systems, and stochastic
shortest path problems, which Bertsekas considers in | , Chapter 2]. The
Shepard discretization relies on a finite subset, the set of centres, of the state
space whereas stochastic shortest path problems are defined on a finite graph. It
turns out, however, that the Shepard discretization gives rise to the construction
of a graph, whose vertices correspond to the RBF centres, such that the explicit
formula (2.7) for the fixed point of the Bellman-Shepard operator I' = S o T
from (2.1) is equivalent to the equation one gets from the dynamic programming
principle for a related stochastic shortest path problem.

From this observation stems the appealing idea to approximate the optimal
value function under Shepard discretization not by value iteration as we have
done in Chapters 2-4 but by solving the corresponding stochastic shortest path
problem instead. In some cases, this can be done by a Dijkstra-like algorithm
from | |. Bertsekas assumes a so-called consistently improving policy as a
sufficient condition to apply the algorithm. In this case one gets the same solution
as with Shepard value iteration, but with less numerical effort. The existence of
a consistently improving policy is a rather strong condition, though. Moreover, it
cannot be checked a priori.

For that reason we do not use this assumption, but note that without it the
application of the algorithm might introduce an additional error on the approxi-
mate solution, besides the approximation error from the spatial discretization with
Shepard’s method and possibly from the discretization in time of a continuous-
time control system.

We give an introduction to shortest path problems in Section 5.1, to stochastic
shortest path problems in Section 5.2, present the Dijkstra-like algorithm and
its properties in Section 5.3 and conclude the chapter with some notes on the
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application on continuous-time control systems.

5.1. Shortest path problems and Dijkstra’s
algorithm

In this section we give a short introduction to shortest path problems in a directed
graph with a target and Dijkstra’s algorithm (| ]) to solve them efficiently.
Note that this introduction only refers to deterministic problems and gives prere-
quisites for the remainder of this chapter in which we consider stochastic shortest
path problems and a stochastic version of Dijkstra’s algorithm.

Let G = (X, E) be a directed graph with a positive length c¢(i,j) > 0 assigned
to each edges (i,7). We define ¢(i,j) = oo if (i,7) is no edge. Furthermore, we
assume a special vertex 0 € X, the target. We denote the set of vertices with X—
not with V' which is more usual in the literature. The reason is that it corresponds
to the set of centres we use in this thesis.

The aim is to find paths of minimal length from any vertex to the target where
the length of a path is the sum of the lengths of all the edges along the path.
The distance between a vertex and the target is defined as the minimal length of
such a path. So “distance” is used here in an asymmetric way: Only paths to the
target and not from the target are considered. By definition, it is infinite for a
vertex, if there is no path from the vertex to the target.

Algorithm 5.1 (Dijkstra’s algorithm, | ). We use a subset of vertices P C
X, a function V : X — [0,00) and a map u : X — X which all change in the
course of the algorithm.

P is the set of accepted vertices at each stage, V(i) assigns to each vertex i
the (current) approzimate distance from the target and u(i) the next vertex of an
(current) approzimate optimal path from i to the target.

As initialization, one sets P :={} and

V) 0 ifi=0,
" loo  ifi#0,

whereas u(-) can be initialized arbitrarily.
In each iteration,

a) the algorithm terminates as soon as min;ex\p V(i) = oo, i.e.
e P=X or
o V(i)=o00 forallie X\ P.

b) the vertex i € X \ P with minimal V(i) is added to P.
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¢) one updates

u(i) if V(i) < minjep(c(i, j) + V(5)),
argmin e p(c(i,j) + V(j))  otherwise,

and
V(i) := min <V(i),§%i]g1(c(i,j) + V(]))) :

Usually, the algorithm is given in a form where the optimal successor vertex
u(7) for each vertex is not saved, but only the function V is constructed. In this
case the map u can be reconstructed from V' by u(i) := argmin ¢ x [c(i, j) + V (j)].

Theorem 5.1 (| ). The maps V : X — [0,00) and u : X — X resulting
from the algorithm fulfil the following. X (i) equals the distance of i to the target
0.

We remark that a path of minimal length from a vertex ¢+ € X to the target 0
is given by ¢, u(i), u(u(?)), u(u(u())),....

5.2. Stochastic shortest path problems

Before we turn our focus to stochastic shortest path problems, we notice that a
deterministic shortest path problem can be regarded as an optimal control prob-
lem. For this, we assume a directed graph with labelled edges where we identify
the vertex set both with the state space and the control space. The control system
is then defined by f(i,7) = 7 and

(i, ] the label of the edge 45 if this edge exists,
c(i,g) =
J o0 otherwise,

for all 7,5 € X.

Throughout this chapter, we assume that as long as a path is outside the target,
some positive cost is being added to the total cost: ¢(i,u) > 0 for any i > 0 and
uel.

This control problem can be interpreted in the following way: An imaginary
player is given a vertex to start with; he can choose at each time step an edge
which begins at the current vertex. The vertex in which this edge ends defines
the next state for the player.

In a stochastic shortest path problem the player cannot choose the following
vertex, but instead, he chooses at each step a control © € U from a finite control
space. The vertex i and the control u together impose a one-step cost ¢(i,u) and
a probability distribution over all possible successor vertices j, where p;;(u) is the
probability of moving from state i to state j. The target 0 has the properties that
it is stable and does not impose any cost, i.e. poo(u) = 1 and ¢(0,u) = 0 for any
uwel.
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5. Shepard value iteration and stochastic shortest path problems

Feedbacks

A feedback—called a stationary (time-independent) policy in | |, but we fol-
low here and in other cases our previous terminology—, namely the choice of a
control u; € U for each state 4, induces an expected value of the total cost

o0 K-1
Zc ik, Uk) Z c(ig,ur), K =min{k > 0]ip =0} (5.1)
k=0 k=0

for each initial state i = ig to get to the target 0.

