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Abstract

In this thesis, an online-computation approach to optimal finite-horizon state-feed-
back control of nonlinear stochastic systems is presented. In the considered discrete-
time case, the state space and the control space are continuous-valued sets. For non-
linear, noise-affected systems, exact analytic solutions to the optimal control problem
do not exist in general. Therefore, appropriate approximations are inevitable.

A two-step algorithm is proposed in this thesis. In the first step, an optimal solution
to a simplified problem is derived. In the second step of the algorithm, this result is
employed as prior knowledge to derive an improved solution to the original optimal

control problem. In both steps, dynamic programming is employed.

With the employment of dynamic programming, the optimal control problem is re-
formulated as a minimization problem. In the first step of the proposed algorithm,
the value function of the stochastic dynamic programming algorithm is approximated
by means of Taylor series expansion up to second-order derivatives, which results in a
simplification of the problem. The approximation serves as a basis for the derivation
of a stochastic minimum principle for the discrete-time case, where the properties
of a stochastic Hamilton function are employed. With these theoretical results, the
minimization problem is reformulated as a two-point boundary-value problem. The
arising nonlinear equation system is solved numerically by means of a continuation

process, which yields an optimal control sequence to the simplified problem.

In the second step of the algorithm, the control sequence solving the two-point
boundary-value problem is employed. The current system state is propagated through
the system equation by means of the unscented transformation, which approximately
yields sequences of expectation values and covariances of the successor states. De-
pending on these means and covariances, an adaptive grid of few points is defined,
which changes each time step to incoporate current knowledge. On this grid, the
stochastic dynamic programming algorithm can be employed to obtain an improved
state-feedback control for the current time step. Instead of performing dynamic pro-
gramming directly on this grid, the value function is piecewisely approximated by
means of cubic splines. Hence, an approximate solution to the nonlinear optimal con-
trol problem for continuous-valued control variables as well as for a continuous-valued

domain of the system state is obtained.

The proposed online-computation algorithm is analyzed by means of scalar example
systems, where the technically important model predictive control is implemented.
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CHAPTER 1

Introduction

When considering control problems of practical engineering applications, nonlinear control the-
ory is the basis to obtain optimal results. To control a system optimally means to influence its
behavior, such that a desired goal is achieved in an optimal way. Current research treats the
problem of controlling the robots depicted in Figure 1.1 in an optimal way.

(a) Walking machine HW-II, Machine Con- (b) Prototype of a 6 DOF robot, Intelli-
trol Laboratory, Osaka University. gent Sensor-Actuator-Systems Laboratory,
Universitat Karlsruhe (TH).

Figure 1.1: Robots in current research applications.

A standard application in robotics is path planning as illustrated by Figure 1.2. The aim is that
the robot in the lower left corner of the room moves across the room to reach the destination in
the upper right corner. Several points have to be borne in mind to achieve the desired result.

Cost Function. In many cases, it is desirable that the robot reaches the destination efficiently,
that is, the objective is a movement along the shortest path and the avoidance of collisions.
Hence, a cost function is introduced to incorporate these constraints. In the considered path
planning example, the cost function assigns a certain value to any state-input combination. To
reach the destination optimally means to minimize this cost function, which is a main aspect
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destination

robot

®

start

Figure 1.2: Path planning. The robot’s objective is to move across the room to reach its destination.

of the desired controller. The incorporation of additional of constraints in the cost function is
possible.

Nonlinearities. Most realistic systems have to be described with nonlinear system models. For
example, motions of the depicted robots are described involving trigonometric functions. Even
if these functions are well known, nonlinear controllers are not easy to design. Unfortunately,
nonlinear systems have some special difficulties compared to linear systems. A main point is
that, in contrast to linear optimization, an analytical solution to the nonlinear optimization
problem cannot be obtained in general. Therefore, the minimization of the cost function is a
challenging task, especially in case of nonlinear systems.

Since linear controllers are well known, an obvious approach to nonlinear optimal control is the
linearization of the system function around the mean of the current system state and subsequent
application of a linear controller. Compared to nonlinear controllers, linear controllers are easy
to design. In case of a quadratic cost function, the linear quadratic controller (LQ controller),
which employs measurements of the state (state-feedback), provides an optimal linear solution
to linear control problems [AW97]. When the level of nonlinearity of the considered system
increases, the quality of the solutions provided by the linearized controller decays. Therefore,
alternative approaches to linearization have to be employed to improve the quality of the
desired controller, even if no tool or methodology in nonlinear systems analysis is universally
applicable [Vid02]. Therefore, for each controller, a tradeoff between simplicity and exactness
has to be found.

Noise Influence. Besides the nonlinearity of dynamic systems, noise is another issue to be
considered to obtain a more realistic model of the true system. Usually, noise can be regarded
as a random process with a given distribution. A common assumption is that white noise

influences the system, when control problems for noise-affected systems are considered.
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In case of a deterministic system, the successor state of the current state is exactly known, that
is, this specific successor state will be attained with probability one. When a random process
affects the system, it is not possible to predict the next state with certainty. However, depending
on the distribution of the noise, it is possible to predict a range of possible successor states
by means of the underlying system model. In case of the path planning example, inaccuracies
of the measurement of the current robot position or incidences like friction or slip can be
considered as noise disturbances. Moreover, a common assumption is that the environment of
the robot is not known exactly. For example, the size of the room and the current position are
known, but possible obstacles inside the room are unknown. Another possible reason to consider
noise, is the simplification of a given system model. In case of a very complex system model,
several parts of the system can be modeled as noise, such that the whole model is simplified.
Systems suffering from noise processes are called stochastic or probabilistic. Since the state of
a probabilistic system may deviate significantly from the deterministic one, that is, the system
state without noise disturbances, the consideration of noise is desired when designing controllers
for realistic systems. However, this additional aspect causes serious problems in calculations.

Decision-Making Horizon. When talking about optimal controllers, the decision-making
horizon, that is, the time interval, which is considered to determine the optimal control, is
a further point to be considered. On the one hand, the problem can theoretically be captured
completely in case of the consideration of a long, maybe infinite, horizon. On the other hand,
the analysis to derive an optimal solution becomes difficult. This is due to the fact that exact
calculations may depend on the convergence of iterations, which cannot be guaranteed in gen-
eral. In case of infinite-horizon problems, the behavior of the system over a long time interval
and the additional information, which is needed to be precise, have to be considered. Thus,
the model of the whole system gets more and more complex and results in a computational
effort, which is not feasible anymore. Therefore, assumptions have to be made, which cannot

be justified in general, for example, a discounting factor of future cost.

A possible solution to the described problem is provided by model predictive control (MPC),
also known as receding horizon control or moving horizon control. MPC is often applied to
real systems to avoid computational difficulties. Instead of the consideration of an infinite
horizon, in MPC the optimal control problem is restricted to be solved for a finite horizon
[k, k + NJ, where the current time step is denoted by k. With this approach, the problem of
the determination of closed-loop solutions is circumvented, since the optimal control problem
is solved only for the current system state. The first part of the optimal state-feedback control
is applied open-loop to the system for one time step. Since the optimal control problem has
to be solved only for the current system state and not for all system states simultaneously, the

solution is much easier to obtain [Fin04].

In case of the path planning example, where the robot has to reach the destination efficiently,
the MPC steps are illustrated in Figures 1.3 and 1.4. In Figure 1.3(a), the initial robot position
is shown, where the current decision-making horizon of N time steps is indicated by the dashed
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X X
destination destination
'
'
7’
7’
'
'
robot »7
7’
® x
start start

(a) Initial position of the robot. The optimal path within (b) Detection of an obstacle. To avoid a collision, the
the decision-making horizon is indicated by the black,

dashed line.

robot has to change its orientation and to determine a
new path.

Figure 1.3: Path planning and model predictive control, initial steps. The robot moves toward the destination,

while minimizing the cost function within the decision-making horizon.

line. Possible obstacles inside the room are not known. The robot determines a path minimizing
the distance to the destination without hitting the obstacle, which is not considered in the
current decision-making horizon. When the optimal state-feedback control for the current
system state is determined and applied to the real system, the finite-horizon window is shifted
by one time step to [k + 1,k + 14 NJ, such that after the next sampling an appropriate control
is again determined for the full N-step horizon. After several time steps, the obstacle is in
reach, and the robot realized that it has to adjust the intended path as shown in Figure 1.3(b).
The adjustment of the orientation of the robot and the resulting new path is depicted in
Figure 1.4(a), where the robot plans to move aside the obstacle without collision. After passing
the obstacle, the robot again adjusts its orientation and moves directly toward the destination

as is depicted in Figure 1.4(b).

The path planning example illustrates that MPC provides only a suboptimal solution, since
the robot does not necessarily move along the true optimal trajectory. This is caused by the
fact that the obstacle cannot be incorporated into the control decision from the beginning. The
comparison of a possibly optimal path and the path provided by MPC in case of the considered
robot example is shown in Figure 1.5. The optimal path (blue, dotted) is shorter than the
MPC path (black, dashed), due to the triangular inequality. Although MPC provides only
suboptimal solutions, the computational effort and the complexity of the system model are
reduced significantly in case of MPC compared to the infinite-horizon controller. Hence, MPC
is an attractive approach and, therefore, often employed in technical applications.

Reflecting the properties and problems arising from the nonlinearity of the system, the noise
influence, and the decision-making horizon, the design of an optimal state-feedback controller




X
--" destination

X
destination -

Oy,
TR

start start

(a) Change of the orientation and the intended path to (b) Overcoming the obstacle and proceeding toward the

avoid the collision. The robot moves aside the obstacle. desired destination.

Figure 1.4: Path planning and model predictive control, obstacle avoidance. After the identification of the obstacle,

the intended path is changed to avoid collisions.

=X

- . .
_—— destination

Lo
robot_., ¢

start

Figure 1.5: Optimal and MPC trajectories of the path planning example. Due to the finite horizon, MPC is not
able to obtain the optimal solution (blue, dotted) in general. Therefore, a suboptimal solution (black, dashed) is

obtained.
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for nonlinear stochastic systems is both interesting and difficult and, therefore, worth to deal
with.

In this thesis, an approach to optimal finite-horizon control of nonlinear, stochastic, discrete-
time systems is provided. Starting from the original dynamic programming equation, the value
function is approximated by means of Taylor series expansion, such that a minimum princi-
ple can be applied. Then, a candidate for the optimal control sequence for a finite horizon
is obtained. These state-feedback controls are employed as prior knowledge to a subsequent
algorithm, which determines an adaptive grid of few points, on which stochastic dynamic pro-
gramming is performed. Piecewise cubic spline interpolation of the value function yields an
approximate solution to the continuous-valued optimal control problem, in the control variable
as well as in the state variable.

The remainder of this thesis is structured as follows. In Chapter 2, the considered system is
introduced. Moreover, problems originating from nonlinear optimization are discussed. A pos-
sible solution method, that is, dynamic programming, is presented, which is the basic tool in
this thesis. The chapter is concluded with an overview of related work. In Chapter 3, the idea
of the proposed new approach to optimal control of nonlinear noise-affected systems is treated
in theoretical as well as in practical methods. Simulation results by means of scalar example
systems are presented in Chapter 4 to analyze the properties of the proposed algorithms. Fi-
nally, in Chapter 5, the contents of this thesis is summarized, and a survey of future work is

given.




CHAPTER 2

Considered Optimal Control Problem

2.1 Problem Formulation

Let the considered discrete-time system be given by
zp = f(@pw) +w, , k=0,...,N—1, (2.1)

where z;; € R" denotes the system state at time step k&, v, € R™ the control variable, and
S i R" x R™ — R" a nonlinear function. w, € R" is an independent additive noise term
with mean value zero and covariance X,. In the considered finite-horizon case, the terminal
time is denoted by N. The initial state 2, is assumed to be known. Moreover, the state is
directly accessible after each time step, that is, the probability density function of the state
can be interpreted as a Dirac function. Therefore, it is not necessary to estimate the state.
The random noise w,, is independent of prior disturbances w;_,...,w, and characterized by
a well-defined probability density function P} . Since the density of the noise is assumed to be
time-invariant, the time index k is omitted in the following. The considered system is depicted

in Figure 2.1.

Wy,

T
system |—££l

»| delay

Figure 2.1: Considered stochastic system. The system state is directly accessible after each time step. The

controller determines optimal state-feedback controls.

The system state satisfies the Markov property, that is, the state x; ,; depends only on its
direct predecessor z,, the control variable u,, and the noise term w, at time step k. Therefore,

9
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future states depend only on events of one time step before, and

P(&k-ﬁ-ll@ka ceey Loy Upgy - ooy Ugy W, - - 7w0) = P(ik—&-l’&kuﬂkuwk) : (2'2)

Definition 2.1 (Control law) A control law is a mapping
R — R™
i,
ol oz e op () =y

that maps states z;, € R" onto controls u;, € R™.

For an initial state Z, and a policy® 7 := (ﬁo’ e ’HN_1)’ the states x;, can be described as ran-
dom variables x,, k = 1,..., N, with distributions defined through the system equation (2.1),
that is,

Qk-i-l:z(&kvﬂk(gk))—i_wka kIO,,N—l .

2.1.1 Measure of Quality

To define optimality, a measure of quality is required. Therefore, a cost function? to be min-
imized is introduced. In case of stochastic systems, an obvious approach is to define the cost
function at a specific time step as the expected cost-to-go up to the terminal time N. Therefore,

the cost function of the control sequence 7 starting at z, is given by

N-1
Vi(Zy) = y ]%)N gn(zy) + Z Gy, 1y (21,), wy) (2.3)

W Wy rl
for known functions gg, £ = 0,..., N — 1. The function gi(x,u,,w,) describes the transition

cost from time step k& to k+ 1 depending on the system state x,, the applied control action wu,
and the noise term w,,. The function gy only depends on the terminal state and represents the

terminal cost.

2.1.2 Objective

The objective is to establish a sequence of optimal control laws
HZ:{Rn - ]p:m . k=0, N1
z), = () = uj
mapping the states z; onto optimal state-feedback controls u; = Hz@k)’ such that the se-
quence (ug, ..., uy_,) minimizes the cost function (2.3). This means, an optimal policy 7* :=
(pgs -5 1y_,) is desired with

m Wy WN_1

J(Zy) := Var(Zp) = min ( E  |gn(zy) + Z_ ék(zk,gk(m),wk)b : (2.4)

1 sequence of control laws
2 also known as performance index

10
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Definition 2.2 (Value function) The function J in (2.4), that is, the minimal expected cost-
to-go, is called minimal cost function or value function.

2.2 Dynamic Programming

When considering (2.4), a seemingly obvious solution to the minimization problem is to cal-
culate the corresponding cost functions (2.3) for all possible combinations of control laws
. k=0,...,N — 1, and then to determine the minimizing policy 7*. Since this approach is
computationally infeasible, a more sophisticated procedure is desired, for instance, the dynamic
programming algorithm, which is introduced in the following.

2.2.1 Introduction and Assumptions

In most cases, nonlinear optimization is based on search algorithms or on the employment of the
Karush-Kuhn-Tucker conditions for optimality [SS02]. In contrast to these methods, dynamic
programming is an optimization algorithm, which theoretically determines the exact solution
to the optimal control problem for finite-horizon Markov decision processes.

Remark 2.1 To apply dynamic programming, the system state has to satisfy the Markov
property (2.2). Furthermore, the cost function to be minimized has to be additive over time.

In the considered case of finite-horizon optimal state-feedback control, the objective is to min-
imize the cost function (2.3) and to determine the minimizing control variables for the entire
decision-making horizon. Instead of the consideration of all possible combinations of system
states and control decisions for all time steps, dynamic programming recursively determines
the solution to appropriate subproblems. Although the use of dynamic programming in nonlin-
ear optimization is limited to some fairly straightforward applications, its use in these is both
valuable and instructive [BerOOa]. A detailed introduction to dynamic programming and its
applications is given in [Ber87, Ber0Oa, Ber0Ob, Put05].

Theorem 2.1 Let " = (HS’ e ’H*N—l) be a sequence of optimal control laws for the minimiza-
tion problem (2.4). The subproblem to be considered is that the current state is given by x;,

and the expected cost-to-go from time step © up to time step N

N-1
Viz) = E an(@y) + ) ey, wy, wy,)
TN k=i

shall be minimized. Then, the truncated sequence

m= (s )
is optimal for this subproblem [Ber00a/.
This property is called principle of optimality.

PROOF. A proof of the principle of optimality is given in [Put05]. O

11
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2.2.2 Value Function

Theorem 2.1 reveals the principle of optimality, the basic idea of dynamic programming. The
dynamic programming algorithm starts the optimization procedure at the terminal time N and
proceeds backward in time to the starting time 0. The recursively defined value function at
time step k depends on the result of the previous calculation and is defined as

Ji(2;) == min <E Gk (g, g, wy) + Jk+1(§k+1)]) : (2.5)

Uy Wy,

where the terminal cost incurring at time step N is denoted by

In(zy) = gn(zy) -

The term Jy41(2;,,,) summarizes the minimal expected cost up to the terminal state zy starting
from a fixed state z;, ;. When the algorithm calculates the cost for the currently considered
state x,, the state z;,, is not exactly known anymore. Therefore, the state x; ; has to be
considered as a random variable &, _ ;, which is obtained by a one-step prediction starting from
z,, for given w, according to (2.1). Because of the additivity of the noise term in (2.1), the

distribution Py, of &, , depends on the distribution of the noise vector w;,.

Remark 2.2 With the assumption of a Markov decision process and the additivity of the value
function (2.5), the requirements of Remark 2.1 are fulfilled.

Reformulation of the Value Function
According to [BS96], (2.5) can be substituted by

Jr(z),) = Hyllkn (9k(§k,7_ik) + EC [Jk+1(£k+1)}) , (2.6)

where

(g, ) = /gk(ﬁkaﬂkvwm P (wy) dwy,
R
and P"(w,) denotes the probability density function of the noise term. The terminal cost

In(zy) = gn(zy) (2.7)
is independent of the control variable.
Definition 2.3 (Bellman equation) Equation (2.6) is referred to as Bellman equation, op-

timality equation, or dynamic programming equation.