The aim is to minimize this total cost for each starting vertex, usually by the
choice of a feedback.

Note that the concept of a control sequence (ug); as in (1.1) does not make
much sense in the stochastic setting because a reasonable player would not choose
all the controls of a path from the start, but choose them in dependence on the
actual vertex at each time. In theory, it would be possible to use a strategy other
than a feedback, but we do not consider them here because it would not give
any advantage to the player if he used different controls for the same vertex at
different times.

For the choice of a feedback, there is an associated directed graph, possibly
with loops and double-edges, in the following way. The vertices of the graph are
identified with the states 0,1,2,...,n as before, and there is an edge from i to j
exactly if p;;(u;) > 0.

Optimal feedbacks

By definition, there is an optimal feedback in dependence on the initial vertex
i € X: It is a feedback for which the expected total cost (5.1) is minimal. It
should not come as a surprise that the dependence on the initial vertex is not
necessary.

Proposition 5.2 (] ). For a stochastic shortest path problem there is an
optimal feedback.

This can be proved by a stochastic version of the Bellman equation for stochastic
shortest path problems, which reads

V(i) = mine(i, u) + Z pii(WV ()], i=0,...,n. (5.2)

uelU

It turns out that this formula is essentially the same as the explicit formula
for the Shepard-Bellman equation (2.7) if one sets i = x, j = z; and p;;(u) :=
Y (f(z,u)), as we assume here that 8 = 1 and that U is finite. Thus the Shepard-
Bellman operator can be interpreted as the Bellman operator for a stochastic
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shortest path problem and one can try to approximate the solution of optimal
control problems with the method in this chapter.

The method relies on ideas in | | where it is proposed to use a stochastic
version of Dijkstra’s algorithm from Section 5.1.

Acyclic and monotone feedbacks

In the following definition, we call a feedback u acyclic if any path which can be
induced by it with positive probability, i.e. every sequence of vertices ig,1,...
with pj, 4., (u(ig)) > 0 for all £ > 0, can visit every vertex only once, with the
exception of the target vertex.

Definition 5.3 (acyclic feedback). A feedback is acyclic if the associated directed
graph as defined after (5.1) is acyclic.

By relaxing this condition to allow immediate repetitions of vertices, one gets
the following definition.

Definition 5.4 (weakly acyclic feedback). A feedback is weakly acyclic if the
associated graph is acyclic, with the exception that loops, i.e. edges (i, 1) of vertices
i, are allowed, as long as the corresponding probability p;;(u(i)) of staying on the
vertex is less than one for ¢ # 0.

In general, acyclic feedbacks do not exist for a given stochastic shortest path
problem. If not, one can still try to find an acyclic feedback on a maximal subset
of the vertex set.

These definitions are independent of the cost function, unlike the following
stronger conditions.

Definition 5.5 (strictly monotone feedback). A feedback is strictly monotone if
its induced expected value V(i) of the total costs as in (5.1) has the property
that it drops with each transition with probability one: If p;;(u(i)) > 0, then
V(i) > V(j).

A strictly monotone feedback which is also an optimal feedback is called a
consistently improving feedback in | ]. Again, we use a relaxed form.

Definition 5.6 (weakly monotone feedback). A feedback is weakly monotone if
for V' as before it holds: If p;j(u(i)) > 0, then V(i) > V(j) or i = j. For each
1€ X, pu(u(@)) < 1.

Remark. A strictly monotone feedback is acyclic. A weakly monotone feedback
is weakly acyclic.
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5.3. A Dijkstra-like algorithm for stochastic shortest
path problems
We use the following modification of Bertsekas’ (] |) algorithm for stochastic

shortest path problems, which itself is a generalization of Algorithm 5.1 (Dijkstra’s
Algorithm).

Algorithm 5.2. We use a subset of vertices P C X, a function V : X — [0, 00)
and a map u : X — U, which all change in the course of the algorithm.

P is the set of accepted vertices at each stage, V(i) assigns to each vertex i
the (current) approximate minimal expected distance from the target and u(i) a
(current) approximate optimal control for i.

As initialization, one sets P := {} and

0 ifi=0,
Vi) = {oo z;i#O

whereas u(-) can be initialized arbitrarily.
In each iteration,

a) the algorithm terminates as soon as mine x\p V(i) = oo, i.e.
e P=X or
o V(i)=o00 forallie X\ P.

b) the vertex j € X \ P with minimal V (j) is added to P.
¢) for alli € X \ P one defines
U(i) .= {u € Ulpij(u) > 0 and pp(u) =0 for allk € X \ (P U{i})}

and updates

‘ - 1—pii(u) ’
C(%U)JF?_J';{:’_ZJ)(M U) otherwise

. (i) if V(i) < min,qy St 2er PoV0)
u(i) ==
argming, ey ;)

and

V(i) := min <V(Z’), min eliu) + Zjeppij(u)v(j)> .

uelU (i) 1 — pi (u)

Note that for the vertex i considered in part c) of the algorithm and the vertex
j just added to P in the same step of the algorithm, we always have j # ¢ and
thus from p;j(u) > 0 it follows pj;(u) = 1 — Zk#i pir(u) < 1and 1 — pji(u) # 0,
so all the fractions are well-defined.

In comparison to | | we have changed the algorithm in some respects.
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e Bertsekas states as an explicit requirement for his algorithm that an optimal
feedback exists which is strictly monotone. This is actually a sufficient
condition for the optimal value function to be found by the algorithm.

As our application of the algorithm is for value functions under the Shepard
discretization, which already introduces an approximation error, we do not
require the algorithm to solve the shortest path problem exactly. So we skip
the assumption Bertsekas poses that there be a strictly monotone optimal
feedback and instead try to solve the problem exactly on a preferably large
subset of the state space. In any case the algorithm gives an upper estimate
to the value function

Actually, it is already true for a subset of the state space that for the optimal
value function to be found by the algorithm it is necessary for the value
function to be induced by an acyclic feedback and sufficient to be induced by
a strictly monotone feedback. While in general the obtained value function
might not be optimal, the constructed subset P C X is exactly the set where
a stabilizing feedback exists, i.e. a feedback which moves any initial state of
P with probability 1 to the target without any repetition of states (with the
exception described in the next paragraph).

e We relax the algorithm slightly to adapt it to feedbacks which are only
weakly monotone resp. weakly acyclic instead of strictly monotone resp.
acyclic. If the graph associated to the feedback is considered, the require-
ment of a weakly acyclic feedback would amount to allowing feedbacks which
induce directed graphs that are acyclic with the exception that loops, i.e.
edges with the same start and end vertex are allowed. The same exception
applies for weakly monotone feedbacks.

Although this might seem only a minor generalization, it leads to the ad-
vantage that the relaxed version of the algorithm is then applicable in more
cases, especially for more time-discretizations of continuous-time control sys-
tems, as considered in the next section.

e Bertsekas uses an additional set L for vertices in X \ P with (already) finite
V' which is, in principle, not necessary.

e The feedback is not saved in the original version, so they only construct the
function V', not u. If the constructed value function is optimal, the feedback
can be reconstructed with the Bellman equation by defining

u(i) := argmin, ey le(i, u) + Y pij(w)V(5)].
jex

For the general case, where the constructed V; might not be optimal, we
prefer saving the feedback as well.
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The next theorem gives an overview in the general situation where we do not
pose additional assumptions but define subsets of the set of centres and show
a chain of inclusions between them. It can be considered a generalization of
Bertsekas claim that if a strictly monotone optimal feedback exists, the optimal
value function is found by the algorithm. With the notation of the theorem, this
claim could be stated as follows (with the difference of weak instead of strict
monotonicity): If X,, = X, then X = X; = X, = X,,.

Theorem 5.7. Assume a stochastic shortest path problem. Let V' be the optimal
value function, u* an optimal feedback, and Vg resp. u the approrimate value
function resp. the feedback constructed by Algorithm 5.2.

Let X, resp. Xy, be the set of verticest1 € X for which an optimal weakly acyclic
resp. optimal weakly monotone feedback exists.

Let X be the set of vertices i € X where the algorithm gives finite and optimal
values, i.e. Vy(i) =V (i) < co.

Then it follows that

a) Vg is the cost function induced from the feedback u.
b) Xm C Xg.

c) u is weakly acyclic on the subset P C X where Vy is finite. Furthermore, we
have that X4 C X,.

d) P is maximal in the following sense: i € P if and only if there is a feedback
which steers i to 0 with probability one without revisiting a vertex which has

already been left (so only immediate loops are allowed). Furthermore, we have
that X, C P.

The theorem shows (amongst others) that there is the chain of inclusions
X CXyCX,CPCX.

Proof. a) We have to show that Vj is the cost function induced from the feedback
u, specifically that

Va(i) = [e(i,u(i)) + Zpij(u(i))Vd(j)] for all i € P. (5.3)
jeX

Actually, this holds not only at the end, but also at each stage of the algorithm
(if the updates of V' and u in step c¢) of the algorithm are applied at once). For
distinction, we use the notation V; and uy for the temporary maps during the
algorithm, while V; and u still refer to the maps at the end of the algorithm.

Whenever the first case for an ¢ € X \ P in step c¢) of the algorithm occurs,
namely

3 4 ‘ . Vil
Vi(i) < min c(i,u) + e p pij(W)Vi(5)
u€eU (i) 1-— Dii (u)

Y

82



5.3. A Dijkstra-like algorithm for stochastic shortest path problems

no update of uz(7) and V;(4) takes place, so all instances of (5.3) remain valid.
Otherwise, w; (i) and V;(i) are updated such that
c(i, we(i)) + D e p pi (e () V()

Vi(l) N 1 — pii(u) 7

SO

Vi (@) =pii(u) Vi (@) + c(7, ug(d +pr w (i

JjeEP
=c(i,w (7)) + Z pij(ue (i) Vi (5)
jePU{i}
Z llt + szy ut
jeX

This shows that (5.3) remains valid for i.

However, one has to check that from the change of V;(i) and u(4) all the other
instances of equation (5.3) remain valid. us(¢) does not occur in any of them,
so only the change of V;(i) could be relevant. Actually there are no other
instances which are affected by the update of V;(i) because from i € X \ P
it follows that ¢ has not been in P up to this phase of the algorithm, and
consequently for all i € X the choice of U(i’) and hence u(i") was such that
piri = 0 so V4(i) does not appear on the right-hand side of (5.3) for j.

This shows the claim that the feedback and the value function constructed by
the algorithm fit together as in (5.3).

Now for the inclusion X,, C X;. Assume an optimal weakly monotone feed-
back is given on X,, and the corresponding value function V with vertices
ordered accordingly:

0=V(0)<V(1) < < V(K1)

where K is the number of elements of X,,,. We show by induction that the
algorithm adds in step i + 2 a vertex (usually ¢ + 1) with value V(i + 1) for
i=—1,0,1,....

Assume that the states 0,1, ..., have been added to P and that V(-) = Vy(+)
for these states. Then from the vertex i + 1 with the control v*(i + 1) only
vertices in {0, ...,7 4+ 1} are reached because by definition the feedback u* is
assumed to be weakly monotone. So u*(i+1) is a possible choice for state i+ 1
instepi+1,ie u*(t+1)€eU(i+1).

On the other hand, one has V(k) < Vy(k) for all k because V is the optimal
value function, and consequently

c(i,u (1)) + > e p pij(u(8)V(5) _ c(i, u) + 35 p i (W)V(4)
1 — pii(u*(4)) - 1 — pii(u)

V(i) =
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for any u € U.