2.2.3 Recursive Calculation of the Minimal Expected Cost-to-Go

Theorem 2.2 For every initial state &, the minimal expected cost-to-go J(Z,) of (2.4) is
equal to Jo(Z,), where the function Jy is given by the last step of the following algorithm, which
proceeds backward in time from time step N to time step 0.

12
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Algorithm 1 Dynamic programming

1 Iy(zn) = gn(zy) > determination of the terminal cost
2. for k=N —1to0do
3:

Ji(z),) = min <9k@k»@k) +E [Jk:+1 (i@k»ﬁk) +wk)]) (2.8)
Uy Wy,
15 (z;,) = arg min (gk@k,@k) + B [ e (f (2 ) +wk)}) (2.9)
U Wy,
4: end for
5 J(Zo) = Jo(Zo)
PROOF. A general proof can be found in [BerOOa] or [Put05]. O

2.2.4 Properties of Dynamic Programming

Dynamic programming provides a general framework for solving nonlinear optimization prob-
lems with additive cost functions. The efficient backward algorithm computes the expected
total cost for the entire decision-making horizon. Furthermore, the minimal expected cost-to-
go from each time step to the end of the regarded horizon is obtained for any optimal sequence
of control laws. At each time step, the results of the previous step are employed. Then, the
computation at time step k requires only the knowledge of the transition cost g, the transition
density Py (- |z, u;), and the result Ji4q of the previous time step. Because of the Markov
property, J depends on former states and decisions only through the state z,. Therefore, the
computational effort is reduced significantly, compared with a brute force algorithm, that is,
the evaluation of all possible control sequences. If u; = HZ(@) minimizes the right-hand side

of (2.8) for each z;, and k, the control sequence (uf, ..., uk_;) is optimal.

Remark 2.3 Instead of performing the minimization over all possible control sequences m;, =
(,l_Lk, e By 1), dynamic programming recursively determines the optimal state-feedback con-
trol u; for each time step, which reduces the computational effort significantly.

Even if Algorithm 1 can be employed to derive closed-form expressions for the value function
Ji, analytical solutions cannot be obtained in many practical problems. In these cases, nu-
merical solutions are inevitable, which require much computation time. Nevertheless, dynamic
programming is the only general approach for sequential optimization in case of stochastic sys-
tems. Especially in case of finite-horizon, discrete-time Markov decision processes with a finite
number of states, dynamic programming provides an efficient method for solving the optimal
control problem. Thus, dynamic programming is often employed as the basis for practical, but
suboptimal, approaches [Ber00a].

13
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Remark 2.4 In the special case of finitely many states in each computation step, the structure
of dynamic programming allows an initial offline computation of the algorithm. Then, a look-
up table is obtained, which contains the optimal state-feedback control for each state and each
time step of the considered horizon. During runtime, the optimal control can be determined
with the pre-calculated look-up table.

| Review: Problems caused by noise affecting nonlinear systems |

To obtain the optimal value uj solving the minimization problem (2.6), a nonlinear op-
timization method is needed, which is a difficult task in general, especially when noise
affects the system. Additional difficulties originating from the system stochastics to de-
rive an analytically exact solution are indicated in the following. Equation (2.6) can be
reformulated, such that

Ji(zy) = gr(zy, up) + ”E [Jk+1(§k+1)]

= gr(@p, wp) + / P @2y, w) e (2g40) dzyyy (2.10)
R’I’L
with a transition density Py (2, |z}, u;). Using the fact that noise affects the system
additively, (2.10) can be rewritten by means of

Tl = g ui) + [P0 = fon ) (o) do o (2D
IR"ﬂ

where P*(w,,) denotes the noise density. It is important to mention that w;, = x;,,, —
f (2, u;). Owing to the integral, no general analytical solution to (2.11) is known, even
if P is a Gauss function. The complexity of the equation arises, since the stochastics of
the system require the consideration of the expectation value. Therefore, exact solutions
to the optimal control problem for nonlinear probabilistic systems do not exist in general,
and suboptimal solutions have to be derived.

2.2.5 Computational Effort in Case of Discrete Problems

With @) states and M possible controls at each computation step, the dynamic program-
ming algorithm requires NMQ? multiplications to evaluate and determine the optimal policy.

Therefore, the dynamic programming algorithm is of order
O (NMQ?) . (2.12)

By contrast, a brute force algorithm, where (M%)" deterministic Markov policies are consid-
ered, is of exponential order. The direct evaluation of each of these policies requires NM Q)
multiplications. Taking everything into account, the brute force algorithm is of order

O (MON+'QN)
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Thus, the dynamic programming algorithm yields a significant reduction of computation time.

2.2.6 Limits of Dynamic Programming

According to (2.12), the computational requirements of dynamic programming are overwhelm-
ing, when the number of states and controls becomes large. Thus, suboptimal solutions are
required in many technically applications. There are two general approaches to obtain approx-
imate solutions. In the first approach, the original problem is approximated. In the second
approach, the dynamic programming algorithm for the original problem is approximated by a
computationally simpler one. These methods are called problem approximation and algorithm

approximation, respectively.

Problem Approximation

Discretization of continuous state- or control spaces is a common method to simplify the prob-
lem. The infinite (and possibly uncountable) state space is replaced with a finite set of states.
Furthermore, the system equation has to be adapted appropriately. In this case, the transition
mappings can be described by means of matrices. Then, the dynamic programming algorithm
yields an optimal solution to the simplified problem. Detailed examples of this kind of problem
approximation are given in Appendix F.3 and [Dei04].

Value Function Approximation

When considering the approximation of the algorithm, an explicit discretization of the state
space is not necessary. The general idea is to approximate the value function Jy(z,) by means of
a suitable function J; (z,15), where 1, denotes a vector of proper parameters. An example for
value function approximation is given in [NB03], where the value function is approximated by
means of a radial basis function network with a finite number of Gaussian kernels. Evaluation of
this network at the mean values of the Gauss functions yields a finite Markov decision problem,
which can be solved approximately.

2.3 Related Work

Since dynamic programming offers a general framework to solve the optimal control problem
for nonlinear systems, numerous approaches are based on this algorithm. In case of finite state
and control spaces, dynamic programming is able to derive the correct solution to the optimal
control problem for deterministic and stochastic systems [Ber0Oa].

If the state and control spaces are considered as continuous-valued sets, dynamic programming is
not directly applicable in general, since the solution of the Bellman equation (2.6) is a difficult

15



Chapter 2. Considered Optimal Control Problem

task in general. Several approaches to obtain approximate solutions to the optimal control
problem for nonlinear systems with continuous state spaces can be found in the literature.
Standard approximations employ state space discretization to apply dynamic programming,
since dynamic programming is in general not directly applicable in case of nonlinear systems
with continuous-valued state spaces. All these discretization schemes suffer from the curse of
dimensionality. To reduce this effect, value function approximation is often employed. For an
infinite horizon, such an approximation scheme by means of radial basis functions is proposed
in [NBO3], which also leads to an indirect discretization of the problem.

Alternatively, optimality conditions can be derived to avoid the evaluation of the Bellman
equation (2.6). Employing the dynamic programming equation (2.6), Pontryagin’s maximum
principle?® offers necessary optimality conditions in case of deterministic systems, in continuous
time as well as in discrete time [Ber0Oa]. These conditions can be employed to reformulate the
optimal control problem as a two-point boundary-value problem (TPBVP) that is numerically
solvable.

Pontryagin’s maximum principle has been extensively discussed in numerous articles in case of
stochastic, but continuous-time, systems. In [CH94], a stochastic maximum principle for singu-
lar control problems is introduced, where linear dynamics, convex cost, and convex constraints
are considered, such that convex optimization methods can be employed. This approach is
extended in [BMO05], where necessary optimality conditions for singular control problems are
derived for a continuous-time, nonlinear system. The considered control domain is not neces-
sarily convex anymore. Hence, convex analysis methods are replaced with the perturbation of
the optimal system input. To treat continuous-time stochastic problems, a common assump-
tion is an underlying Ito process to represent the influence of white noise. A general stochastic
minimum principle for continuous-time systems in local form is presented in [Pen90]. There,
a variational approach is employed to derive adjoint equations and, subsequently, a global
maximum principle in case of non-convex control domains. Combining Ito’s Lemma with the
stochastic dynamic programming formulation, Pontryagin’s maximum principle is extended to
continuous-time stochastic systems in [RRD04]. This approach is based on the equivalence of
the adjoint equations of the maximum principle and the partial derivatives of the objective
function with respect to the state variable of the dynamic programming approach.

Based on this assumption, in [LWO02], the existence of solutions to a stochastic two-point
boundary-value problem is examined, resulting from the application of the maximum prin-
ciple. An expedient approach to solve the nonlinear equation system resulting from the TP-
BVP numerically, is to employ a continuation process [RD83]. Thereby, a solution to an easily
solvable initial problem can be calculated. While the initial problem is being continuously
transformed into the original problem, the solution is being traced. In [OF94], stabilizing con-
tinuation processes are proposed to derive a solution to an optimal control problem of nonlinear,

continuous-time systems with general boundary constraints. The optimal control problem is

3 Pontryagin’s maximum principle can be employed to minimize a function f by maximizing

_f.
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reformulated as an initial value problem of finite-dimensional ordinary differential equations,
which can be solved numerically. In [Oht00], the time domain of a continuous-time system with
general boundary constraints is modified by means of a continuation process. The initialization
of a one-point horizon yields an optimal input to a nonlinear system, which is traced toward
the solution for the whole considered horizon of length T', such that model predictive control
can be applied. Another approach to employ a continuation method in the area of optimal
control of nonlinear systems is to initialize the continuation process with a related linear sys-
tem. A continuous transformation of this linear system toward the original nonlinear system,
while tracing the solution, yields the desired control of the original system. For a deterministic

continuous-time system, this idea has been successfully applied in [TJ79].

Nevertheless, an equivalent to the maximum principle or the TPBVP for stochastic systems
in the technically important discrete-time case has not been found in literature yet. This lack
may be due to the fact that the properties of the Ito process and Taylor series expansion with
respect to the time variable cannot be equivalently applied to nonlinear, discrete-time systems.
Therefore, alternative solutions have to be employed to solve the optimal control problem for
discrete-time, stochastic systems approximately. A possible approximation scheme is given by

value function approximation.

A common approach to value function approximation is to interpolate the value function. The
interpolating function offers an easier representation of the original function. Only a small
parameter set has to be stored to describe the interpolant completely. Besides, only a small
number of grid points are required, compared with simple state space discretization. Therefore,
dynamic programming can be performed more efficiently. The Bellman equation of the interpo-
lation scheme is formally equivalent to the Bellman equation of a stochastic model on a fine grid,
and all the convergence properties for this model carry over to the interpolation model. Linear
interpolation is very popular and easy, but suffers from low accuracy [JKO1]. Hence, higher-
degree polynomials are employed to improve the accuracy. One main problem with these poly-
nomials is that they tend to oscillations. Moreover, minimization becomes a serious problem.
Because of that, piecewisely defined lower-degree polynomials, that is, linear, quadratic [Sch83],
or cubic [JSS193], are exploited to avoid those problems. In case of known properties of the
value function, for instance, concavity or monotony, general parametric approximation schemes
may fail to preserve these properties [Jud98]. Therefore, in [Sch83], shape-preserving splines
are proposed to keep known properties of the value function. Unfortunately, it may happen
that the value iteration algorithm [Ber0Ob], which solves the Hamilton-Jacobi-Bellman equation
iteratively for an infinite horizon, diverges, when these splines are employed. Only with sev-
eral assumptions, shape-preserving splines avoid this divergence, which is proved in [JS94]. In
many practical cases, the value function is assumed to be twice continuously differentiable. To
guarantee continuity of the approximating function up to and including the second derivative,

cubic polynomials, such as Hermitian polynomials or cubic splines, are required [dB78].

Taking everything into account, dynamic programming provides exact solutions to the optimal
control problem in case of finite sets of states and controls. In the more realistic case of
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continuous-valued state and control spaces, promising approaches to solve the optimal control
problem, exist for deterministic (discrete-time and continuous-time) systems, when Pontryagin’s
maximum principle is employed. This approach can be extended to continuous-time, noise
affected systems. However, for the technically important discrete-time systems suffering from
noise disturbances, no general approach exists. Therefore, in this thesis, an approach to optimal
control of nonlinear, stochastic, discrete-time systems with continuous state and control spaces

is provided.
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CHAPTER 3

New Approach to Optimal Control of Nonlinear
Noise-Affected Systems

Exact analytical solutions to the continuous-valued optimal control problem for nonlinear, noise-
affected systems do not exist in general, and suboptimal solutions have to be derived [Ber00a].
One possible approximation scheme to obtain such a solution by means of the dynamic pro-
gramming approach is described in the remainder of this chapter.

| Review: Objective |
For the discrete-time system
Ty = flzg, ) +tw, , k=0,... N—1, (3.1)
the objective is to establish an optimal control law

. R* — R™
—k Ly = Ky (z) = 5,

that maps the states z;, onto optimal controls uj, = i} (z;,) minimizing the expected cost-
to-go. The recursively defined value function employed by DP to determine the minimal
expected cost-to-go, is given by

In(zy) = gn(2y) (3.2)

U Wy

Starting from the recursive Bellman equation (3.3), the value function is approximated by means
of Taylor series expansion up to second-order derivatives in the proposed approach. Then, a
stochastic version of the minimum principle is derived, where the definition of a stochastic

Hamilton function is employed. Incorporating costate equations', the optimal control problem

1 also known as adjoint equations
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is reduced to a two-point boundary-value problem for the approximated value function. The
resulting nonlinear equation system is solved numerically. A continuation process is a promis-
ing method to reduce numerical problems when solving this equation system and, therefore,
employed in this thesis. The control sequence solving the two-point boundary-value problem
is employed as prior knowledge to a subsequent algorithm, which explicitly considers the noise
influence. An adaptive grid of few points is determined to restrict the state space. On this
grid, stochastic dynamic programming is performed, where a piecewise interpolation of the
value function by means of cubic splines is employed. Finally, an approximate solution to the
optimal control problem of stochastic, nonlinear systems is derived, which treats the control

variable as well as the state variable continuously.

3.1 Theoretical Results

In the following, the theoretical results of this thesis are described to develop the approxi-
mate solution to the considered continuous-valued optimal control problem of nonlinear, noise-

affected systems.

In Section 3.1.1, the value function is approximated in order to rewrite the optimal control
problem as an equivalent minimization problem?. Section 3.1.2 deals with the derivation of a
stochastic minimum principle, which is applied to the considered approximated value function.
Possible extensions of the value function approximation are discussed in Section 3.1.3. The
minimization problem is treated in Section 3.1.4. How the resulting control sequence is em-
ployed as prior knowledge to a subsequent algorithm to restrict the state space, is described in

Section 3.1.5. Finally, the accuracy of cubic spline interpolation is analyzed in Section 3.1.6.

3.1.1 Approximation of the Value Function

There are two reasons to approximate the value function. As described in Section 2.2.6, the
value function can be approximated to perform dynamic programming without explicit dis-
cretization of the state space. Furthermore, the approximation of the value function can be
employed to determine an estimate of the minimal expected cost-to-go without the desire to
apply the minimizing control sequence. Possible applications can be found, for instance, in
economy, finance, and engineering, where estimates of the minimal expected cost-to-go are

often required.

Notation. In the following, uj denotes a minimizing vector u, of (3.3).

With the assumption that third- and higher-order derivatives are negligible, an approximation
of Ji41 in (3.3) by means of Taylor series expansion up to second-order derivatives around the

2 with respect to the approximated value function
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deterministic part f(z,uz) of the state

Ty = flag, ) +w,
is given by

OJk41 (i@k,@@)
2

* 1 *
Jir1(Zp01) & T (f(2g, up)) + wy, + §MEHI<+1 (f(zpup)) wy ,  (34)

where H;, denotes the Hesse matrix of the value function. Then, the approximation of the value
function Ji(z;) in (3.3) is given by

Ji(zy) = g(zp, up) + Jesr (f (2 1w1)) + %tr (Eme (f(zy,up)) ) : (3.5)

where the property
QEHI@—HQ;C =tr (QngHkH)
has been exploited. The covariance matrix of the noise term is given by

Y, = B [ww]]
Wy

Moreover, the gradient in (3.4) vanishes, due to the zero-mean of the noise term together with
the computation of the expectation value. A recursive calculation of the Hessian is given later
in Theorem 3.3.

Remark 3.1 It is important to mention that (3.5) is similar to the value function of a

deterministic system. The only difference is the last term

%tr (EwHk+1 (i<£k’7_$1t)) ) ) (3.6)

which is caused by the incorporation of the noise influence.

Considering (3.5), the value function Ji and its Hesse matrix Hy are evaluated at states, which
would originate from a deterministic state propagation given by

Ty = [z ) - (3.7)

Because of that, the state propagation (3.7) is sufficient to determine the value of the value

function, if the approximation (3.5) is employed at each time step, that is,

o) = otes) + 3 (Sor (BB + vt )

In this case, the expectation value is not required anymore, and the additional term in the

value function accounts for the noise that affects the system.

Employing Taylor series expansion again to approximate the gradient of the value function up

to second-order derivatives, the linearized gradient of the value function is given by

OJi1 (24 1) N OJr+1 (i(&k,%)) n Ty (i@k’%))
x4 Oy Oz 1

Wy - (3.8)

With the approximations (3.5), (3.7), and (3.8) of the stochastic system, a minimum principle
can be applied to the considered stochastic system as described in the following.
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3.1.2 Minimum Principle

In case of the stochastic system (3.1), a necessary minimum condition to obtain the original
value function Ji(z;) is to find the roots of the partial derivative with respect to w, of the term
to be minimized. This leads to

Ogi(zy,, uy) LR |:a<]k+1(£k+1)} ai(llm%t)
O i1 uy,

=0, (3.9)

aﬂk Wy,

when the chain rule is employed.