So for the vertex i + 1 one will have V(i + 1) = V(i 4+ 1) and u*(i + 1) or an
equivalent choice (such that the right-hand side of (5.3) takes the same value).
In part a) of the next step (i+3) the vertex i+ 1 can be added to P (or another
vertex k and u*(k) with U(i + 1) = U(k) for a k > i+ 1; but then the order of
the vertices could be changed; so, without loss of generality, 2 + 1 has actually

been chosen.). This concludes the inductive step and the proof of the inclusion
Xm C Xg.

¢) The algorithm constructs a weakly acyclic feedback (on all of P): u(i) is
updated always in such a way that p;; > 0 only if j is already in P or 7 = j. So
the order in which the vertices are added to P is an order which is acknowledged
by all pairs (z, 7) with p;j(u(i)) > 0. j has to be added to P before i or i = j in
order that p;j(u(i)) > 0 is possible. The feedback from the algorithm is thus
weakly acyclic and by definition optimal on X;. On the other hand, X, was
defined as the subset of states where a weakly acyclic optimal feedback exists.
So X, C X,.

d) The inclusion X, C P will be clear if we show that P is the set of all vertices
which have finite induces total costs for a weakly acyclic feedback. To that
end, we are going to show that for any vertex i the algorithm finds a finite
value V(1) for i exactly if there is a weakly acyclic feedback which controls i.
The direction “=-" is true because we have already shown in the last paragraph
that the algorithm constructs an acyclic feedback on P.

Now for the direction “<=":

If the algorithm terminates with Vy(i) = oo for a state i then there is no way
to control ¢ with a weakly acyclic feedback, because with any control u(i) it
holds either that p;;(u(i)) = 1 or that there is a transition from i to a j # i,
pij(u(i)) > 0 with Vy4(j) = oo, otherwise i would have been accepted with
u(i) or a better control at some stage of the algorithm and V(i) would be
finite. In the first case, it is obvious that with this u(i) the vertex i cannot be
controlled towards the target, while in the latter case, with any control u(y)
there is likewise a transition j — k& with Vg(k) = oo if not pj;(u(j)) = 1 and
so on. So there remains a path of positive probability which never leaves the
area where Vy(-) = oo, contradicting the assumption that there were a acyclic
feedback to stabilize i, concluding the proof.

[

Remark. We get from Algorithm 5.2 a weakly acyclic feedback and a value func-
tion V; which is optimal in the following sense: If the vertices are numbered
according to the steps in which they are added to P, a feedback which is weakly
acyclic and respects this ordering of vertices, induces a value function V' which

fulfils V; < V.
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5.4. Application on continuous-time control systems

To check for optimality of the approximate value function, one can apply value
iteration once and see where the value function changes. If it changes at a vertex
j € P, it has not been optimal there and neither at other vertices ¢« € P from
which one can move to j, i.e. p;j(u(i)).

By repeating this method recursively, one can construct the set of vertices where
the value function has not been optimal.

5.4. Application on continuous-time control systems

As explained in Section 5.2, a discrete-time optimal control problem can be treated
with the methods of this chapter because the Bellman-Shepard discretization (2.7)
leads to the same equation 5.2 as an equivalent stochastic shortest path problem.

In this section we consider optimal control problems which are originally defined
in continuous time, so that one must also choose the discretization in time. For
a fixed time discretization, e.g. the explicit Euler method, and a chosen method
to construct centre sets of prescribed fill distance for the Shepard discretization,
these discretizations depend only on two parameters, A > 0 and 7 > 0 for space
and time discretization, respectively.

The question is if one can choose h and 7 such that the resulting stochastic
shortest path problem has large subsets X, resp. X; of X if those are defined as
in Theorem 5.7. This is more likely for small A and large 7 because, in general, a
large 7 implies relatively large jumps ||f(x,u) — z||, and with a small parameter
h it might be possible to avoid cycles in the associated graph.

Event-based time discretization and variants

Algorithm 5.2 often does not allow for constructing the optimal value function
on a large subset of the state space because the underlying graph of an optimal
feedback is not acyclic, usually because the system dynamics are “too slow”.

A way to handle the different lengths of the continuous-time dynamics f(z,u)
is to use U x R, for a finite R, C R™ as an extended control space, in order to
explicitly allow different time steps for the time discretization. However, here the
numerical effort increases significantly because the control space gets larger. For
this reason we have not investigated this idea any further.

A similar approach is to use varying (sampled) time steps for the time dis-
cretization, but with an a priori choice instead of an extension of the control
space. These time steps can be specially designed to force relatively large sets X,
resp. Xy as in Theorem 5.7 A possible way to do that is motivated by so-called
event-based methods (| , |). The name event-based derives from the
fact that in a mesh-based space discretization of control problems the transition
of the state between different cells is considered to be an event. Usually, only such
events trigger new calculations of controls.
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5. Shepard value iteration and stochastic shortest path problems

For radial basis or other meshfree methods this approach is not well-suited
because these events require a cell decomposition of the state space. A modified,
more empirical possibility which does not require regular updates is to use different
time steps which force “space steps” of similar lengths. The way to adjust the
time steps is to rescale in the following way:

Definition 5.8. For continuous-time maps f : Q x U - RS and ¢: Q x U —
[0,00), we define their rescalings

~ f(z,u) c(x,u)

A e T i Al Vi en

These modified continuous-time maps f and c¢ are then discretized with, e.g.
the explicit Euler method.

So the dynamics are discretized such that one gets jumps of constant length
instead of jumps which correspond to equal time steps. In this way, the control
problem becomes more like a shortest-path problem, in the sense that it can be
modelled on an Euclidean graph.

Comparison of the Dijkstra-like algorithm with Shepard value
iteration

The use of Algorithm 5.2 introduces in general an additional error on the approxi-
mate value function one gets from the Shepard discretization. As a compensation,
it may bring a speed-up compared to value iteration because each “edge” is con-
sidered just once for this algorithm, but several times (the number of iterations)
for value iteration.

However, one has to consider the following aspects:

e Usually the number of iterations for value iteration is not large; numeri-
cal experiments suggest: It does not depend much on the fill distance, for
smaller fill distance it seems to be a bit smaller. It seems to be approx-
imately inversely proportional to the time step, though. This is plausible
because for smaller time steps a larger number of steps is needed to move a
far-away point to the equilibrium.

e For higher-dimensional systems, the role of the number of iterations is, in
general, even less important because the numerical effort for value iteration
depends for higher-dimensional systems more on the state space than on the
number of iterations.

e The matrix-vector-multiplication which is used for value iteration is fast
because it is parallelized (in contrast to the rather sequential Dijkstra-like
algorithm); its time consumption does not depend much on the number of
centres.
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5.4. Application on continuous-time control systems

Figure 5.1.: Inverted pendulum: Approximate optimal value function for the
Dijkstra-like algorithm. Left: With Algorithm 5.2. Right: With
Algorithm 5.2 and rescaling according to Definition 5.8.

e Algorithm 5.2 requires some additional operations, e. g. calculating subma-
trices. These can be implemented with sparse matrices, though.

Numerical example: An inverted pendulum on a cart

We again consider the inverted pendulum from Section 3.4 as an example to apply
Algorithm 5.2. In Figure 5.1 we have plotted the approximate value function in
the lower right quarter of the state space, once the approximation we got from
Algorithm 5.2 and once with the rescaled f and ¢ from Definition 5.8. In the latter
case, the subset where the approximate value function is finite is considerably
larger as is clearly visible from the figure. As the approximate value function is in
both cases an upper bound to the correct value function, the rescaling of f and ¢
seems to be an improvement in this example.
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A. Regularity of the value function
without discounting

In this Appendix we investigate the regularity of the optimal value function of
undiscounted optimal control problems. In Section A.1 we show its Lipschitz con-
tinuity (which is required in Section 2.5) and in Section A.2 we prove that it is
generally not differentiable, by providing a counter example. There are similar re-
sults in | , , |. However, the assumptions are different from ours
and to our best knowledge, the literature does not answer the question whether
the optimal value function is Lipschitz continuous or even differentiable in our
undiscounted setting.

A.1. Lipschitz continuity of the value function

The regularity proof for the value function without discounting is considerably
more complicated than the corresponding result, Theorem 2.4, in the discounted
case.

We assume that a discrete-time control problem is given that is stabilizable on
all of €2, and that there is a feedback so that the closed-loop system has 0 as an
asymptotically stable fixed point. Furthermore, we assume that f € C*(Qx U, Q),
c€ C*Q x U, [0,00)).

Let L; be a Lipschitz constant for f w.r.t. x and L. and L, be Lipschitz
constants for ¢ w.r.t. x resp. u.

A crucial idea of the proof that V' is Lipschitz continuous is that the number of
time steps needed to steer an arbitrary starting point into a neighbourhood of the
equilibrium point, turns out to be bounded. The proof will consist of two parts,
namely

1. finding a neighbourhood of the equilibrium point where V' can be shown to
be Lipschitz continuous and

2. using the Lipschitz constants of f and ¢ and the previously mentioned bound
on the number of steps needed to control arbitrary initial points into the
neighbourhood of the equilibrium point and extending the proof of Lipschitz
continuity from the neighbourhood to the whole state space.
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A. Regularity of the value function without discounting

Local Lipschitz continuity

In the following, we consider the approximation by the linear-quadratic (LQ)
system

f(x,u) = Az 4+ Bu, &(z,u) = 27 Qx + u’ Ru
where

H? 1 02

0
_f(070)7Q 262(00)R 262<

0
A= f(0,0), B= 5

¢(0,0).

Under the assumption that the original system is controllable, this linearized
system is controllable as well. Note that ¢ is semi-convex by definition. Thus the
LQR system is well-posed and its optimal feedback is given by a linear-quadratic
regulator (LQR), which is a linear map U(z) = Uz, where U is a d x s matrix,
see, e.g. | ].

The optimal feedback u(z) = Uz for this LQ system is not an optimal feedback
for the original system, but it is still a locally stabilizing one as we will see; let V/
be the derived (in general not optimal) value function

o0
ZC r, Uzg), 2pq1 = f(2r, Uny)

k=0

of this feedback U for the original system.
Consider the matrix-valued map

M :R* x R — RS M(x,u) == folz,u) + fu(z,u) - U.

The right-hand side is actually 8%( f(z,Ux)).

The spectral radius fulfils p(M(0,0)) < 1 because the original system has 0
as an asymptotically stable fixed point. So there is a norm || - ||, on R* and an
gq > 0 with ||M(0,0)|la < 1—2¢,. Let 0 € Q1 C Qand 0 € Uy C U be open
neighbourhoods such that

1M (2, u)lla <1 - ca (A.1)

for all (x,u) € Q; x U;.
We choose even smaller open sets 0 € 29 C Q1,0 € Uy C Uy by further requiring

e ()5 to be a open ball relative to the norm || - |4,
o Ux € Us for all z € (29 and
e u+U(z—2x) €U forall z,z € Qy and u € Us.

Now we show
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A.1. Lipschitz continuity of the value function

Lemma A.1. Let (z,u) € (Q2 x Us). Then
0100, OF) = f(7ut UG- 1))
is a contractive relative to the norm || - ||q with contraction factor 1 — &,.

Note that in general ¢ does not map 2o to itself.
Proof. One has

J . . N - -
|00 =156a U = )+ 14 VG-
a
= |M(Z,u+U(Z —2))|e <1—¢4

by (A.1) and, consequently, by the mean value theorem, ¢ is a contractive. O

By setting (z,u) = (0,0) one gets the following corollary. Noting that (29 is an
open ball relative to || - ||q, this time the map has images in Qs.
Corollary A.2. f(-,U(+)) is a contraction on Qg relative to the norm || - ||4.