Definition 3.1 (Costate) The costate is defined as the gradient of the value function evalu-
ated at one specific point z;, that is,

T k
p (3.10)
L agk
Therefore, p, € R™ is a vector, not a function.
Notation. In the following, for an optimal sequence of state-feedback controls (g, ..., uN_;)
minimizing (3.3) for k = 0,..., N — 1, the corresponding state sequence, according to the state

propagation (3.7), is denoted by (zf, ..., z%).

Theorem 3.1 Employing the approzimations (3.5), (3.7), and (3.8), a recursive calculation
of the costate along the optimal sequence of state-feedback controls and the corresponding state

sequence s given by

v _ Ogn(z}y)
In agN
v Oglzpup) | Of(zhup)

D= gn, BT gy o FEN L0 (3.12)

: (3.11)

PROOF. k= N:
or = dInan) _ dgn(zh)
EN Oz oy

according to Definition 3.1.
ke {N —1,...,0}: The dynamic programming equation (3.3) yields
v _ 0Ji(z})

b, = a&].;
_ Ognlaiw) | Ogn(ai ) O (i) [0k () OF (i 147)
Iz, uy, Oy, W Oy 1q Iz,
B OJei1 () O (2, uf) 8,1_%(@;;)}

W Oy 14 uy, Oy,

(3.13)

where x,, denotes the one-step prediction by means of the system function (3.1) starting
from the state zj. Employing the necessary minimum condition (3.9) for Ji(z}), (3.13) can be

22



3.1. Theoretical Results

rewritten as

OJn(zi) _ Oglziyui) | OJei1(yy) ] Of (ks uy)
Oy, Oy, W Oy Oy,

for k=N —1,...,0. Considering (3.10), (3.12), and (3.14), it remains to show that for a given
state z; the equality

(3.14)

g | 9k (flah uf) + i) | 0Tk (2hs) (3.15)
Wy Oy 4 Oy
is satisfied. Because of the assumptions of Theorem 3.1, the states z, ,k = 1,..., N, are

calculated by means of (3.7). Taking the expectation value, (3.8) can be rewritten as (3.15)
and the proof of (3.12) is concluded. O

Definition 3.2 (Stochastic Hamiltonian) To define a stochastic Hamilton function, the
influence of noise has to be incorporated. In case of system (3.1), this leads to the definition

Hy (21, p, > W W) = i@ we) +p, (f (@, w) + wy) (3.16)
fork=N-—-1,...,0.

Theorem 3.2 Along the sequence of optimal state-feedback controls and the corresponding state
sequence, the properties

a * *

o, (Hk(zk,z_?kﬂ,gk,wk)) =p, (3.17)
0 . 0Ji(z

a_xk Hk(xk72_9k+1yuk7wk>> - ({I;‘ikk) ) (3]‘8)
0 . « T

G (Helaip, ) =0 (3.19)

hold for k=N —1,...,0.
PROOF. Equation (3.17): Let k € {0,...,N — 1}. Then,
OHy _ Ogulzipw) | o 0N ) o

oz, Oz, Skl O, =D

which proves (3.17).
FEquation (3.18): follows immediately from (3.10) and (3.17).

Equation (3.19): Because of the approximation of the gradient of the value function by means
of Taylor series expansion given by (3.8) and the necessary minimum condition (3.9) for the
value function Ji(z}), (3.15) holds. With property (3.15)

OH,  Og(zp,up) | o Of(xk up)

8Qk a 8@]{; —k+1 8@]{:
_ Ogi(zf, up) n 01 () OF (2}, uf) (3.20)
uy, OZy1a uy,
holds, which is equivalent to (3.9), and, therefore, concludes the proof. 0]
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Corollary 3.1 (Stochastic Minimum Principle) With the assumptions of Theorem 3.1, a nec-
essary minimum condition for the considered stochastic system along the optimal control sequence
and the corresponding state sequence is given by (3.19), which can be evaluated by means of the
stochastic Hamiltonian.

Theorem 3.3 The Hesse matriz in (3.5) can be recursively calculated as follows, where the
arguments of the functions are omitted to simplify the readability.

*gn
Hy = —-
g, - PHe  (Of ' of
k — 8£z agk k+1 6£k
—1
of \' of\ | 9°H, ofrNT _ af  o°H,
- [(a_ﬁk) Hiee (aﬂk) i 01,0y . (a_ﬂk) Hk+la_ﬂk+ Ouj
0*Hjy, Of\" of
. =) Hy,— 21
[a@kaik " (821) 1 on, (3:21)
fork=N—1,...,0, where Hy denotes the Hesse matrixz of the value function, and Hy refers
to the Hamilton function.
PROOF. k= N:
82JN 82gN
H = —_— = —
N0 T 02

k€ {N —1,...,0}: Because of (3.18), the Hessian Hy can be calculated by means of the
Hamiltonian along the optimal sequence of controls and the corresponding state sequence.

Considering the gradient of Hy as a function of z;, and 1,3, and assuming that Hy; has

Py
already been computed, Hy is given as the second partial derivative of the Hamiltonian with

respect to z;, that is,

O*H 0*H of 0*H of  9%*H, \ Ou
H), = b4 k Hy 1= k Hy o — + . —+

(3.22)

oxs 8%8&“ oz,

8@228? and a—ﬁ:. If (3.17) and the costate recursion (3.12) are employed,

Oz,

0*H, af \*

i :( i) (3.23)
Oxdp,,,  \Ox

is fulfilled. Since (3.19) is satisfied for all z; ,

0 <8Hk(£ka£k+17g27wk)> —0

with unknowns
k+1

O0x,, Ouy,
holds, that is,
0% H, 0%’ H,, af of 8ﬁk 02H,, 8Hk
+ Hk+1 — — + 2 = )
Ou, 0z, é@kajng Ox,,  Ouy, Oz, Ou; Oz,

3 The noise term w),, vanishes, due to the additivity and its independence.
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which leads to

-1
o 02H of  0°H 0*H 0*H of
=k _ _ 7k Hk+1__ + Qk : k + b Hk-‘rl — ) (324)
Ox,, 0uk8]_3k+1 Uy, ou; Ou, 0z, ﬁgkag_okH Ox,,
where azH’“ is unknown. With
UkOPg 41
OH. _Ogr  + Of
Ou, B Ou, Pryy Ouy, ’
it follows that -
O*H 0
Tk (_i> _ (3.25)
agkal—)k—&-l Oy,
Insertion of (3.25) into (3.24), and subsequent insertion of (3.23) and (3.24) into (3.22) yields
proposition (3.21) and concludes the proof of Theorem 3.3. O

3.1.3 Consideration of Higher-Order Derivatives in the Value Function Approximation

In principle, the consideration of higher-order derivatives in (3.8) is possible, if the existence
of an inverse mapping of % can be guaranteed to satisfy (3.15), which is indicated in the
L+

following.

Dynamic Programming. In accordance with Theorem 2.2, the dynamic programming equa-
tion at time step k£ + 1 is given by

Jk+1(£k+1):gk+1(£k+17@z+1)+ E [Jk+2(£k+2)} . (3.26)

Wrt1

The next step in the DP algorithm (Algorithm 1) is the computation of the value function for
the previous time step k, that is,

Ji(zy,) = gr(zy, 1) +£k [Jk-&-l(@k—i-l)} ) (3.27)

where the successor states x;_; are not exactly known anymore, but given by their probability
density functions. Therefore, the knowledge about the state z,_; has changed from time step
k + 1 to k. Because of that, a one-step prediction has to be performed. In general,

Jk+1 (zk—i-l) 7é EC [Jk+1 (@k—‘—l)]

arising from (3.26) and (3.27), even if the system function (3.1) is known.

Costate Calculation. Similar to the previous paragraph, the costate recursion is discussed in
the following. Reflecting the definition of the costate, that is,

o OJilz)
L oz,
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for k= N,...,0, the state realization of z; must be known to determine the costate vector. In
contrast to the consideration of the value function in (3.27), the gradient of the value function
is employed in (3.10), evaluated at a point x,. It is important to mention that the costate is a

deterministic value, not a random variable, and given by

r_ 0dlz) _gelmni) | p |:8Jk+l(£k+1):| Of (z, up)

2
= Iy, Oz, W OZp 11 Iy, ’ (3:28)

where the minimum condition (3.9) has been exploited. In (3.28), the state z,,, = f(zy, u;) +
w;. is not known anymore, but only given by its probability density function depending on the

probability density function of the noise term w;.
To show that the costate recursion according to Theorem 3.1 is valid, that is,

v _ Og(ai,ui) | ¢ Of(@iup)
=k oz, =k+1 o0z, ’

it has to be proved that

Of (z}, up)
Oz,

Y

O (@) OF (g ) - OJpir (f (2, up) + wy,)
azkz—&-l oz, Wy,

a£k+1

which is equivalent to

aJk+1(£Z+1) —E
0,14 Wy,

[8Jk+1 (f(z}, wp) + wy) (3.29)

a£1c+1

The left-hand side of (3.29) describes the knowledge used at time step k+ 1, the right-hand side
the knowledge at time step k. In case of a deterministic system, where the transition density
can be interpreted as a Dirac function, (3.29) always holds. In case of stochastic systems,
a deterministic approximation of the stochastic system function around the optimal control
sequence and the corresponding states is desired, that is, a system function with

flap up) = flahup) +w, (3.30)

such that (3.29) holds. Taylor series expansion of the gradient of the value function is one
way to obtain this result. According to Appendix A.2, the multi-dimensional Taylor series
expansion of the gradient of the value function for additive noise in the system function (3.1)
is given by

01 (f (5, up) + wy) i 10 Je (f (25, 4;)) ®
— - - — wk )

»; it1

i=0 j=1

where the ®-operator has been employed. The ®-operator is introduced in Appendix A.l.
Removing the first three terms from the summation, the gradient of the value function is given
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by
OJpi1 (f(xhup) +wy) 0Tk (£l u5)) N O T (i@Za@Z))w
0Ty 41 0Ty 14 8£2+1 =
1 (BT (f(2f,up))
+ 5 < 3£i+1 ® w;,  wy,
10 e (f(afup)) o
Py A ) @, (331
i3 o Lht1 j=3

Exploiting the properties of the ®-operator, the third term of (3.31) can be written as
1 (0T (f (25, i
5 ( n U w) o (wywy)

Therefore, the expectation value of the gradient can be rewritten as

. [é?JkH (f (@ w) +wy) | Ok (£ 2k up)) 1 [83Jk+1 (f(zf,up)) ( T)]

E X (w,w
9 9 92 9 3 L
W, xk+1 _‘Tk+1 =k g k+1

+E

Wy,

| i+l
i=3 v azk‘-i‘l

i 18i+1Jk+1 (f(zh up)) ®wk] ’ (3.32)

Jj=3
since the second-order derivatives vanish, due to the zero-mean of the noise term. The term of

the third-order derivatives of (3.32) can be simplified by means of

%E [83Jk+1 (f(zp,up)) ® (w 'wT)] 1 (63Jk+1 (f(zp,up)) ®Ew> |

e 2 O}

where 3, denotes the covariance matrix of the noise term w,.

To fulfill (3.29), the condition

|:8Jk+1(§k+1):| L Jra (i(ﬁvﬂiﬁ)) +1 (03Jk+1 (i@z’%)) ® Ew>

E
0y OZy 1y 2 a£%+1

Wy,

+ B

Wy,

10 T (f(2hup)) &
Z il oz tt ®wk

i=3 k41 j=3

must be satisfied for the Taylor series expansion of the gradient of the value function given
by (3.32). Then, the function f in (3.30) can be defined as

8Jk+1} -1 <8Jk+1 (i@;,u:)) n 1 (83Jk+1 (i(&;»ﬂ;)) 2 2w>

faioa) = |

3
0Ty 14 0Ly 2 Oy 4

io: 16i+1Jk+1 (i@z,uZ)) ®wk]> 7 (3.33)

+E
d| i+1
i—3 U Oz

Wy,

-1
where [?)J’“T“} denotes the inverse mapping of the gradient. If the Taylor series expansion of

the gradi;nt of the value function is truncated after the second-order derivative, the function
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f is given by the deterministic function

aJk+1:| - (aJk+1 (i@zaﬂ@))

= flog, up) - (3.34)

T = f(z ut) =
S i(_k’_k> |:a£k+1 0Ty 44

-1
Since the existence of the inverse mapping [%] at the point
L1

01 (f (5, up)) n 1 <33Jk+1 (f (x5, up)) > )

3
0Ty 14 2 Oz 4

$ 10 (s )

: w
| i+1 =k
v Oz, =3

+E

Wi,

cannot be guaranteed in general, the simplified version (3.34) has been employed throughout
this thesis. Even in case of the consideration of third-order derivatives, the mentioned problems

arise.

3.1.4 Two-Point Boundary-Value Problem

Definition 3.3 (Two-point boundary-value problem) When ordinary differential equa-
tions are required to satisfy boundary conditions at more than one value of the independent
variable, the resulting problem is called a multi-point boundary-value problem. In the special
case of two boundary conditions, the problem is called two-point boundary-value problem (TP-
BVP). The most common case is, where boundary conditions are supposed to be satisfied at
two points [PTVF02].

Remark 3.2 The distinction between initial value problems and TPBVPs is that in the first
case, it is possible to start an acceptable solution at its beginning (initial values) and just march
it along by numerical integration to its end (final values). In case of a TPBVP, the boundary
conditions at the starting point do not define a unique solution to start with. An arbitrary choice
among these solutions, satisfying these incomplete starting boundary conditions, is almost
certain not to satisfy the second boundary condition [PTVF02].

Formulation

When assuming that the sequence of controls (ug, ..., u} ;) is known, the corresponding states
can be calculated by means of (3.7). After that, the corresponding costate sequence (p,,...,p,)
is obtained by means of (3.11) and (3.12), starting from the final state z , of the system iteration.
Thus, the knowledge of the u;-sequence is sufficient to obtain the remaining information.

Remark 3.3 Since the only unknowns in the considered discrete-time case are the values
zy and p,, which can be determined by means of the state iteration (3.7) and the costate
recursion (3.12), respectively, this problem is a two-point boundary-value problem.*

The boundary conditions are given by condition (3.11) and the costate Py The control variable

uy, is determined through the knowledge of z;, and Py by means of the necessary minimum

4 The sequence of optimal controls is assumed to be known.
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condition (3.19). Therefore, for given values z; and Prirs (3.19) and the state iteration yield a
terminal state z depending on the costate Py- Hence, the initialization of the costate recursion
is a function of the costate P, for unknown values ug, ..., u5_;. That is,

dIn(zy)  OIn(zn(p,)

Oz Oz

implicitly depends on the value Py

Solution

To solve the two point-boundary value problem, the necessary minimum condition (3.19)
is solved simultaneously for all time steps of the entire decision-making horizon as follows.

Introducing an augmented vector

* «\ T * T T
U= [(%) e (i) } (3.35)
of the unknown optimal controls u;, k& = 0,...,N — 1, the optimal state-feedback control
for the current state zf := Z, is given by wu;. Employing (3.35), the necessary minimum

conditions (3.19) for all time steps of the entire decision-making horizon can be rewritten by

means of the nonlinear equation system

T
0 * *
(8_%H0(£07gla Uy, w()))

T
0 * *
(—@1 Hl(zl,z_g,gl,wl))

I
o

(3.36)

T
0 * *
(8QN_1 HNfl(gN—thaﬂN_lawN_l))

with N nonlinear equations for the N unknown optimal controls ug,...,u}_;. The nonlin-
ear equation system (3.36) is numerically solvable. The employed method is described in
Section 3.2.2

Remark 3.4 On the one hand, the employment of the proposed approximations of the value
function and its gradient in the minimization procedure yields exactly the same result as treating
a deterministic problem in case of the considered optimal control problem. Therefore, the noise
term in (3.1) could have been neglected from the beginning. The reason is that the expectation
value of the approximated gradient, which is employed in the costate recursion (Theorem 3.1)
and the necessary minimum condition (3.19), equals the deterministic one. On the other hand,
the proposed method is more general than the consideration of a deterministic system, since
the noise vanishes during the approximation process and is not neglected from the beginning.
Therefore, extensions are possible in principle, for example by using higher-order terms in the
approximation of the gradient. In this case, Section 3.1.3 has to be considered to guarantee the
validity. When only an estimate of the minimal expected cost-to-go is desired, the difference
between a deterministic and a stochastic consideration of the problem is still given by the
additional terms in (3.5).
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3.1.5 Employment of Prior Knowledge

Up to this point, a sequence of state-feedback controls has been determined, which satisfies
the necessary minimum condition (3.19) for & = 0,..., N — 1 in case of a value function
approximated by means of (3.5). In case of value function approximation by means of Taylor
series expansion up to second-order derivatives, that control sequence coincides with the control

sequence, which would have been obtained, if just a deterministic system

Lpy1 = i@k&k)

had been considered. Depending on the system properties and the strength of the noise influ-
ence, this approximation is more or less suitable. However, the sequence of controls resulting
from the solution of (3.36) can be regarded as an approximation of the true optimal control
sequence for the original stochastic system (3.1). This knowledge is exploited in the following
to derive an improved solution to the original problem.

A promising approach to improve this approximate solution is the search around the sequence
of successor states of the initial value z,, which are obtained by the employment of the recently
determined control sequence solving (3.36). Going back to the original system function (3.1),
a restricted region of the state space has to be found, which covers possible successor states of

Ly-

To obtain such a restriction of the state space, that is, an area of interest, the means and
covariances of the successor states of z, are employed, where the control sequence for the N-
step horizon from the solution of the nonlinear equation system (3.36) is applied. According
to Section 2.2, in general, this computation cannot be solved analytically. Around the mean
value 7, a symmetric set Py of p + 1 points is heuristically determined. The set Pj depends
on the covariance C§ of the random variable x; through a function s, that is,

Pri={Tp Ty £ 5(Cf0), i = 1,...,p} - (3.37)

Depending on the uncertainty of the random variable x,, the sets Py, k =0, ..., N, heuristically
discretize the state space around the mean values Z,. Therefore, the spread of this region
depends on the uncertainty of the state x; for a k-step prediction. Within the range of the
sets P, k=0,..., N, the value function is interpolated by means of piecewisely defined cubic
splines, such that stochastic dynamic programming can be applied to treat the continuous-

valued optimal control problem approximately.

3.1.6 Accuracy of the Spline Interpolation

Remark 3.5 To derive error bounds for the interpolating spline of the value function, the
following part is restricted to the scalar case.
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| Review: Cubic splines |

Definition 3.4 (Cubic spline interpolant) In the scalar case, a cubic spline inter-
polant is a piecewise polynomial function S : [a, b] — R consisting of cubic polynomial
pieces S; : [Ai, A\iy1] — R, where a = A\g < A} < -+ < Ay = b is a partition of the
interval [a,b]. That is,

Sl(l') = CI,Z'([L' — )\1)3 + bl(l’ — )\l)Q + CZ'(ZE — )\z) + dz
and
Si(x) ~ f(x)
forz € [A\i_1,N], i =1,..., N, where f denotes the function to be approximated. The

given N + 1 points \; are called knots. The parameters a;, b;, ¢;, d;, i =0,..., N, are

chosen, such that the polynomial pieces S; of the interpolant S satisfy

Si(Air1) = f(Aipa), 1=0,...,N =1 (3.39)
d d
i — )\Z:_’L i,.:l,...,N—l 4
= 51(0) = = Si(h), (3.0
d? d?
—Si_i(N)=—=S;(\),i=1,...,N—1. 41
dQ32 Sz 1<)\z) dxzsz()\l)> ? 9 ) (3 )
Furthermore, a possible boundary condition is given by
d d
@So()\o) = af()\o)
d

d
@SN()\N) = af()\N) ,

which define the slopes at the end of the interval [a,b], [dB78].° The extension to
higher dimensions is given in Appendix E.1.

According to (3.38)—(3.41), a cubic spline is continuous in the function value, the first
derivative, and the second derivative at the knots and within the subintervals [\;, A\; 1], i =
0,...,N. A scalar example for a piecewise cubic interpolating function is given in Fig-
ure 3.1. A possibly high-degree function is piecewisely approximated by means of low-
degree polynomials, that is the function f(x), where only the knots and the corresponding
function values are known.

In accordance with [Ker71], an error bound for the piecewise approximation S; € C?[a,b] of
a function f € C* by means of cubic splines in an interval [a,b], which is partitioned into
Ao =a<...< Ay =b,is given by

I1S; = fllc € O(h*), =0, (3.42)

5  Further existing possible boundary conditions are not mentioned here, since they are not

employed in this thesis.
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0.8¢

0.6r

flx) —

0.2r

Ay M Ay

xr —
Figure 3.1: Example for an interpolating function, which is piecewisely defined by means of cubic splines. The

interpolating function f(xz) is twice differentiable within the whole definition interval and coincides with the true,
but possibly unknown, function at all knots.

where
h = mjax()\jﬂ — ) .
A definition of the co-norm is given in Appendix A.4.
In [Hal73], a more general bound for f € C™, m = 2,3, 4 is provided, such that
1655 = Dloe < emell FOoh™ + Koy (2177 — 21749) e O +hm)  (3.43)

for h — 0 and \; <o < \j4;. For r =0,1,2, the values ¢, are given in Table 3.1.

Table 3.1: Values for e,,, for the general error bound of the spline approximation.

Emr |T=0 7=1 r=2
m=2| 3 1 10
m=3| = 3 5
m=4| 35 9;1\? 5

Moreover, with
A)\j = >\j+1 — )\j

the remaining parameters are given by Table 3.2.

Table 3.2: Remaining parameters for the general error bound of the spline approximation.
AN 6
Bo = =% ‘ pr=1 ‘ B2

Y
Ko =31 @+ R | Ko = 5P ch+ & | Ki= L1 D)k + B

The last parameter R depends on the boundaries of the approximation interval and is given by

R = max {I/® (%) = S o)l 172 0w) = SP O} -
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An error bound for the approximation of the value function
Jewr) = g(we, up) + Bl Jear (@r11)]

by means of a piecewisely defined cubic spline Ji”*, to be employed in the proposed algorithm,

is derived in the following. Therefore, the norm

spline
| =7

o0

is considered.

According to Table 3.2, the norm
2
177l

of the value function is required to compute an error bound for the accuracy of the interpolating
spline. Since

Ji(xr) = gr(Tr, up,) + E[Jk+1(wk+1)} :

the problem of the treatment of the expectation value has to be solved. With

Jer1(Tg41) >0

it follows that
E[Jk+1($k+1)] >0,

wy,
because the expectation value can be regarded as a convolution with the noise density P*, which
is the Gauss function in the considered case. Several important properties of the convolution
operator are mentioned in the following part.

Properties of the Convolution Operator

One way to treat the expectation value is, to show that in the considered case the convolution
x operator can be employed to derive an upper bound of the L>-norm of the original function

f according to

1 % P [l < Iflloc (3.44)

where P is a probability density function. In this case, an upper bound of the norm of the

expectation value is given by

Bl = st * P < Bss(ansn)l

k

‘ e}

Theorem 3.4 For f € LP and g € L', p > 1, the convolution f * g exists and

1S gllp < gl ll Al (3.45)
18 satisfied.

PRrROOF. The proof is given in [Aub00] and [Hol70]. For the definition of the LP spaces it is
referred to Appendix A 4. O
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Theorem 3.5 For [ € L>®[a,b],P" € L*(R) the inequality
1 # P Jloo < 1 llo0
holds.
PROOF. Let p = co. Then, the functions P* € L'(R) and f € L*[a, b] satisfy
1 # P oo < 1 Fllocll P Ml = [1.flloo (3.46)
because of (3.45) and

1P = [ 1Pv@)lde = [Pr(e)de =1,

R

where the density property of P has been employed. 0

2

2) with mean T and variance 02, and

In the considered case, P" is a Gaussian N = N (z;7, o

E[f] = f+ A
holds. Thus,
[flloe = 1 * Moo

and the desired upper bound is obtained.

Remark 3.6 For f € C° with compact support,
[P el™,

which reveals the smoothing property of a probability density [Aub00].

Error Bound for the Spline Approximation

In the following, the value function Ji,; is assumed to be already approximated by means of
a piecewisely defined cubic spline J,j’ﬂ”e. The value function approximation J,jfrli”e is at least

twice continuously differentiable because of its construction, that is J,1 € C*, k > 2.

However, the objective of the following part is to derive an upper bound for ||J]§2)||oo to

apply (3.43), where the property (3.44) of the convolution operator is exploited.

Convention. The approximation error at time step k£ + 1 is ignored at this point to derive a
one-step error bound for the approximation of .J, at time step k. Therefore, the function J,j’ﬁ”e

is denoted by Ji.1 in the following.
With (3.46)
E[Jpr1(@r41)]

Wk

< k1 (1) oo (3.47)

’ o0
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holds. Furthermore, the desired second derivative of the value function is given by

7 o~ G - i)

0? 0?
=||l=—5gr (2, u;) + =5 | E [Jps1(x
|zt + oy (B Uit
Since the expectation operator can be regarded as the convolution of two functions, which is

[e.9]

E \Wk

just an integration, it is possible to exchange the order of differentiation and the expectation.
Then,

Pg,  0? 824s o2
|5 + i (Bvatm)|_ =55 &[5 o] |
aQQk 82
=||E {8_35,% + 922 (Jk+1(mk+1)):| HOO

due to the fact that gr = gr(x, u}) is independent of wy. With (3.47) it follows that

0 (0Jx(xy) 347) || 52y, pe
A < i
Haxk ( oxy, ) - axz + 8_1'% (Jk+1(fl?k+1)) N

B 8%k+ O (0Jpy1 OF
afi Oxy \ OTp11 Oy,
_ |29k, 02Tk <8f>2 L 0 O°F

oxi Oy, \Oxy 0xpi1 023 N

o0

and the desired upper bound for HJ,EQ) ||oo is obtained. With this result, an upper bound for the
spline interpolation is given, when applying (3.43). In Appendix E.2, this bound is computed
for a concrete example.

Remark 3.7 Similar to the previous part, where the interpolation is performed over the z-
variable, an interpolation with respect to the u-variable of the cost function V' is performed by
the proposed algorithm.® This interpolation scheme is employed, such that the optimal control
problem is treated continuously in the control variable. In this case, the approximation error
of the derivative

V7 =V

spline .

is important, since the derivative of V, is employed to find the desired minimum of the cost

function. According to [Hal73], an approximate error bound is given by
(Ve = Vi)Wl € O(R), h =0,

that is, the error decreases at least linearly for h — 0.

3.2 Practical Methods

This section deals with methods to put the theoretical results into practice. Two alternative
methods to formulate the two-point boundary value problem are described in Section 3.2.1. In

6 The cost function is the non-minimized value function.
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Section 3.2.2, a possible approach to solve the nonlinear equation system (3.36) is introduced.
In Section 3.2.3, an approximate method is described to determine the desired restriction of
the state space mentioned in Section 3.1.5. The determination of the grid points, which are
employed to perform approximate dynamic programming, is motivated in Section 3.2.4. An
approximation scheme of the value function on this grid to treat the continuous-valued optimal

control problem is discussed in Section 3.2.5 in detail.

3.2.1 Formulation of the Two-Point Boundary-Value Problem

Alternative approaches to formulate the TPBVP as described in Section 3.1.4 are given by the
shooting method or the direct method to be briefly introduced in the following.

Shooting Method

According to[SB02], the shooting method starts the iteration from the given initial state &, and
an assumed costate p and calculates zy and p, . That is, the second boundary condition (3.11)

is a function of p,- In most cases,

This means, the boundary condition (3.11) is not fulfilled. Then, the initial vector p is modified

. e aJ p . . .
to obtain the boundary condition ]_9% = W. The TPBVP is rewritten as a nonlinear

equation system, which needs not to coincide with (3.36).

Since the optimal state-feedback control u; is a function of the state and the costate, it is
determined by the knowledge of x, and ]_5k+ .

Direct Method

Instead of an initial guess of the gradient of the value function, in the direct method initially

a policy ™ = (4, ..., 4y_,) is assumed, and the corresponding state sequence (Z,...,Zy_1) is
computed. After that, the costate sequence (p VTS 1_50) is calculated starting from

1 0n()

In Iy
For each k € {0,..., N — 1}, the necessary minimum condition

8Hk(ik,1_5k+1,ﬁk,wk) _ T
ouy, B

is evaluated. If this condition does not hold, the assumed policy 7 = (4, ..., %y_,) has to be

modified.
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3.2.2 Solution of the Nonlinear Equation System

The nonlinear equation system (3.36) is in general difficult to solve, since most methods require

an initial value 9, sufficiently close to the solution, such that an iteration process

Y, =2y, (3.48)

converges. This means, QO lies in the domain of attraction of the iteration process, which
converges to the fixed-point

y = 2(y)

of the function ®. In case of the famous Newton iteration, a necessary minimum condition
is evaluated. Linearization of the function @ yields the iteration scheme (3.48). To prove the
convergence of the Newton iteration, Banach’s fixed-point theorem can be employed. Since
only a necessary minimum condition is evaluated, it is possible that the provided solution only

reveals a local minimum, which is one further basic problem in nonlinear minimization.

To solve the two-point boundary-value problem, that is, equation system (3.36), a continuation

process is implemented in this thesis, which is discussed in more detail in the following.

Continuation Process

The advantage of a continuation method, which is introduced in more detail in Appendix B,
is that it is exhaustive under some conditions. That is, it is not necessary to know a starting
value y  close to the solution of the iteration (3.48). Furthermore, all solutions can be found.
Moreover, continuation methods are well-suited for higher-dimensional problems with respect
to conditioning [RD83].

With the employment of a continuation process, the nonlinear equation system (3.36) is em-

bedded into a parameterized family of equation systems

(&Ho(ﬁa& () 26(7)’QO)>T

(mopmame) Ly oy e

such that for the parameter v = 0 the solution to an easy problem is obtained, and for v =1
the original problem is described. Employing a discrete curve follower, the easy problem is
being transformed into the original problem with an increasing parameter ~;, ¢« = 0,...,t,
where 0 = 79 < 7; < 7 = 1. During this process, the solution to the problem is being traced.
This means, that the solution for the previous value 7;_; serves as an initial guess to calculate
the solution for ;. Alternatively, a continuous curve follower can be employed as explained in
Appendix B.
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Definition 3.5 (Homotopy) For v € [0, 1], the continuously parameterized family of map-
pings f(z,7) is called homotopy between the functions f(z,0) and f(z,1).

The nonlinear equation system (3.49) can be solved, for example, by means of a Newton it-
eration, where the initial guess of each step of the transformation process is assumed to be
sufficiently close to the solution for problem depending on the current parameter ;. The de-
sired solution is obtained for 74 = 1. Instead of applying an iterative minimization method
directly to (3.36) and suffering from poor initial values, this homotopy approach yields good
starting values at each step, if the function F is sufficiently smooth for increasing 7;. There-
fore, it is possible to obtain the desired solution to the considered nonlinear system (3.36)

numerically.

In the considered case, the stochastic nonlinear system (3.1) is parameterized, such that the
easy problem is to find the optimal control for a linear system. This is due to the existence
of optimal linear controllers for linear systems in case of a quadratic cost function, which is
additive over time. These linear quadratic controllers (LQ controllers) provide optimal state-
feedback controls by solving the discrete-time Riccati equation recursively. The derivation of
such an LQ controller is given in Appendix C.

To obtain the desired linear system for v = 0, the system description (3.1) can be changed into

Ty =7 [, we) + (1 =) Uz, ) +wy, (3.50)
with a linear function [, such that the problem for v = 0 consists in solving the LQ control

problem. The original nonlinear system (3.1) is obtained for v = 1.

Example 3.1: Homotopy between a linear function and a nonlinear function
In Figure 3.2, a scalar function is displayed, which depends on a homotopy parameter 7.

1,

0.5}
|
= of
g
—
-0.5 y=0
v =0.25
—y =05
— =075
1 —-!
1 0.5 0 05 1

Figure 3.2: f(z,7) =7 (sin(%x)) +(1—7)=.

With increasing v, the function f(x,~) changes from the linear function

l(x) = f(x,0) =2z
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to the nonlinear function
3
f(@) = f(x,1) = (f)
[ |

Candidates for the desired optimal state-feedback controls u;, k = 0,..., N—1, for the nonlinear
system are determined as summarized in Algorithm 2, where the finite-horizon window to apply
model predictive control is set to N steps. The current state ; is directly accessible and is
employed as the new initial value. The continuation process initially solves the L(Q control
problem and yields the solution U* () = U*(0). The solution of step i —1 serves an initial guess
Ui (7i) for a Newton method calculating U*(~;) for increasing ~; to satisfy condition (3.49).

The desired state-feedback control u} is given as the first entry of U*(y;) = U*(1).

Algorithm 2 MPC: Application of the minimum principle

1: procedure MPC_INITIAL_SOLUTION

2. N :=end of finite horizon window > initialization
3 for k=0 to oo do

4: Ty 1= Ty,

5: U*(0) =LQc(z,, N) > initialization continuation process (LQ control)
6: fori=1tot do > for increasing 7y
7: Uiic(vi) = U (7i1) > old solution as starting value
8: U* (i) = Newton(U,;;(7:)) > calculation of U* via Newton method
9: end for

10: up = uy(1) > optimal state-feedback control for current state
11: Ty = [, up) + wy, > time update
122 end for

13: end procedure

Remark 3.8 Reapplication of Algorithm 2 after each time step yields a closed-loop solution
to the considered optimal control problem.

The Newton iteration is described in Algorithm 3 and works as follows. If

IEUsnie (i)l > € >0,
truncated Taylor series expansion around the initializing value U, ;. (v;) yields the condition

OF (U,

(U0 + B 0D a0 =0

n % for example, by means of finite differences as proposed

in [SB02], the desired update of the vector U, ;(7;) is given as

Approximating the Jacobia

Qupdate (,YZ) = Qinit ('71) + AQinit (77/) ’
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where AU, i (7;) solves

OF (Usyit (i)

U Aginit(%;) = _E(Qinit)(%‘) .

This equation system may be solved by means of the QR-decomposition [SB02]. If

||E(Qupdate(’yi))|| <e )

the vector U"(7i) := U, pqate(73) is returned. Otherwise, iteration yields the desired solution

U*(7;). Implementation details are given in Appendix F.

Algorithm 3 General Newton method
1: function NEWTON(U;,; (7:))

2: tolF' :=¢ >0 > Initialization: threshold
3: choose MaxlIt > max. number of iterations
4 Up = Upnie(%)

5: for j =0 to MaxIt do

6: if ||[F(U,)|| < ¢ then > solution sufficiently good?
7 U(vi) = Qj

8: return(U"(y;)) > yes: return solution
o: else

10: JacAppror =FiniteDifferences(F(U;)) > no: approximation of Jacobian
11: U, =solve(JacApprox-AU; = —F(U,)) > solve linear equation system
12: Unn=U;+ AQ]- > update of starting value for iteration
13: end if

14:  end for

15 print(‘not converged’) > Newton method not converged

16: U (%) = Uptaons
17: return(Q* (%))
18: end function

Remark 3.9 The initial value to the numerical algorithm is a good choice, since the initial
guess is the assumed optimal solution of the previous step ¢+ — 1 of the homotopy between the
linear and the nonlinear system. In case of sufficiently small steps of the discrete curve follower
and a sufficiently smooth value function, the Newton iteration yields the correct solution, since
the initial guess is close to the solution.