This allows us to show that V is continuous on a neighbourhood of 0.
Corollary A.3. V is continuous on Qa, even Lipschitz continuous.

Proof. ¢ was assumed to be Lipschitz continuous w.r.t. = resp. u with Lipschitz
constants L. resp. L,. By the equivalence of norms on finite-dimensional vector
spaces, c is also Lipschitz continuous w.r.t. x resp. u with some Lipschitz constants
Ly and Ly, relative to the norm || - ||4. Consequently, x — ¢(x, Uz) is Lipschitz
continuous with Lipschitz constant L, + Lgy||Ul|, relative to || - ||4.

Now one can show with the help of Lemma A.1 that V is Lipschitz continuous

La Lau U a : .
+5—HH relative to the norm ||-||5. This can be seen by

with Lipschitz constant .
considering two points xg, Zg € Q2 and comparing their trajectories (zy) and (Zy)
under the feedback U. Their mutual distances xp — Ty, relative to || - ||, develop
at most like a geometric sequence with contraction factor 1 — ¢,. Then

one gets

k=0
[e.e]

<Y (1-c0)*(La + Laul|U|)
k=0

:La + LGUHUHG

€a

O
In the next step we choose an even smaller open neighbourhood 0 € 23 C Q9
according to the following lemma.
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A. Regularity of the value function without discounting

Lemma A.4. There is a neighbourhood 0 € 3 C Qo such that each optimal
feedback of the original system on 23 has values in Us.

Proof. One has
min  c(z,u) =d >0
2eQueU\Us
because of the compactness of Q2 and U, the fact that Uy is open and ¢(z,u) > 0
for u # 0. One can choose €23 such that

sup V(x) < &9,
€3

because V(0) = 0, and consequently

sup V(z) < sup V(z) < §s

€3 €3
because v is the optimal value function. Now, for points in {23, the optimal controls
are in Us. ]

We choose €23 according to this lemma, but with the additional condition that

Q3 C Q9. So the Hausdorff distance relative to the norm || - ||, between the sets,
dq(922,3) is positive. We choose a neighbourhood 0 € 4 C 23 such that all
optimal trajectories starting in 4 stay in 23 for all times. This is the case if
supg, V' < supq, V< Ming e\ 0, uev ¢(@, u). The last term is positive because of
compactness of (2\ 23) x U. In the proof of the following lemma we explicitly
need the cost functional

oo

J(x0, (ug)) ==Y _ clwn, ug)
k=0

from Chapter 1 which maps an initial point xg and a control sequence (ug) onto
the total cost along the induced trajectory zp.1 = f(zp, ug),k=0,1,2,....

Theorem A.5. V is Lipschitz continuous on the neighbourhood 4 C £ of 0.

Proof. We show the Lipschitz continuity for pairs of points which are close to each
other. The obtained Lipschitz constant will be independent of this choice of a pair
of points, though, implying the Lipschitz continuity on the whole set. For given
x0, To € Qg with ||zg — Zolla < da(2,23) we choose (uy) as an almost optimal
control sequence for zo: J(zo, (ug)) < V(xo) + (La + Lau||U||a)é||fo — z0l|q and
such that (xy) stays in Q3. The latter is possible because Q3 is open, so almost
optimality is enough for a trajectory to remain in {23. Note that optimality of the
control sequence cannot be assumed at this point, as it is not yet clear that V is
continuous. From the continuity of V' and the Bellman equation the existence of
optimal controls will follow, but as long as the continuity of V' has not been shown
only almost optimal controls can be assumed, i.e. control sequences which induce
a value at a point arbitrarily close to the optimal value function at this point.
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A.1. Lipschitz continuity of the value function

The sequence (uy) gives us a sequence (z). For the construction of the sequence
Ty, from the point g, we define iteratively &y := f(Zr_1,Ur_1) with

Ug = U + U(fk — xk),

which can be considered a “linear correction” of u; with the feedback one has
from the linear-quadratic approximation system.
Consider

or(T) == f(T,up + U (T — a3,)),

so by Lemma A.1

|zk41 — Trrilla < (1 —ea)llvr — Tilla

and iteratively one sees that () stays in Q2 because of the condition ||zg—Zglls <

da($22,23).
Consequently,
. 1 -
| J (o, (uk)) — J(Zo, (k)| < (La + Lau||U||a)m||x0 — Zolla

1 -
= (La + LaUHUHa)g_”xO - xOHa

a

and thus
. o 1 N
V(%0) < J(Zo, (ux)) < J(wo, (ug)) + (La + LauHUHa)E—Hwo — 2|l
a

2 -
< V(xo) + (La + LauHUHa)g_HxO — o||a-
Qa

Changing the roles of zg and Zp, and noting that the two norms || - || and || - |4
on a finite-dimensional space are equivalent, we conclude

|V (z0) — V(Z0)| < Liocllzo — Zo|

for some L, > 0 independent of xy and g, which concludes the proof of Lipschitz
continuity on €2y. O]
For the continuation in the next section we choose £; > 0 with Ua., (0) C Q4.

Global Lipschitz continuity

The generalization of the local Lipschitz continuity on Us, (0) to global Lipschitz
continuity on €2 is essentially based on the compactness of {2 as we will see in the
following.

Lemma A.6. V is bounded on §).
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A. Regularity of the value function without discounting

Proof. Let zg € 2 and (ug)y a stabilizing control sequence for xg. Therefore the
sequence defined by g1 = f(zk,ur) converges to 0 and there is a kj such that
xg, € Ug, (0). From the continuity of the system dynamics f it follows that there
is a neighbourhood N(zg) such that each & € N(zg) is steered to Uy, (0) in ky
steps if the same control sequence (uy) is applied.

By Lemma A.5 V' is Lipschitz continuous and hence bounded on Uy, (0), so it
is also bounded on N (zg) because ¢ is bounded: For any & € N(zg) it holds that

ki—1
V(&) <> el ug) + V(i)
k=0
<k1 sup c(x,u) + Lo diam(Use, (0))
QxU

=k sup c(x,u) + Ljpe2e1.
QxU
Now by compactness of €2, finitely many such sets N(zg) cover Q. By taking
the supremum of the finitely many integers kj(z), V' is also bounded on 2 by
sup k1(x) sup c(x,u) + Ligc2e1.
€ QxU
O

Let A := sup,cq V() which is finite as was just shown. Let the cost function
¢ be bounded from below by d3 > 0 outside of U, (0). A positive lower bound
exists because of the compactness of Q \ Ug, (0) x U. Let kg be an integer with
ko > (SA—S and g9 := ¢1/ Ll;o. The definition of kg is such that for any point x €
it is possible to reach U, (0) in at most kg step, because as long as a trajectory
stays outside of U, (0) in each step a cost of at least d3 is added, so in kg + 1 steps
at least (kg + 1)d3 > A, so Ug, (0) can be reached earlier if the control sequence is
chosen almost optimal.

From now on, let F' : 4 — U be an optimal feedback which exists on {24
because V' is continuous on €24 by Lemma A.5 and so the right-hand side of the
Bellman equation depends continuously on v € U and U is compact such that an
optimal v € U can always be chosen.

With the next lemma we show Lipschitz continuity of V' locally, for pairs of

nearby points.

Lemma A.7. For any xg € ) there is a neighbourhood xqg € A C Q) such that any
Zo € A fulfils the following statement. Let (uy) a control sequence which steers x
in ko steps to Uz, (0) and then continues as given by the optimal feedback F and
let

(’[Lk) = (uo, coy Uy, F('i.ko—kl)a F(i’ko_,_g), oo )

be a control sequence for Tg. Then
|J (20, (ug)) = J(Zo, ()| < Lilzo — Zoll

with a constant L1 > 0 independent of the points xy and Zg.
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A.1. Lipschitz continuity of the value function

Proof. For the points xg, Zg with d := ||zg — Zo|| < g0 we consider the trajectories

(xr) and (Zg) of f starting at xg,Zo for the control sequences (ux) and (uy),

respectively. By the choice of (ug) and the definition of ko, one has xy, € U, (0).
In addition, one has ||z, — Iy, || < c0L} = €1, so Ty, € Uz, (0). It follows

|/ (o, (ug)) = J (o, (ar))

§|C(l‘0au0) - C<j07u0)| + |C(IE1,U1) - C(f17u1)|
+ ...+ |C(l‘k0_1, uko_l) — C(3~7k0—17 uk0_1)|
+ |V(xko) - V(ikoﬂ

gud+LA@+.“+@wﬁ*+dwgw

=d(Le+ LeLy + o+ Ll 4 L Lioe)

" J/

=:11

=g — Zo|| L1
from Theorem A.5. ]

Theorem A.8 (Lipschitz continuity of V'). Let V' be the optimal value function of
a discrete-time control problem that is stabilizable on the compact state space €2 and
with the compact control space U, where the system dynamics f is in C*(Qx U, Q),
the cost function ¢ is in C*(Q x U,R{), and that has a feedback whose closed-
loop system has 0 as an asymptotically stable fived point. Then V is Lipschitz
continuous.

Proof. Let zg and &y be two points in €2 with ||zg — Zo|| < eg and (ux) a control
sequence such that the induced trajectory for the point xg fulfils

V(%0) < J(Zo, (ax)) + Lilwo — Zol
From the preceding lemma, we get

V(Zo) <J(Zo, (Ux)) + L1l|zo — Tol|
J(wo, (ug)) + 2L1[|xo — Zo|

V(x()) + 2L1||x0 — 3~70H

<
<

Changing the roles of xg and Z(, we conclude
V(o) = V(Zo)| < 2Li[Jxo — Tol|.

Now we can skip the assumption ||xg—Zo|| < eg, because a local Lipschitz constant
which does not depend from the choice of the pair of points is also a global
Lipschitz constant, showing the global Lipschitz continuity of V. O

Corollary A.9. Under the assumptions of Theorem A.8 the Kruzkov transformed
optimal value function (1.6) is also Lipschitz continuous.
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A. Regularity of the value function without discounting

Proof. By the definition of v as v(-) = exp(—V(+)) and Lipschitz continuity of the
exponential function on (—oo, 0], the function v is also Lipschitz continuous. [

In general, V' and v can not be expected to be differentiable as we will see in
the next section.

We remark that one can get as a corollary the corresponding statement for
continuous-time systems. By the considerations of Section 1.3 continuous-time
control problems can be considered a special case of discrete-time control problems
because of its continuous evolution. The infinite dimensionality of the control
space turns out not to be a fundamental problem. For the feedback F': Q4 — U
optimality can no longer be assured because U is no longer compact but for the
proof it is possible to take a feedback which is sufficiently close to optimality.

A.2. Nondifferentiability of the value function

In Section A.1 we showed the Lipschitz continuity of optimal value functions for
undiscounted discrete-time control problems under certain assumptions. A natu-
ral question is whether this result can be strengthened towards differentiability or
even smoothness of the optimal value function if the maps f and ¢ have sufficient
regularity.

In general this is not possible. The main obstruction is that the definition
of the value function as well as the Bellman equation have an infimum on the
right-hand side taken over all possible controls «w € U, which in general leads to a
non-differentiable function V' even if the single functions for the different v € U
is smooth.

At some distance from the point of equilibrium there can be topological limi-
tations if branches of different solutions intersect each other. Perhaps the easi-
est example for such a case is given by the shortest path problem on the circle
St = {z € C||z| = 1} c C. If the target set {1} is considered, then the distance
function on S! is piecewise linear (along the curve, locally parametrized according
to path length) and has two points of non-differentiability, namely 1 and -1. The
non-differentiability at the point of equilibrium can be explained by the jump in
the cost function which is 0 in 1, and 1 elsewhere. However, the other irregu-
larity at -1 is a consequence of the branching between the paths which go along
the upper respectively the lower semicircle (in other words, paths with positive
respectively negative imaginary parts).