Remark 3.10 The control sequence (uf, ...,u}_;), which solves the nonlinear equation sys-
tem (3.36), is assumed to be a suitable solution to the optimal control problem, if the value
function is approximated by means of (3.5). This assumption is based on the uniqueness of the
solution to the L(Q control problem and the employment of the continuation process. Never-
theless, only a necessary condition is evaluated. Hence, there is no guarantee to obtain a global

minimum in the unrestricted case, for example without restriction to convex sets.
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3.2.3 Restriction of the State Space by Means of the Unscented Transformation

Discretization of the state and control spaces is a common approach to apply dynamic pro-
gramming to technical applications, which usually have to treat continuous-valued problems. If
the state space can be restricted in any way, for example, there is knowledge about improbable
or impossible system states, the grid to be defined can be concentrated in the restricted part
of the state space. Thus, the quality of the solutions of the DP algorithm increases.

Notation. In the following, the control variables solving the nonlinear equation system (3.36),
will be denoted by 4, ..., %y_4, since the considered problem changes. That is, in contrast to
the value function approximation (3.5) and the state propagation (3.7) to evaluate the value
function, the original system function (3.1) and the original value function (3.3) are considered.
Therefore, that control sequence is still known, but not assumed to be optimal anymore for the

currently treated problems.

The sequence (U, ..., %y_q) is employed to restrict the state space. To determine this restric-
tion according to (3.37), the sequences of means and covariances of the successor states &, ; of
the initial state 2, are required. For an approximate calculation of these values, the unscented

transformation and the known sequence (4, ..., %,_;) are employed.

| Review: Basic idea of the unscented transformation |
According to [JU96], the unscented transformation is one method to obtain estimates of
the mean and the covariance of a nonlinearly transformed random variable

y=flz) . (3.51)

Instead of approximating the nonlinear function f, which is for example done by the
extended Kalman filter, the density of the random variable x is approximated with a fixed
number of few samples. These samples are individually transformed by means of the
original function f of (3.51) as shown in Figure 3.3. Then, the mean and the covariance
of the random variable y can be determined approximately.

f(X)

¥ /\~yo
) BN © |-
~] 7

Figure 3.3: Principle of the unscented transformation. A specific set X of sampling points is nonlinearly
transformed. The mean and the covariance of the resulting discrete distribution of the points approximate the

corresponding values of the nonlinearly transformed random variable.
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The UT employs a set X" of sigma points &; and corresponding weights w;, i =0,...,p,
according to

X ={Xp,..., X, wo,...,wp}
The sigma points and the weights are selected, such that X’ captures mean and covari-
ance of a random variable x,. Then, the estimate of the mean of y is accurate up to
second order. The covariance of the nonlinearly transformed random variable z, can be
determined approximately with first-order accuracy.

Remark 3.11 Accuracy of order k¥ means that the Taylor series expansion of the nonlinear
function f around the desired value is correct up to the k-th order term.

A more detailed introduction to the unscented transformation is given in Appendix D.

In the considered case, equation (3.51) is given by
Lpi1 :i@ka@k)"‘wka k=0,...,N—1,

that is the system equation (3.1), where the control @, is applied. The incorporation of the
noise term is possible and treated in [XZCO06].

To capture higher-order moments of the distribution of the random variable &, and to improve
the accuracy of the UT, an additional parameter k is introduced in [JU02], which ensures higher
accuracy in the calculations. The weights and the p = 2n + 1 sigma points Xi(k) around the
mean value z,, € Py, are set to

wo = _’T_ (3.52)
n+kK
1
=, 7=1,... 3.53
w] 2(n+/€>, j Y 7p ( )
Xo(k):fk

Xi(k):zk—i— (n+H)C£) ,i=n+1,....2n+1 ,
where z,, € R", and ( (n+ “)Ci>. denotes the i-th column of a matrix square root” of
(n+ r)C7.

In case of a Gaussian probability density function of the random variable x,, the parameter x
is optimal for K = 3 — n [JU02]. Then, the weights w; for a scalar system are given by

2
W0:§
1
wlzé
1
CUQ—E .

7 For n > 2, there exist infinitely many matrix square roots.
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For = 3, all weights w; are equal resulting from (3.52) and (3.53). Therefore, in the considered
case, k is set to 3 — n for the first two prediction steps. Since the initial value z, is known,
its distribution is given by a Dirac function, and all sigma points coincide with z,. Therefore,
the first successor state &, possesses a Gaussian density function, which depends on the noise
covariance ¥,,. With increasing prediction horizon, the density functions of the successor states
are not Gaussian in general, and the corresponding probability density functions become more
difficult and possibly multimodal. Therefore, the parameter x is chosen as a kind of homotopy
parameter® according to

3—n fork=1,2,

3—n—|3;vn|k‘+% for k > 2 .

for the k-th prediction step of an N-step horizon. x approaches % , such that finally all sigma
points XZ-(N) are equally weighted to capture more information of the distribution in regions that
are not close to the mean value. This choice is a contribution to the possible multi modality of

the unknown densities of the successor states x,_ ,, k > 2.

3.2.4 Determination of the Grid Points for the Value Function Interpolation

After the determination of the set Py as described in (3.37), a modified set

gyt ={af?, .2’} (3.54)

is determined as follows to incorporate important properties of the considered system. For
sufficiently large k, one of the grid points is substituted by the desired target point ¢ given by
the value function in the DP algorithm, that is Algorithm 1.° The grid point to be substituted
is the nearest neighbor of the target point. This modification assures exact consideration of
the desired terminal states. To keep the symmetry of the set of grid points, the symmetric

equivalents of the substituted grid point are exchanged, too.

Remark 3.12 Tt is important to note that the sets Gi"* cover the same parts of the state space
as the sets Py, if no extremal point of Py is replaced. Furthermore, the number of points does
not change. Based on simulations, the employment of the modified grid Gi™* is assumed to
provide better results, since the desired terminal point is included explicitly as a knot of the

subsequent spline interpolation.

Example 3.2: Possible restriction of the state space
In Figure 3.4, a possible restriction of the state space is given for a scalar system and a five-step
horizon.

Around the estimates of the mean values of the successor states of the known initial value g, the
state space is restricted depending on the estimated covariance of the successor states. [ |

8 similar to Section 3.2.2
9 Depending on the concrete application, the first parameter k, for which the target point

is included, has to be chosen heuristically.
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area of interest

Figure 3.4: Possible restriction of the state space. Around the predicted mean values of the successor states of

Zo, the state space is restricted depending on the predicted covariances of the successor states.
3.2.5 Interpolation of the Value Function by Means of Piecewisely Defined Cubic Splines

In the following, the basic concept is discussed, how to improve the control sequence given
by the solution of the nonlinear equation system (3.36) by means of piecewise cubic spline
interpolation. Again, dynamic programming is the basis for the algorithm, which is performed
within the range of the sets G"* k =0,..., N.

Motivation to Employ Piecewisely Defined Cubic Splines

The motive for an interpolation is that the approximating function is simpler to compute
than the approximated function. The classical choice for an approximation scheme is a single
polynomial, sometimes of high degree, to approximate the function. The employment of a single
high-degree polynomial creates a global interpolant, that is, it applies to the entire interval.
The problem is that a change in one point in the approximation affects the quality of the
approximation at all points, even those that are distant from the point of change.

To minimize this behavior, piecewisely defined polynomials of lower degree are used to approx-
imate the original function. The classical examples for such low-degree polynomials are linear,

quadratic, and cubic polynomials.

Piecewise polynomials, such as spline functions, are more flexible in following the variations
of a function and are also more local in their approximation. With increasing degree, the
interpolating functions become less local, that is, changes within one subinterval do not only
influence the adjacent subintervals but others, too [FM97].

In this thesis, piecewise interpolation by means of cubic splines is chosen. This approximation
scheme minimizes the oscillation behavior of the interpolant [dB78]. Since a common assump-
tion on the value function is the twice continuous differentiability, the interpolating function
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should also possess these properties. Therefore, the piecewise interpolation requires at least
polynomials of degree three.

Application of the Spline Interpolation in the Dynamic Programming Algorithm

To apply dynamic programming with value function approximation, the first step is to interpo-
late the terminal cost (3.2), which is possible, since the terminal cost Jy(z ) is independent of
the control variable. Thus, an analytic approximation of Ji1(2;,,4) in the range of G;""*, which
is defined in (3.54), is assumed to be given. An approximate analytic description of Ji(z;) in
the range of Gi""* can be obtained by means of spline interpolation. After the determination of

the value function Jk(g,(;)) at the grid points a:é), the tuples

(& 2ah)},

are employed to provide an approximation J#"(z,) of the true function Ji(z;) around Z,,
where the spread depends on the covariance Cj. Therefore, it remains to derive the values
Jk(:ck ) for all xk € Gi"*. The recursive calculation of an approximation of Ji(z,) within the
dynamic programming algorithm is described in Algorithm 4, which employs the knowledge of

the control sequence (4, ..., uy_1) for the current horizon window.

1. The algorithm is initialized with the spline interpolation of the terminal cost.

2. For a:k € gm” the set L{,Ei) is determined, which contains all g,(j’j ) with
Bl u”) + w] = £ ) = 2y

(4)

it

for fixed z;,” and all successor states ! zy +1 € g, This means, a set L{,gi) of control variables

is desired mapping xk € G onto each element xk 1 € g,ﬁfi under f. A scalar example

is depicted in Figure 3.5.

(1)
Lht1

Figure 3.5: Scalar example: determination of the set Z/{,ii).

3. The value Ewk[JkH(@,(ﬁl)] can be obtained in several ways. On the one hand, numerical
integration yields a correct solution. On the other hand, approximate solutions can be
employed to circumvent the computational expenses of numerical integration. Therefore,
a tradeoff between exactness and calculation time has to be found. One possible candidate
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Algorithm 4 Update of the state-feedback control

1. function VALUE_FUNCTION_INTERPOLATION(%, . . ., dy_1, Go™, ..., Gi)

2. JPC(z,) ~ spline ({ <£§\i,), gN (@Q)) }Z 0) > initialization
3 fork=N-1to0do > for the current horizon window
I

5: for : =0 to p do > for all grid points
6: Z/{,gi) =10

7: for j =0topdo

8: u(i) = { S Ey, [f('rl(c)7 ul(;’])) +w,] = xl(CJrl} UL{

9: determine E [Jkﬂ(a:,gll)}

10: Vk(xk, ,u,(c ’J)) = gk(g,g),g,(f’j)) + E[Jk+1(£;(£1)] > cost function
11: end for -

12: V;plme(a:,g),uk) =spline ({ (g,(j’j), %(g,@,gfj’”)) }p 0) > interp. cost function
13: Ji (g,(j)) = min VSplme(x;C), uy,) J > minimization
14: up = arg m mln VS” lme(x,@, uy,) > optimal state-feedback control
15: end for

16: JEPHe (1, ) ~ spline ({ <g,(;), Jk(@,(;))) }f 0) > interp. value function
17 end for

18:  return(uf)

19: end function

for an approximate solution is the unscented transformation [JU96]. In Figure 3.6, the
calculation of the value E,, [JkJrl(ac}C +1)] for one successor state is shown graphically.

. Then, the cost function, that is, the expected cost-to-go from the current state to the

terminal state via one specific successor state, is determined by

Vi(a, ™) = (2, uf™) + E[ T ()] -
Wy,

In Figure 3.7, the corresponding scalar example is given. It is important to mention that

this cost is not minimized yet.

. After the computation of the expected cost-to-go for all successor states of gg), spline

interpolation of Vj (:L’kz ,ug ')) with knots ulg ) , 7 =0,...,p, yields an analytic approxima-

tion V. P'"(z ,(j), uy,) of the cost function in the range of the controls uk ") applied at gg).

The graphical equivalent for the scalar example is given in Figure 3.8.

(%)

. Minimization of V;* li"e( z;”, w;,) with respect to u, yields the minimal expected cost-to-go

Te(@)).
0)

. The optimal state-feedback control for the considered state ;. is given by the minimizing

control variable of the cost function V;* lm@(g,(j), uy).
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vy [Jrs1 (2))]

Figure 3.6: Scalar example: computation of E,, [Jk+1(m§21)].

(1)
u,(f’l) Tt

»O o L, [Jz,:+l(m§clll)]

T
* EulJen (@)
o E'u';, ['/1,'+1 (:E]Sil )]
Figure 3.7: Scalar example: computation of the expected cost-to-go Vk(xg),ug’l)) = gk(xg),ul(f’l)) +

Bl (i)

8. Finally, an approximate analytic description of J is given by interpolating Jk(gg)) along
the knots g,(j) € Gt § =0,...,p. In Figure 3.9, this last step is depicted for the scalar
example.

Remark 3.13 It is important to note that in Algorithm 4 the value function (3.3) is not
approximated by means of Taylor series expansion according to (3.5) anymore. The new ap-
proximation is based on the adaptive discretization of the state space according to (3.37), its
modification according to (3.54), and the interpolation of the cost with respect to the control
variable in line 12 of Algorithm 4, which yields a continuous-valued control problem to be

1
Eu, [Tes1 (@) )]

By [Jh41 (*Eiz}) )

3

Eun i1 (2(},)]
Vkspline( (1)

L vuk)

Figure 3.8: Scalar example: interpolation of the cost function with respect to u.
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Jp(z)

Tz

line Ty
(]]zplzrw,e,(rk)

Figure 3.9: Scalar example: interpolation of the value function with respect to xy.

solved. Furthermore, the spline interpolation along the knots @j) in line 16 yields a continuous

approximation of the value function within the area of interest.

The resulting updated control vector wg for the current horizon window is expected to be closer
to the true optimal solution than @, given by Algorithm 2. This assumption is based on the
fact that the sequence (4, ...,%y_;) in the determination of the sets Py and the influence of
noise according to Remark 3.13 are explicitly incorporated in the calculation of the updated

control.

In the following, several steps of Algorithm 4 will be discussed in more detail to motivate the

chosen solutions.

Calculation of Ewk[JkH(g,(fll)]

In line 9 of Algorithm 4, the calculation of the expectation value E,,, [Jk+1(£§i)rl)] is required to
apply dynamic programming. Since the state x, is fixed in each calculation step of Algorithm 1,
the density function of the successor state gffll only depends on the probability density function
of the noise term in (3.1) as explained in the following.

| Review: Probability density of the successor state
For a given system function
Ty = [z, uy,) + wy (3.55)
with probability density functions Py, P}’ for x,, w,, respectively, the density P} ; of
the successor state x;; can be calculated as follows. Regarding (3.55), the conditional

density P(244 |2, uy, wy,) is given by

P(£k+1|£kvﬂkawk) = 5(£k+1 - i@kaﬂk) - Qk) ) (3-56)
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where §( - ) denotes the Dirac function. Exploiting Bayes' Law, the desired function P},
can be written as the marginalization

Pii(zpy) = //P@kﬂ@k?@k)Pi’u@kaﬂk) dz), du,

R™ R»
- / / P2y 1|z ) Ph(zglu) P (wy) dzduy . (357)
R™ Rn

Since z;, and w,, are independent random variables, equation (3.57) is simplified to

Pieien) = [ [ Plairleeue) PEzy) Piue) day du
R™ R"™

where P(z;., |z, ;) is given by the marginalization

P@kﬂ@kaﬂk) :/P<£k+17wk’£k7@k) dwy,

Rn
_ / P2y 1| 2p g wy) PY () dusy (3.58)
]Rn

where again Bayes' law has been applied. Insertion of (3.56) into (3.58) yields

Plaen o) = [ 8o = Floem) - ) Py du,
Rn
Then, this equation can be simplified through the properties of the Dirac function, resulting
in
P(zplze w) = Pi(zp — (@ w)) -
Hence, the density of the successor state of a one-step prediction depends on the noise
density [HS05], since

(L) = / / P¥(2en — f(ep ) PHz) Phy) dzy duy . (3.59)

R™ R™

In the considered case, the state is directly accessible, that is, the state is known with certainty.
Moreover, the control variable is treated as a deterministic variable. Therefore, the functions
+ and P} in (3.59) can be replaced with Dirac functions, such that the integrals vanish.

According to line 9 of Algorithm 4, the DP algorithm employs a one-step prediction from the

state g,(j) to the successor state 2]&21 to determine the expected cost-to-go

Vk(ﬁi(;)>ﬂl(cw)> _ gk(z,(j),gg’])) + E[Jk—l-l(@](gj_i)_lﬂ '

Wy,
(9)
: k+
by means of the function Ji,1, where the density of %&21 is determined by the density of w,.

Therefore, the value E,, [Jkﬂ(g,(jll)] is a nonlinear transformation of the random variable x
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| Review: Nonlinear transformation of random variables — expectation
value
Let = be a random variable with a given probability density P*. Moreover, a nonlinear
transformation of x is given by

y=f(z) .

Then, the expected value of y is given by

Ely] = / @) P () dz .

The expectation value Ewk[JkH(ggJ)rl)] can be exactly determined by means of numerical

integration, that is,
Elea(@l)) = [ i) P (e degs
Rr

This calculation is computationally demanding, why approximate solutions are often employed.
This can be done by means of the unscented transformation (UT), which yields estimates of
mean and covariance of nonlinearly transformed random variables. The UT is superior to the so-
lutions provided by the extended Kalman filter [JU97, vdMDdFWO00, JUDWO00, JU04, XZCO06,
CHLO05]. Nevertheless, the unscented transformation is not employed in this case because of
two reasons. Firstly, the accuracy of the whole algorithm shall not suffer from additional errors
resulting from the calculation of the considered expectation value, which complicates the anal-
ysis of the algorithm. Secondly, the proposed algorithm is compared to other solutions, which
do not determine the value Ewk[JkH(g,(jll)} by means of the UT. The differences in the result-
ing value functions originating from both ways of computing E,, [Jk+1(£1(£1)] are described in

Appendix D by means of an example.

Comments on the Interpolation

As described in Section 2.2.6, dynamic programming is computationally not tractable for
continuous-valued problems in general. Moreover, analytical solutions to the optimal control
problem cannot be found. Therefore, approximations are inevitable. The considered approx-
imation of the value function by means of spline interpolation is one possible approximation.
Depending on the smoothness of the value function, the number of grid points has to be chosen
appropriately. Since the value function is unknown in general, heuristics are employed. Another
parameter to be selected carefully is the placement of the grid points. It seems to be useful to
choose a higher concentration in the center area of the considered part of the state space. In
this region, the interpolant is assumed to be close to the true, but still unknown, value function.
The chosen parameters to determine the grid are given in Appendix F.
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3.2. Practical Methods

The value function'® is employed in the dynamic programming part of Algorithm 4 in line 10
to determine the cost-to-go for the considered state. This cost function is minimized in the
next step of the algorithm. Higher-order polynomials suffer from non-closed solutions to the
minimization problem, even if only the necessary condition

df(z)

=2
dz

is evaluated. This is due to the fact that there is no general closed-form algorithm to determine
the roots of a polynomial of degree five or higher [Bos06]. Therefore, cubic functions seem to

be a suitable choice for the piecewise polynomial interpolation of the value function.

Minimization

The calculation of the cost function Vk(gg),gg’j)) in line 10 of Algorithm 4, which is not
minimized yet, yields the expected cost-to-go from the state g,(f) via one specific terminal state
to the terminal time. The subsequent interpolation with respect to the control variables in
line 12 yields a twice continuously differentiable function in u; to be minimized. Because
of the piecewise cubic spline interpolation, the general minimization problem can be solved
analytically. For each spline piece, the absolute minimum can be obtained by evaluating the

necessary minimum condition
spline /()
V" (), uy)

Ouy,

Since (3.60) is at most quadratic, the solution can be obtained easily. A second pair of can-

=0" . (3.60)

didates are the borders of the interval, in which the cubic spline interpolates the value func-
tion. Comparison of the evaluation of the function V' li"e(g,(j),gk) for all candidates yields
the minimum of the considered spline piece. Execution of this procedure for all intervals and
final comparison of the minima of all spline pieces yields the desired global minimum and the

function Jj (g,(j))

10 better: its interpolant
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CHAPTER 4

Simulation Results

In this chapter, the algorithms introduced in Chapter 3 are evaluated by means of two scalar
example systems. Moreover, an alternative calculation to numerical integration to determine

Ewk[JkH(:v,(ﬁl)} in Algorithm 4 is discussed. Implementation details are given in Appendix F.

4.1 Considered Systems and Setting

In the following, two different scalar systems are considered, which are given by

L1 = Sin(q Jik) + ur +wyg (41)
) T T
wk+1:\/§s1n wk+z>+7k—1—|—uk+wk, (4.2)
where x, ug, wpy € R and ¢ = 37. For the first considered system (4.1), the simulations
are performed for starting values 2o € &} = {—1,—-0.8,...,1} and for noise with standard

deviations o € &; := {0.1,0.2,0.3}. The simulations of the second system (4.2) use Ty € X, :=
{-10,-8,...,10} and 0 € S5 := {1, 3,5}.

To apply model predictive control, the decision-making horizon window is set to N = 5 steps.
That is, the optimal state-feedback control is determined for a horizon of five time steps. The
simulations have been carried out for ten time steps.

4.2 Application of the Minimum Principle

In this section, the control sequence resulting from Algorithm 2 is analyzed. To apply the contin-
uation process of Section 3.2.2 to solve the nonlinear equation system (3.36), the parameterized

systems are given by

Ti1(7) =7 sin(gee(y)) + (1 =) zp(y) + ur(y) + we (4.3)
and
- . m () . .
e (1) =7 (VEsin(@() + 7 ) + T2 —1) + Q=D +w(y) +we . (@44)
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Chapter 4. Simulation Results

respectively. In Figure 4.1(a) and Figure 4.1(b), the transformations of the linear system
f(z,0) = z into the desired nonlinear functions f(z,1) of the systems (4.1) and (4.2) are
depicted.

17 10r
05f sl
7 7
/?\‘ 0Or ’; s
) &)
= =
0.5 y=0 =5r y=0
v =0.25 =025
—v=0.5 —7 =05
—=0.75 —=0.75
| —y =1 —_—y =1
1 -05 0 05 1 10 -5 0 5 10
T — T —
(a) f(z,7) =7 (sin(3F2)) + (1 — ) o (®) f@,y) =7 (VEsin(a+5)+ % - 1)+ (1 -

Figure 4.1: Considered functions depending on x and a homotopy parameter 7. The functions depend on a

homotopy parameter 7, which transforms the linear system f(z,0) = z into the desired nonlinear systems f(z,1).

The solution of each homotopy step is employed as the initial guess of the solution of the next
homotopy step. The system state is propagated by means of (3.7).

The value functions for the parameterized systems (4.3) and (4.4) are given by

1
JN(JZ'N) = 5(1‘]\[ — 0)2 s
1 *

Ti(wrs7) = 5 (20 = 0)° + a(@i(0)*) + E e (@ ()] (4.5)
where a = 2. The desired target state ¢ = 0 is an unstable equilibrium point for both considered
systems.

With
L d? Jji1
E+1 = 3 5 >
a7,

the approximated value functions according to (3.5) are given by

-0,
1

(21— 0 + 0 (i (1)) + e (e () + 5 Pl (ea () - (46)

In(zn) =

[\DI)_;A

Ji(xg, v

The costate recursion (3.12) and the Hamilton function (3.16) yield the necessary minimum

condition . .
aHk(xk(7>7pk+1(7)a Uk(’V)y wy,)
auk

= auy(y) + pr1(y) =0
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4.2. Application of the Minimum Principle

along the optimal state and control trajectories and, therefore, an analytical solution

up(7) = —a e (y) (4.7)

which is a candidate for the optimal state-feedback control. Therefore, (4.7) can be employed
to verify the numerical solution of the algorithm.

Remark 4.1 In contrast to an algorithm, which does not employ the continuation process, the
simulations of the considered systems according to Algorithm 2 almost always converged and
provided correct results with respect to (4.7). Hence, the additional expenses arising from the
continuation are justified.

Notation. Since the results of Algorithm 2 serve as initialization of Algorithm 4, in the follow-
ing, the states and the control variables are denoted by zi"* and u{"*, respectively. Moreover,
Ji denotes the value function approximated by (4.6) for v = 1 and k = 0. The system is

affected by noise with standard deviation o.

4.2.1 Noise Influence

In case of the first considered system, (4.1) reveals that the influence of noise is as strong as
the influence of the system input u,. Moreover, the sine, as the nonlinear part of the system
function, is bounded and attains values within the interval [—1, 1]. Thus, even the influence of
noise with standard deviation ¢ = 0.1 can be regarded as a relatively strong influence on the
considered system. This fact is stressed by Figure 4.2 for one example simulation with o = 1,
where the deviations of the state and control trajectories can be seen easily. In Figure 4.2(a),
the deviations of two state trajectories are depicted. The differences reveal the strength of
the noise influence on system (4.1). In case of the deterministic system, that is ¢ = 0, the
state trajectory quickly converges toward the target point ¢ = 0. In case of the noise-affected
system with noise standard deviation o = 0.1, the state trajectory oscillates around zero. The
trajectories of the corresponding state-feedback controls in Figure 4.2(b) behave similarly. In
case of the noise-affected system, the state-feedback control tries to lead the system state toward
the target point, which explains the peaks of the trajectory, when the system state significantly
deviates from the target point.

To emphasize the influence of the noise on system (4.2), in Figure 4.3 an example state trajectory
and the corresponding control trajectory are depicted. Even for the smallest simulated noise
influence, that is ¢ = 1, and the initial value zo = 10, the differences between the trajectories
are again obvious and due to the noise term. Therefore, both simulated systems suffer from
relatively strong noise disturbances, which motivates the consideration of noise in the design of
the controller.
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Chapter 4. Simulation Results

1.2 o o
——gvt it o= 0.1
init init —
18 oz 2, 0 =0

(a) Example state trajectories. Even in the case of small
noise influence, the deviations between the noise-affected
trajectory and the trajectory of the deterministic system
can be seen easily.

Figure 4.2: Example state and control trajectories for o = 0

shifted significantly due to the relatively strong noise influence

chosen to lead the state toward the target point.

fnit it o= 1
gt Lt o =0
)\ < <o ~r <0
| \‘\/
6 8 10

(a) Example state trajectory for system (4.2). Even for
o = 1, which is the smallest considered noise standard
deviation, the noise influence on the system can be seen
easily.
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(b) Example control trajectories. Due to the noise in-
fluence, both trajectories differ significantly. The state-
feedback control at each time step is chosen to lead the

system state toward the desired target point.

and o = 0.1 for system (4.1). The system state is

on the system. The corresponding system input is

_._uénzt’ .

2,4t
bl U‘Q bl

10

To
modify the state trajectory in Figure 4.3(a), the control

(b) Example control trajectories for system (4.2).

decision has to be adapted. The significant differences
between one example control trajectory of the system in-
fluenced by noise with standard deviation o = 1 and the

deterministic control sequence can be seen easily.

Figure 4.3: Example state and control trajectories for system (4.2). Comparing the trajectories for the determin-

istic system, that is 0 = 0, and the system affected by noise with standard deviation o = 1, the differences become

obvious immediately. Even for this noise influence, the deviations are significant.
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4.2. Application of the Minimum Principle

4.2.2 Monte-Carlo Simulation

For o > 0, the arising cost of the simulation changes with each run. A Monte-Carlo simulation
provides an approximate upper bound J§-" of the true value function depending on the noise
standard deviation ¢ = i by calculating the arithmetic mean of all arisen cost of M simulations

starting from 2, € &;. That is, for 2o € X; and 0 € S;, j = 1,2,

M

init [ A 1 simy / 4
TG ) = 3 T ) (18)

t=1

where the real state and the corresponding control sequences are known after the simulation
and inserted into (3.3). Since each simulation depends on the value function to be minimized,
the Monte-Carlo estimate also depends on this value function. That is, the aim to obtain the
approximated value function (4.6) leads to JM¢-nit in (4.8).

Remark 4.2 After multiple runs, the result of the Monte-Carlo simulation is assumed to
provide a sufficiently good estimate JME-"it of the true value function (under deterministic
control). This assumption is based on the uniqueness of the solution to the LQ control problem

and the employment of the continuation process, which keeps the solution in the minimum.

Importance of Value Function Approximation

In some practical applications, only the knowledge of the true value function is desired, instead
of the optimal control leading to the value function. Then, a sufficiently good approximation
of the value function, for example by means of (3.5), may serve as an estimate of the true value
function. Since a Monte-Carlo estimate requires a multitude of simulations, the approximator
of the value function is much easier to obtain, since only one calculation is needed. When the
influence of the neglected higher-order derivatives in the Taylor series expansion of the value
function increases with increasing standard deviation of the noise term, the error of the pro-
posed approximation also increases in cases, where these derivatives do not vanish. For a fixed
terminal time and finite-horizon control', the quality of the value function approximation (4.6)
for system (4.1) is discussed in detail in [DOW™06] .

4.2.3 Quality of the Initializing Controller

Since the controller, which employs the results of Algorithm 2, is in principle equivalent to a
controller for a deterministic system, it is not reasonably applicable to many classes of noise-
affected systems in general. In case of systems, when even small noise effects causes relatively
strong influence, for example system (4.1), the application may be justified. Otherwise, the
approximation of the value function up to second-order derivatives cannot be justified, if the

higher-order derivatives of the value function do not vanish.

1 not MPC
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Chapter 4. Simulation Results

Comparison with Dynamic Programming on a Static Grid

To compare the solution of the proposed initializing algorithm with a standard solution, a
dynamic programming approach on a static grid has been chosen.

In this offline-computation approach, the state space as well as the control space is discretized.
The discretized time-invariant state space heuristically covers the maximum range of the grid

it This range has been determined heuristically after multiple simulations with the proposed
algorithm. Moreover, the set of possible control variables has also been discretized, such that
it is possible to cover the range of the whole grid from each grid point. For both systems (4.1)
and (4.2), sets of 250 states and 300 controls have been chosen. Detailed information about
the discretization of system (4.1) and system (4.2) is given in Tables 4.1 and 4.2, respectively.

Table 4.1: Discretization intervals and distance of the grid points of the state and control space in case of

system (4.1) for different noise influences.

c=01 o0=02 oc=0.3
discretized interval (state) —1,1] [-1.1,1] [—1.8,1.7]
distance of two grid points (state) 0.0080  0.0084 0.0140
discretized interval (control) [—2,2] [-2.1,2] [—2.8000,2.7000]
distance of two grid points (control) | 0.0134  0.0137 0.0184

Table 4.2: Discretization intervals and distance of the grid points of the state and control space in case of

system (4.2) for different noise influences.

oc=1 oc=3 o=235
discretized interval (state) [—10, 10] [—13,13] [—23, 20]
distance of two grid points (state) 0.0800 0.1040 0.1720
discretized interval (control) [—11,11] [—13.9999,13.9999] [—23.9999, 21]
distance of two grid points (control) | 0.0733 0.0933 0.1499

To analyze the quality of the controller employing the initializing algorithm, the Monte-Carlo
estimate JMZ-PF of the original value function (4.5) for v = 1 and system (4.1) is compared to
JMC-nit for i € {0.1,0.3} as depicted in Figure 4.4.

Remark 4.3 Since the value function represents the minimal expected cost, smaller values

represent lower cost, which is desirable.

In case of noise standard deviation of ¢ = 0.1, only slight differences between both Monte-
Carlo estimates can be seen as shown in Figure 4.4(a). A suitable approximation by means of
the considered dynamic programming approach is assumed, due to the small distance of the
elements of the discretized sets as revealed by Table 4.1. Therefore, the quality of the solution
provided by the proposed algorithm is sufficiently good. In case of noise standard deviation
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4.2. Application of the Minimum Principle

5 ‘ ‘ I Jo=033 ‘
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(a) For o = 0.1 only minimal differences can be seen. (b) The differences between the DP-controller and the con-
troller using the initializing algorithm are significant. The
quality of the DP-controller significantly outperforms the

quality of the other controller.

Figure 4.4: Monte-Carlo estimates of the value function resulting from the discrete DP algorithm and the proposed

algorithm for system (4.1).

o = 0.3, the differences between both Monte-Carlo estimates become significant. This is due
to the fact that the error in the determination of the control sequence by means of Algorithm 2
increases with increasing standard deviation. Therefore, the controller based on DP on a static

grid significantly outperforms the initializing controller.

In case of system (4.2), the Monte-Carlo estimates JM-mit and JME-PP of the corresponding
value functions are compared in Figure 4.5 for ¢ € {3,5}. Similar to system (4.1), the DP
algorithm on the static grid provides better results for system (4.2) in case of ¢ = 3 as depicted
in Figure 4.5(a). Depending on the size of the considered region of the state space, the distance
between the grid points increases as described in Table 4.2. Therefore, the quality of the static
grid based DP controller decreases. In case of ¢ = 5, even the initializing algorithm provides
superior results to the discrete DP algorithm, which is revealed by Figure 4.5(b).

Thus, the accuracy of the dynamic programming algorithm in case of the second considered
system is not close to the true, but unknown, solution. Due to the required amount of memory,
it was not possible to choose more grid points and, therefore, to obtain a finer discretization of
the state space. For implementation details of this algorithm, it is referred to Appendix F.3.

Remark 4.4 As described in the previous part, the results of the controller employing Al-
gorithm 2 to obtain the desired optimal control sequence, provide similar results to another
controller in case of small noise influence. This controller is based on dynamic programming
on a static grid. With increasing noise influence, the grid based DP algorithm outperforms
the Algorithm 2, if the length of the discretization intervals is sufficiently small. Otherwise,
the quality of the grid based controller decays rapidly. Therefore, the considered variant of
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(a) The controller based on DP on the static grid provides (b) In case of 0 = 5, the range of the restricted state
better results than the initializing controller with o = 3 for space as well as the length of the discretization intervals
system (4.2). increases. Therefore, the quality of the controller based

on DP on the static grid significantly decreases. Even the
initializing controller outperforms the controller based on
DP on a static grid.

Figure 4.5: Monte-Carlo estimates of the value function resulting from the DP algorithm on a static grid and
the proposed algorithm for system (4.2). With increasing length of the discretization intervals, the quality of the

controller based on the DP algorithm on a static grid significantly decreases.

dynamic programming is not applicable in general. Thus, another controller is provided, which
employs the results of Algorithm 2 as initialization to derive an improved state-feedback control

by means of Algorithm 4.

4.3 Dynamic Programming Based on Spline Interpolation of the Value

Function

As described in Section 3.1, Algorithm 2 yields a control sequence (uy, . . ., Uy_1), which solves
the nonlinear equation system (3.36). Equation (3.36) satisfies the necessary minimum condi-
tion (3.19) for the approximated value function (3.5) for all time steps of the decision-making
horizon. There, the value function is approximated by Taylor series expansion of up to second-
order derivatives. Employing that sequence as an initial guess, Algorithm 4 determines an up-
dating solution to the considered optimal control problem of the original stochastic system (3.1)
and the original value function

(N — 0)2

JN(JZN) =

N =N =

Ji(

8
G
~—

I

(@5 — € + a (})?) + E Lo (@) (4.9)

k
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4.3. Dynamic Programming Based on Spline Interpolation of the Value Function

which is not approximated by means of Taylor series expansion anymore. The new approxima-
tion scheme employs piecewise cubic spline interpolation in the state variable x; as well as in
the control variable u; within a restricted region of the state space. In the considered scalar
case, the sets Py, £k =0,..., N, are given by

3 3 3 3 3 3
Pk = {Ek — 50‘;, T — ZO’g, T — gO'}:, T, Tk + gO’Z, T + Z_Lo-lf’ T + 50’,?} , (410)

where T, denotes the predicted mean of the successor state of £3. The corresponding covariance
is given by of.

area of interest
area of interest
I
N

-8
- glzcnzt
-1 | | | | )
0 1 2 3 4 5
k —
(a) Area of interest for system (4.1), where o = —1, 0 = (b) Area of interest for system (4.2), where 9 = —10, 0 = 1

0.1.