In this section we present an example which shows that an optimal value func-
tion does not need to be differentiable, not even in a neighbourhood of an equi-
librium point and not even in the case that the dynamics and cost function are
smooth. The example will work both in the case of continuous-time and discrete-
time systems with almost no modification.
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A.2. Nondifferentiability of the value function

We will need the well-known smooth function

0 <0
R-R z— ) r=5
ez x>0,

from which we derive the odd function

—e-er x< 0,
o:[-1,1] = [-1,1,z— <0 x =0,
e-e”r T> 0,
which is a smooth bijection of [—1, 1] onto itself.

Example. First, we consider the discrete-time control system where
Q=[-1,1,U =[-1,1],

f(z,u) =z + ¢(u)
and

c(x,u) = z? + o(|ul).

Proposition A.10. The optimal value function for this control system is V(x) =
|z| + 22 and the optimal feedback is u(z) = ¢~ (—x).

Proof. First, we show that V' > |z| + 2. To this aim, note that for any initial
point zp and control sequence (uy) we have xj = xg + Zf:o u; and for the total
cost

WE

J(xo, (ug)) = > clxy, ug)

il
o

(i, + & (lux]))

M

it
[en)

(i, + |0 (ur)])

M

k=0
9 k
2 ' _
> ;; v+ | Jim ZO: B(u;)
= 1=

M

xi + | lim xp — xo‘
k—o0

ol

=0
> + |-

The last inequality holds true because limy_, o, £ = 0 or otherwise ZZO:O x% = 00
such that the inequality holds trivially.
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A. Regularity of the value function without discounting

Thus, we have shown that V > |z| + 22.
On the other hand, the trajectory can be forced to be x1 = x9 = --- = 0 by
choosing the control sequence with

uy = ¢~ H—m0) © d(u) = —x9 & flzo,u) =0

and u; = ug = --- = 0, leading to

T (o, (ur)) = 2§ + ¢(luol) = 2§ + ||,

which shows V(z9) < |zo| + 2.
Together, from both parts, one gets V(z) = |z| + 22. O

One could ask why we did not just take the cost function c¢(z, u) = ¢(|u|) instead
of c(x,u) = 22 + #(Ju|). The reason is that then the incentive to steer the system
to 0 would be missing, formally contradicting the requirement that ¢(x,u) > 0 for
x outside the target and any w € U. The control function v = 0 for any initial
point zg would show that the optimal value function is actually V' = 0.

From this discrete-time control system it is possible to derive a correspond-
ing continuous-time example. We present it here for completeness, although
continuous-time control systems as such are not within the scope of this thesis.

Example. Consider the continuous-time control system defined by

QO =[-1,1,U = [-1,1],

f(z,u) = ¢(u)

and
clz,u) = 22 + ¢(|ul).

Proposition A.11. The optimal value function for this control system is
1 3
V(z) = o] + 3l

Proof. We begin with the lower bound V' (z) > |x| + %|$|3
For an initial point zg, a piecewise continuous control function w : [0, 00) — U
and the induced trajectory z : [0, 00) — €2, one has

t t
xw=m+lfmmwmﬁ:m+é¢wmﬁ
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A.2. Nondifferentiability of the value function

and thus, along the trajectory, the associated cost

ﬂmmw—/ c((t), u(t))dr

/ 2 4 g(fu(t)))dt
0

o0 t
/ z(t)2dt + hm/ o(|u(t)|)dt
0
/ x(t)2dt + hm/ lp(u(t))|dt
0

/OO:L’ )2dt + lim sup / qﬁ(u(t))dt‘
0 0

t—00
/ t)%dt 4 limsup |z (t) — xo|

t—o0

2A £(t)2dt + |0

1
Z|.T()| +§|$0|3,

8

where the last inequality is true because max|¢| = 1 = |2/(¢)| < 1 implies

o0 o0 1
/'ﬂwﬁz/<m—mﬁ:4mﬁ
0 0 3

and the second to last inequality,

t—00

/ z(t)2dt 4 lim sup |z(t) — xo| > / z(t)2dt + |xo), (A.2)
0 0

is valid because limy_o () = 0 or otherwise there would be a sequence 0 <
t1 < tg,... with tx11 > tp + 1 and |z(tg)| > ¢ for all k and a 0 < ¢ < 1,
and consequently the intervals [tg, ¢ + 1] would be pairwise disjoint and so, from

|2'()] < 1,
[e%e) 00 tr+1 0 1
/ 2(t)2dt > Z/ z(t)2dt > Z/ (le = t|4)2dt = 00
0 k=19 .

k=1 "tk

=e3/3

SO f() (t)2dt = oo and (A.2) holds again.
For the upper bound, V(z) < |z| + %|x|3, we consider the feedback

1 r <0,
u@) =0 z=o,
-1 x>0,
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A. Regularity of the value function without discounting

which yields the trajectory x(t) = (xg —t)4+ if o > 0 and z(t) = —(—zg — t)4 if
zo < 0 and the cost

J(zo,u(z() = /0 e (t). u(t))dt
_ /0 (2(t)? + B(u(t)]))de
_ / (ol = )4 + Dt + / () + o((u(®)))dt
0 zo S~~~

1
== laol® + |z,

consequently V(z) < |z| + $|z[>.
Altogether, we have shown V(z) = |z| + |z|3.
[l

Finally we want to remark that if the aim had just been to give a counterexample
to the smoothness (rather than differentiability) of V' then it would have been
sufficient to take Q = U = [~1,1], f(x,u) = u,c(z,u) = 22 leading to V(z) =
1,13
37l
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