Figure 4.6: Restriction of the state space for both considered systems. Around the sequence of mean values,
obtained by the employment of the initial guess of the control sequence and the application of the unscented
transformation, the state space is restricted. The spread of this restriction depends on the covariance of each

successor state x, of the initial state Zo.

The modified restriction G of the state space according to (3.54) is depicted in Figure 4.6.
Figure 4.6(a) depicts the area of interest for system (4.1), and Figure 4.6(b) displays the
corresponding restriction of the state space for system (4.2).

To stabilize the spline interpolation of the value function, two additional dummy points at the
extremal points of GI"* are introduced, which are not employed in the optimization. Details
on this extension of the grid are given in Appendix F.2.2.

Therefore, in the considered scalar case, the value function is interpolated on a grid, consisting
only of 11 points, where only the 7 points of (4.10) are used to find the desired optimal control.

Examples for spline interpolations of the value function (4.9) of system (4.1) within the re-
stricted region of the state space are depicted in Figure 4.7 for different time steps of the
decision-making horizon.
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(a) Js(x5) in the area of interest, decision-making horizon: (b) Ja(z4) in the area of interest, decision-making horizon:
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Figure 4.7: Spline interpolation of the value function Jj in the area of interest for £ = —1 and o = 0.2. The

changes of the value function can be seen for different time steps k£ within a five-step horizon window. With

increasing prediction horizon, the expected minimal cost-to-go increases.
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4.3. Dynamic Programming Based on Spline Interpolation of the Value Function

In Figures 4.7(a)-4.7(b), the set Gi"* differs from Pj. The modification according to (3.54) is
applied for & > 3. Therefore, the cluster of knots around zero can be seen in both figures.

4.3.1 Improvement of the Initial Solution

To evince the improvement of the updating algorithm, compared to the initial solution given by
Algorithm 2, the systems (4.1) and (4.2) have been simulated. In each simulation, both the grid
based controller and the controller employing Algorithm 2 suffer from exactly the same noise

vector. Therefore, a comparison of both controllers is justified, even in case of few simulations.

State and Control Trajectories

In the following, several state and control trajectories are discussed resulting from the applica-
tion of the proposed controllers. The corresponding algorithms are given by Algorithm 2 and

its improvement Algorithm 4.
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(a) Average state trajectories for system (4.1). On aver- (b) Average control trajectories for system (4.1). Since
age, the controller employing only the initial solution leads the state trajectories converge toward zero, the trajecto-
the system state faster toward the desired goal point than ries of the corresponding controls converge toward zero,
the controller, which additionally employs the improved too.
solution.

Figure 4.8: Average state and control trajectories of system (4.1) for the initializing solution and the proposed

additional improvement for o = 0.2 and Zo = 1.

In Figure 4.8, the average state and the corresponding control trajectories for system (4.1) with
0 =0.2 and 2o = —1 are depicted after 2000 simulations. Both considered controllers lead the
state toward the desired unstable equilibrium point ¢ = 0. The controller, which employs only
Algorithm 2, leads the system state faster toward zero on average, since it does not consider the
noise influence explicitly. Due to the original cost function to be minimized, the proposed new
controller incorporates the noise influence in its determination of the optimal state-feedback
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Chapter 4. Simulation Results

control. Hence, the results are more conservative, that is, the state-feedback and the state
do not converge toward zero as fast as the state-feedback resulting from Algorithm 2. This
behavior is depicted in Figure 4.8(b).
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(a) Average state trajectories for system (4.2). Depending (b) Average control trajectories for system (4.2). The av-
on the system function, the cost function, and the noise erage control trajectories for ten time steps also converge
influence on the system, the average state trajectories do toward a value # 0.

not converge toward the desired state ¢ = 0.

Figure 4.9: Average state and control trajectories of system (4.2) for the initial solution and the proposed

improvement for o = 5 and Zo = 10.

For system (4.2), Figure 4.9 reveals the deviations of the average trajectories of the controller
employing only the initial solution (Algorithm 2) and the controller, which additionally employs
the proposed improvement (Algorithm 4). Since the initial solution does not explicitly consider
the noise influence on the system, the resulting state sequences are closer to the desired target
state ¢ = 0, compared to the more complex controller, which additionally employs Algorithm 4.
However, the simple structured controller requires larger inputs u; to obtain this result. De-
pending on the structure of the system function (4.2) and the weights of the parameters of the
value function (4.9), the states do not converge toward the equilibrium point ¢ = 0, which is
shown in Figure 4.9(a). Therefore, the controls do not converge toward zero neither, which is
depicted in Figure 4.9(b).

Remark 4.5 With a weighting factor a = 0.01 in (4.9), both the average states and the average
state-feedback controls of system (4.2) converge toward zero.

Value Functions

According to Section 4.2, Monte-Carlo estimates of the minimized value functions J and

JEPe are compared, where J" denotes the value function of the controller, which is based

on dynamic programming with spline interpolation of the value function (Algorithm 4).
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4.3. Dynamic Programming Based on Spline Interpolation of the Value Function

In Figure 4.10, the Monte-Carlo estimates JMS-7t and JM =P for the first considered sys-

tem (4.1) with ¢ € §; and &, € A; are presented after 2000 simulations. In case of noise
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(a) Monte-Carlo estimates of J:i | and Jj’;léze. (b) Monte-Carlo estimates of J%% , and J;Z;Z(T;.
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(c) Monte-Carlo estimates of Ji . and J;’;lé%e.

Figure 4.10: Monte-Carlo estimates of the value functions Ji and JP'"¢ of system (4.1) for increasing noise
influence. The stronger the noise affects the system, the better results are presented by the new algorithm compared

to the initial solution.

influence with standard deviation ¢ = 0.1, the differences are small, since the value function
approximation by means of Taylor series expansion up to second-order derivatives is almost
correct. Therefore, Algorithm 2 provides satisfactory results, stressed by Figure 4.10(a). Nev-
ertheless, the differences become more and more significant, when the noise influence increases.
This fact is revealed by Figures 4.10(b) and 4.10(c). Moreover, it can be seen that the offset be-
tween JMC-mnit and JMC-spline i5 not constant. This property is due to the fact that Algorithm 4

explicitly incorporates the noise influence.

65



Chapter 4. Simulation Results

In case of the second considered system (4.2), the corresponding Monte-Carlo estimates are
depicted in Figure 4.11, where 2, € X5 and o € S;. Similar results to before are revealed.

90 ,
J;VI:C{_SPZZ”E 140, JMC,spline
801 —— J}iq—ant 130 —— Jéli@i'_init
70 I 120 |-
N 60 110r
2501 100}
8
401 90+
307 80+
201 700
10 : : : , 60 s \ ‘ ‘
-10 -5 0 5 10 -10 -5 0 5 10
Ty — To —
(a) Even for o = 1, a slight improvement of the initial (b) With increasing noise influence, the difference between
solution can be seen. both Monte-Carlo estimates becomes more significant.
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(c) For ¢ = 5 the proposed update algorithm still yields
much better results than the initial solution.

Figure 4.11: Monte-Carlo estimates of the value functions J;Zf and J;ilf”e of system (4.2) for s € S and £¢ € X.
The improvement of the updating algorithm can be seen easily. The differences become more obvious with increasing

noise disturbances.

With increasing noise influence, the improvement of the initial solution described in Algorithm 4
becomes more and more significant, which is stressed by Figures 4.11(a)-4.11(c).

From the previous results, it can be seen that the additional employment of Algorithm 4, in fact,
improves the solution provided by Algorithm 2. Moreover, this improvement is not restricted
to one specific setting of one special system.
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4.4 Replacement of Numerical Integration with the Unscented Transfor-

mation

As mentioned in Section 3.2.5, there are several ways to determine the value Ewk[JkJrl(a:,(fJ)r )]
in line 9 of Algorithm 4. In this thesis, numerical integration is used to avoid additional
inaccuracies due to another approximation method. The employment of the UT seems to be
a promising approximation for the considered case, since the density of the successor state is
Gaussian. This point is important, since the parameters of the UT are well-known in case of
Gaussian distributions. In the following, several differences between the implementation of the

unscented transformation and the numerical integration are discussed.

On the one hand, the computation of the value E,,, [J;+1 (:B,(C]J)rl)] by means of the UT is computa-
tionally less demanding than numerical integration. On the other hand, further approximation

errors are introduced, in contrast to numerical integration.
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Figure 4.12: Monte-Carlo estimates of the value function, where the numerical integration is replaced with the
UT in system (4.2) for 0 = 5. If the UT replaces the numerical integration to determine E,, [Jkﬂ(a:w_l)}, the
quality of the controller decreases significantly.

In Figure 4.12, two Monte-Carlo estimates of the true value function of system (4.2) are de-

picted. These estimates depend on the chosen controller, where noise with standard deviation

o = 5 affects the system. As expected, the function of the Monte-Carlo estimate .JMS-=7"¢ i

less than the Monte-Carlo estimate JMC-P"¢UT \which employs the UT instead of numerical
integration. Hence, exact computation of the value Ewk[JkH(wiﬁl)] is an important point of

the proposed algorithm.

Remark 4.6 It is important to mention that Figure 4.12 represents simulation results, which

are independent of the other results in this thesis. This is the reason, why the Monte-Carlo

estimates of J2'" may look different compared to previous results.

| Review: Scaled unscented transformation |
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A modification of the standard UT is given by the scaled UT, which is introduced in [Jul02].
The scaled version of the unscented transformation modifies a given sigma point /'\fi(k) €
X®) | such that it is moved toward or away from the mean value T, = Xo(k) according to

B9 = 49 4 a(x® - 1) (.11

7

The corresponding weights have to be adjusted appropriately. For further details on the
scaled UT, it is referred to Appendix D.

1.81 2.81
MC _spline_ UT MC _spline_UT
JMCsplineUT " — 0.01 JMC-sptine-UT "y — 0,01
L6 TG 26/ TG

(a) For o = 0.01 the Monte-Carlo estimates for both the (b) The difference between the initial solution and the al-

initial solution and the algorithm employing the scaled gorithm with the scaled UT becomes more obvious. Un-

UT almost coincide. expectedly, the value function of the initial solution is
smaller.

Figure 4.13: Monte-Carlo estimates of the value functions of system (4.1) of two controllers, where the first
one employs the initial solution. The second one additionally employs Algorithm 4, where the scaled unscented

transformation replaces the numerical integration to determine E., [Jkﬂ(gl(jll)]. In the considered case, the scaled
(7)

unscented transformation fails to predict the expected value B, [Jx+1 (2]

)] sufficiently well, when the scaling

parameter is set to a = 0.01.

The scaled UT with a scaling parameter
a=0.01

to determine Ewk[z]k+1($;(£1)] is analyzed in the following. For system (4.1), the Monte-Carlo
estimates JM =P and JMC-nit with § € {0.1,0.2} are depicted in Figure 4.13. It can be
seen in Figure 4.13(a) that the Monte-Carlo estimates of the controller, which only applies the
minimum principle, and the controller, which additionally employs the proposed improvement
with the scaled UT, almost coincide. This fact does not surprise, since the absolute noise
influence is small with ¢ = 0.1. The differences become more obvious, when the standard
deviation of the noise is increased to o = 0.2. The corresponding functions are shown in

Figure 4.13(b). Unexpectedly, the assumed better controller yields worse results than the
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simple controller. This behavior can be explained by the employment of the scaled UT with
a = 0.01 to determine Ewk[JkH(E;(j J)rl)] in Algorithm 4, where higher-order information gets
lost. This loss of higher-order information is due to the small value of a, even if the prediction

of the mean contains a second-order bias correction term.

28 MC _spline_UT
_spline_ _
Jo=02 yoa=1
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2.6 J{T:0.2

24

cost —

Figure 4.14: Monte-Carlo estimates of the value functions of system (4.1) of two controllers employing the initial
algorithm and the improved algorithm with the unscaled UT. With the unscaled UT, the new algorithm, in fact,

improves the initial solution.

In case of

a=1,

that is, the employment of the unscaled UT, the Monte-Carlo estimates of value functions for
o = 0.2 are given in Figure 4.14. The accuracy of the unscented transformation is improved,
due to the larger value of & = 1. Therefore, the expected improvement of the initial solution

is obtained. That is, the Monte-Carlo estimate of the value function J% , is greater than the
Monte-Carlo estimate of J#-UT " Ag indicated by previous simulation results, this property

rests upon the superiority of the results, when Algorithm 4 is additionally employed.

Nevertheless, the unscented transformation has not been employed to calculate E,, [Jkﬂ(gl(fll)]
in Algorithm 4 to avoid additional inaccuracies in the determination of the optimal state-
feedback control. Moreover, the solution, with which the new algorithm is compared in the

next section, does not employ the unscented transformation at this computation step either.

4.5 Comparison with Other Solutions

In this section, the proposed new algorithm (initialization by Algorithm 2 and subsequent
employment of Algorithm 4) is compared to other possible solutions to the considered optimal
control problem.
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Chapter 4. Simulation Results

4.5.1 Dynamic Programming on an Adaptive Grid with Few Grid Points

The proposed new algorithm is compared to a grid based dynamic programming approach in the
following. This approach employs the same adaptive grid GI"* k = 0,..., N, as Algorithm 4
to perform dynamic programming. That is, the considered grid consists of 7 grid points. To
determine this grid, Algorithm 2 is employed at each time step to return the initializing control
sequence, which solves the nonlinear equation system (3.36). Since the chosen DP algorithm
also depends on the adaptive changes of the state space restriction, this algorithm is an online
algorithm, too.

° JGJ_\/L%’_DP 11

220 ]MC_spline

“Yo=5

-10 =5 0 5 10

Figure 4.15: Comparison of the Monte-Carlo estimates JM 7" and JME-PP 11 for system (4.2). The impact

through the spline interpolation is obvious.

The difference between both algorithms is that this grid based dynamic programming does not
interpolate the value function. Therefore, the integration to obtain the value E,,, [Jk+1($,(£1)] is
replaced with a summation. The consideration of this solution demonstrates that the employ-
ment of spline interpolation is beneficial. The Monte-Carlo estimates of the value functions
JEPne and JPR 11 for system (4.2) are compared in Figure 4.15. Again, all considered con-
trollers suffer from the same noise vector in each simulation, which explains the symmetry of
the peaks in the Monte-Carlo estimates of the corresponding value functions. It can be seen
easily that the spline interpolation, in fact, yields better results than the adaptive grid based

dynamic programming algorithm.

4.5.2 Dynamic Programming on a Static Grid with Many Grid Points

In the following, the proposed algorithm is compared to the offline dynamic programming
algorithm on the static grid introduced in Section 4.2.3. As already mentioned, the quality of
the DP algorithm strongly depends on the granularity of the discretized state and control spaces.
In Figure 4.16, the Monte-Carlo estimates of the value functions J2F, J#'¢ j — 0.1,0.3, of

system (4.1) are compared, which are obtained by application of both considered controllers.
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(a) For ¢ = 0.1 the Monte-Carlo estimates of both (b) For o = 0.3 the controller, which employs Algorithm 4,
controllers almost coincide. yields better results than the controller based on DP on
a static grid.

Figure 4.16: Comparison of the new controller with a controller, which employs a static grid based DP algorithm,

for system (4.1).

In case of small noise influence, the differences between both considered controllers are small
as indicated by Figure 4.16(a). Due to the small discretization intervals given in Table 4.1,
the DP algorithm on the static grid is assumed to yield satisfactory results. Nevertheless, the
new controller provides at least results of same quality. With increasing noise influence and,
therefore, larger discretization intervals, the quality of the results of the DP algorithm on the
static grid decays and is significantly outperformed by the results of the new controller, stressed
by Figure 4.16(b) for o = 0.3.

In Figure 4.17, the Monte-Carlo estimates of the value functions for system (4.2) are plotted.
In case of small noise influence, the differences between both controllers are small as depicted
in Figure 4.17(a) for ¢ = 1. With increasing o, the considered region of the state and control
spaces becomes larger. Therefore, the offline dynamic programming algorithm yields worse

results than the proposed new controller, which is shown in Figure 4.17(b) for o = 5.

Taking everything into account, the proposed new algorithm and the DP algorithm on a static
grid yield results of the same quality in case of small noise influence and small discretization
intervals. With increasing noise standard deviation, the new controller outperforms the static
grid based DP controller significantly. Moreover, the proposed method is able to adapt the

spread of the grid, depending on the current measured state.

4.5.3 Dynamic Programming on an Adaptive Grid with Many Grid Points

The combination of the adaptive grid based controller with few grid points from Section 4.5.1
and the controller based on dynamic programming on a static grid with many grid points from
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(a) For small noise influence, the quality of both consid- (b) For o = 5, the controller employing Algorithm 4 yields
ered controllers is similar. better results than the DP based controller.

Figure 4.17: Comparison of the new controller with a controller, which employs a static grid based DP approach,

for system (4.2).

Section 4.5.2 results in a controller, which performs dynamic programming on an adaptive
grid with many grid points. To determine the adaptive grid at each time step, Algorithm 2 is
employed to obtain the control sequence, which solves the nonlinear equation system (3.36),
such that the restricted region of the state space can be determined. This controller is expected
to yield the best results of all mentioned controllers, since it combines the advantages of the
adaptive grid and a fine discretization. Therefore, the proposed approach to optimal control of

nonlinear stochastic systems is compared to this algorithm in the following.

The range of the adaptive grid equals the range of Gi"* k = 0,..., N, which is used by
Algorithm 4. In contrast to spline interpolation on a grid with few points, the state space as
well as the control space is discretized with 202 grid points. Since the range of the grid adapts
with each time step and depends on the current system state, this algorithm is also an online
algorithm.

The Monte-Carlo estimates J2 7" and JMC-PF202 are displayed for i = 3,5 in Figure 4.18.
The figure reveals that there is almost no difference in the considered Monte-Carlo estimates
after 500 simulations. Independent of the noise influence, both compared algorithms yield
almost the same results for all noise influences and both considered systems. This property is

exemplarily revealed by Figure 4.18 for system (4.2) and o = 3, 5.

4.6 Computational Effort

In this section, the computational effort of the initializing solution, the proposed solution based
on spline approximation in the DP algorithm, the DP algorithm on an adaptive grid with few
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(a) Jéw:g’sl’“ne and JMG-DP202 almost coincide. (b) Even in case of 0 = 5, both controllers yield state-

feedback controls of similar quality, which cannot be
distinguished easily.

Figure 4.18: Comparison of the Monte-Carlo estimates of the value function for system (4.2) with o = 3,5 for the
new algorithm and an algorithm, which is based on DP on an adaptive grid with many grid points. In both cases,

there is no obvious difference.

points, and the DP algorithm on an adaptive grid with many points are compared. All these
algorithms are online algorithms and, therefore, not comparable to the offline algorithm on the

static grid.

The computational time has been evaluated for system (4.1), where model predictive control
has been carried out for ten steps. The decision-making horizon of the controller was set to five
steps. Since all solutions employ the initial solution at least to initialize a subsequent algorithm,
the execution time for Algorithm 2 (init) is set to 1 time unit. The relative execution times
are given in Table 4.3.

Table 4.3: Relative execution time for different algorithms.

spline ‘ DP 11 | DP 202
1 ‘ 2.51 ‘ 1.04 ‘ 31.72

it

The proposed dynamic programming algorithm with spline interpolation of the value function
on an adaptive grid (spline) computes about 2.5 times of the execution time of init. The
DP algorithm on the same adaptive grid without spline interpolation (DP 11) and the initial
solution have similar computation times. The computationally most expensive algorithm is
the DP algorithm on an adaptive grid with many (202) grid points and no spline interpola-
tion (DP 202). Because of the demanding computational requirements, this algorithm is not
applicable in practice.
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4.7 Survey of Applied Methods

In case of system (4.1), all considered methods provide very similar results in case of small
noise influence. With increasing noise disturbances, the quality of the results of Algorithm 2
decreases, compared to the solutions of the spline interpolation based DP algorithm and the
DP algorithm with many grid points on the adaptive grid. On the one hand, the offline DP
algorithm, which employs a static grid, possesses the advantage that only a look-up table is
required to determine the optimal state-feedback control. On the other hand, the demanding
amount of memory to pre-calculate this table restricts the applicability of this algorithm. If
the distance between two elements of the discretized state and control spaces is not sufficiently
small, the quality of the provided results is not satisfactory anymore. The employment of the
DP algorithm on the adaptive grid with few grid points does not require much computation time
and yields good results in case of smaller noise influence on the systems (4.1) and (4.2). With
increasing noise, it still yields better results than the initial solution and the offline dynamic
programming algorithm. However, the quality of the results is worse compared to the quality
provided by the DP algorithm on the adaptive grid with many grid points and the proposed

new algorithm.

The simulation results of the previous parts reveal that the proposed new algorithm, which
is based on the spline interpolation of the DP value function on an adaptive grid, and the
computationally demanding DP algorithm on an adaptive grid with many grid points yield the
best results on average for all considered systems and all simulated noise influences. Only slight
differences can be seen in the results of both algorithms. Because of the shorter computation
time of the new algorithm according to Table 4.3, the new algorithm is strongly preferable.
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CHAPTER 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, the optimal finite-horizon control problem for nonlinear systems has been dis-
cussed, where the considered system suffers from additive zero-mean noise. An online-computa-
tion algorithm has been presented, which consists of two parts.

In the first part, an initial guess of the optimal control sequence has been derived for the non-
linear system, where the value function was approximated by means of Taylor series expansion
up to second-order derivatives. Extensions to higher-order approximations are possible, but
computationally demanding and requrire the existence of inverse mappings. After the approx-
imation of the value function, the properties of a stochastic version of the Hamilton function
have been exploited to be able to apply a stochastic minimum principle. Employing this mini-
mum principle, a two-point boundary-value problem has been derived. The resulting nonlinear
equation system has been solved by means of a continuation process to overcome numerical
difficulties. The comparison with a dynamic programming algorithm on a static grid revealed
that the solutions to the approximated optimal control problem are suitable in case of small
noise influence. Moreover, it has been shown that the quality of the DP algorithm strongly
depends on the granularity of the state space discretization.

However, both algorithms do not provide satisfactory results in general. Therefore, a second
algorithm has been developed to mitigate those effects. This algorithm employed the solution
of the first part, that is, the control sequence solving the two-point boundary-value problem, as
prior knowledge. Hence, the state space could be restricted to an area of interest, within which
the original optimal control problem has been solved approximately. The state variable as well
as the control variable was treated as continuous variables. This result has been obtained by
interpolating the value function of the dynamic programming algorithm on a grid with few
grid points by means of piecewisely defined cubic splines. In contrast to a standard dynamic
programming approach on a static grid, the number of grid points has been reduced significantly,

which saves much computation time and memory.

The proposed method is an online algorithm, which accounts for the state- and time dependent
adaptation of the grid. Moreover, a satisfactory tradeoff between accuracy and computational
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effort is given. Even if the curse of dimensionality of dynamic programming is not completely
eliminated, its effect is reduced to a small number of grid points.

Simulations for two scalar systems revealed the superiority of the provided algorithm to a dy-
namic programming solution with an adaptive grid consisting of few grid points and a standard
dynamic programming solution on a static grid with many grid points. Moreover, the new al-
gorithm possesses the same quality as a dynamic programming algorithm on an adaptive grid,
with many grid points, which is computationally very demanding. Furthermore, the improved
algorithm, in fact, performed much better than the initial solution.

5.2 Future Work

Several open questions are worth dealing with in the future. One important point requiring
deeper analysis is the derivation of a stochastic two-point boundary-value problem, which has
not been found in literature yet. The state propagation by means of the original system function
and the employment of the mean values of the successor states to initialize the costate recursion
may be a possible approach to obtain this result. The corresponding costate sequence has to
be chosen appropriately. Furthermore, generalizations of the stochastic Hamiltonian and the
stochastic minimum principle to the case of non-additive noise influence have to be discussed

in detail.

The influence of the state space restriction to perform dynamic programming has to be analyzed
as well as the number and the position of the grid points. A minimal number of grid points
and their optimal placement are desired, such that the interpolation of the value function is
of satisfactory accuracy and the computational effort remains acceptable. Depending on the
influence of the accuracy of the propagation of means and covariances to determine the state
space restriction, the employed unscented transformation has to be optimized or replaced with

another method.

Since the currently implemented algorithm employs computationally demanding numerical in-
tegration, alternative approaches have to be discussed in the future. On the one hand, the
unscented transformation is an interesting candidate for replacing the numerical integration to
calculate the mean of a nonlinearly transformed random variable. On the other hand, the exam-
ples in Section 4.5 of this thesis motivate alternative approaches, such as proposed in [HBHO06],

where a closed-form prediction for nonlinear, time-invariant systems is introduced.

In the proposed algorithm, spline interpolation is employed to interpolate the value function
of the dynamic programming algorithm. Even if this approximation scheme yields promising
results, alternative approaches have to be analyzed in the future to obtain better results for
specific applications.

The nonlinear equation system (3.36) resulting from the reformulation of the optimal control
problem as a two-point boundary-value problem only contains necessary minimum conditions.

Therefore, it is desirable to evaluate, whether the obtained solution represents a local or a global
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minimum. Another important point to be dealt with, is the improvement of the numerical sta-
bility, which causes some problems when solving the nonlinear equation system. An alternative
approach to formulate the TPBVP is given by the shooting method resulting in a different
equation system, which can be solved numerically. The (multiple) shooting method has been
successfully applied in [SODO06] to improve the numerical stability of the solution to the TP-
BVP. A promising modification of existing solution methods for nonlinear equation systems can
be found in [Bra72], where a predictor-corrector scheme is proposed to reduce the problems of
singular Jacobians and, therefore, to enlarge the region of convergence. Furthermore, multiple
solutions of the nonlinear equation system can be found. This scheme is applicable, for instance

to the Newton method, the continuation method, or the Broyden method.

The extension of the considered input-affine examples to other classes of system inputs is one
further point to be discussed in the future.

To apply the proposed methods to some experimental setups, the program code has to be
optimized and transferred into another programming language. Apart from that, an extension
to the n-dimensional case is necessary. After that, the algorithms of this thesis can be employed

and analyzed in real experiments.
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APPENDIX A

Mathematical Definitions

A.1 The ®-Operator

The mapping ®(A, w) with A € (RY)™ and w € RY is defined as

(RY)™ x RY — (RY)m!

& (ail---imvwl) — Zk:ail...imflkwk VZ] € {1, c ,N}, j € {1, e, M

Because of the associative law, the ®-operator can be applied recursively according to

AR ® - ®w—A®w—A®w ®w.
_,_/

M times

For v,w € R" the application of the ®-operator to both vectors is given by the dyadic product

(Kronecker product)
T

&

LOW=vW

Therefore,
A®@wuh)=A® (e w)

holds [BSMMO1].
A.2 Multi-Dimensional Taylor Series Expansion

For f € C* with f : R" — R, the differential operator is defined as

o dif
D'f.=—=.
i dzz

Then, the multi-dimensional Taylor series expansion of f is given by

®_7

o D’Lf

flzg+w) =
1=0

where the properties of the ®-operator of Appendix A.1 have been exploited.
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A.3 Topological Space

Definition A.1 (Topological space) A topological space T is a tuple (X, G), where X is a
set and G is a collection of subsets of X satisfying the following axioms.

e)lecGand X €G.
e The union of any collection of sets in G is also in G.

e For UV e Gholds UNV €G.

Definition A.2 (Points of a topological space) The elements z € X are called points of
the topological space T

Definition A.3 (Topology) The collection G is a topology on X. The sets in G are the open
sets, and their complements in X are the closed sets of the topological space T'.

The collection G of the open sets is closed under arbitrary unions and all finite intersections of
sets in G. It can be shown by induction that the intersection of finitely many open sets is open
again [Reh05].

A.4 The LP Spaces

Definition A.4 (The space L”) For p > 1, the space LP()) consists of those real-valued
Lebesgue measurable functions f on the set €, for which || f(z)||? is Lebesgue integrable, that

is,

@iz < oo
Q

The norm on this space is defined as

150 i= | [ I @IPas

L? is a normed linear space, if there is no distinction between functions that are equal almost
everywhere, that is, they differ on a set of Lebesgue measure zero (null set) [Lue69].

Definition A.5 (The space L) The space L>((2) is defined as the space of all Lebesgue
measurable functions on €2, which are bounded, except possibly on a null set. Two functions

are considered equivalent if they are equal almost everywhere (a.e.).

In other words, f € L>(§2) can be regarded as the set

i:{g:g:f a.e.} .
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The value sup,cq || f(z)]| is different for different functions, which are equivalent to f. Therefore,
the norm of a function f € L™ is defined as the essential supremum of || f(z)l], that is,

Il = esssup £l = int - fsupato}

g(z)=f(z) a.e. zed ™

Remark A.1 The space LP, 1 < p < o0 is a Banach space, that is, a complete normed vector
space [Lue69].
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APPENDIX B

Introduction to Continuation Processes

In many practical applications, iterative processes

Lpr1 = @(&k)

are employed to obtain numerical solutions to a considered problem. Sufficiently well condi-
tioned initial values are required by a majority of these iteration processes. Especially in case
of higher-dimensional problems, it is almost impossible to find a good initial value to start the

iteration.

Continuation processes represent one possible way to solve this problem. Since a continuation
process is employed in this thesis, its basic idea according to [RD83| is introduced in the
following.

B.1 Basic ldea

Continuation processes represent a class of methods solving the problems of iterative processes.
This is due to the fact that they are global and under some conditions exhaustive, which means
that the initial value is not required to be close to the true solution. The main idea of a
continuation method can be described as follows. A given problem

where the solution for Gy(z) = 0 is easy to obtain. The parameterization transforms the

problem G,(x) = 0 into the original problem

Gi(z) =0 & Gz)=0,

where the solution to the transformed problem is calculated at each step of the transformation.
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B.2 Formal Definition and Construction of Continuation Processes

Definition B.1 (Continuation process) Let two topological spaces’ XY, and a problem
P = (G,U) be given, where U C Y and G : X — Y. A solution to the problem P is a
point x € X with G(x) € U. Then, a continuation process is defined as a continuous mapping
H: X x[0,1] =Y satisfying

1. H(z,1) = G(z).
2. There exists at least one z, € X with H(z,,0) € U.

3. There exists a continuous curve o C X x [0,1] such that ¢ = (z(v),7) is a solution to
H(-, )€U forall y € [0,1] with (£(0),0) = (z,0)

4. The space X x [0,1] has a differential structure, in which case the curve (z(v),7) is
differentiable.

To construct a continuation process H for a problem P, the main difficulties arise in satisfying
the conditions 3 and 4 of Definition B.1. Examples and more detailed information are given

in [RD83].

When the curve ¢ is obtained, two classes of methods can be employed to follow this curve,
that is, discrete and continuous methods.

In case of discrete methods, the unit interval [0, 1] is partitioned into finitely many subintervals
(i, Yiz1], @ = 0,..., N — 1. Then, a chain of problems

is obtained and solved iteratively. Starting from a known solution H(z(0),0), z,, is calculated
by means of a local iteration scheme, where the solution z; of the previous subinterval is
employed as the initial guess of the current interval. The main theoretical problem is to
determine conditions on H, which ensure that such a partition of the unit interval and an

iterative process ® exist, such that z; is in the domain of attraction of z, | = ®(x;, V).

The second method to apply a continuation process is the continuous Davidenko’s method.
The main idea is to differentiate H(z(7),v) = 0 with respect to the homotopy parameter 7.

Then, Davidenko’s differential equation

dH (z(v),vy)  0H (2(v),7)dz N OH (x(7),7)

dy oz @ 0y

~0 (B.1)
is obtained. Together with the initial condition z(0) = x,, this initial value problem can be
solved by numerical integration from 0 to 1. The desired solution is obtained for v = 1.

In both the discrete and the continuous method, it may happen that the curve o crosses

singularities of %—%, which can be treated in different ways, for instance by parameterizing the

1 The definition of a topological space is given in appendix A.3.
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curve o appropriately or by selecting a suitable function H (2(0),0). The advantage of the
continuous variant of the curve follower is that it coincides with the integration of an initial
value problem. However, a large number of points may be necessary to trace the curve o from

0 to 1 [RD83].

In this thesis, the discrete variant of the curve follower has been employed. Similar to [TJ79],
a continuation method is applied to the optimal control problem for a two-point boundary-
value problem, where the process is initialized by a linear problem for v = 0. For v = 1, the
original nonlinear control problem is obtained. In contrast to [TJ79], a discrete-time system is

considered, which suffers from the influence of additive noise.
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APPENDIX C

Linear Quadratic Control

Referring to [BerOOa] and [Fai98], in this part, the optimal linear state-feedback control for the
linear system
Ty = Az, + By, +w,, k=0,..., N—-1, (C.1)

is derived. Equation (C.1) can be rewritten as

Ly,

Ly = [Ak Bk} +wy , (C.2)

Uy,

where the state is given by z;, € R", and u;, € R™ denotes the control variable. Aj and By,
are given matrices of appropriate dimensions. The disturbances w,, are independent zero-mean
random vectors with given probability distributions that depend neither on z, nor on u,. In
the following, the quadratic cost function

N-1
Vizgg)= E [&EQNQN + ) @ Qi + uEka] (C.3)
k=0

is considered, which minimizes the output of the system (C.2). The matrices Qj are assumed
to be symmetric and positive semidefinite, the matrices Ry, are assumed to be symmetric and
positive definite. Employing (C.2), the quadratic cost of x,, is given by

(AT x
£E+1Qk+1§k+1 = ([@E QE] BZ; +w}f) Qri1 <[Ak Bk} ;k +wk>
k Uy,

[T T] AL Qr1Ar AL QB
_BEQkJrlAk B} Q11By

) (bt ][] aum)

+ ngkHwk . (0-4)

Aj
By

Ly,

<

+ (ngk—i-l [Ak Bk]

Uy,

Calculation of the expectation value of (C.4) yields

AL Qri1Ar AfQri1By
Bl Qi1Ar BlQu.1By

L

E [z Qe ] = ([z}f QE] ) +E [w; Q1w (C.5)

Uy,
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because of the zero-mean of w,. Applying dynamic programming to minimize (C.3), the
recursively defined value functions for each time step from N to 0 are given by

In(zy) = Q%QNQN

Ji(z),) = min (EngIk + QngQk + E [§E+1Qk+1£k+1}) : (C.6)
Uy Wi

)

Insertion of (C.5) into (C.6) leads to the value function

AL Qui1Ar AL QB
BlQii1Ar BQii1Bg

Ji(z,,) = min (gngEk + up Ry, + [z}f ’I_LE]
U

+ E [QngHwk}
Wi

Qi + AL Qri1Ay AT Q1B
Bl Qri1Ax Ri + B} Qi+1By

. /

=:Ay

. Z,
= min zr ul k
Lk =2k
Uy

+ B [w) Quirw,]

Wy,

Uy,

(C.7)

To satisfy the necessary minimum condition, the roots of the partial derivative of (C.7) with

ﬂ

2 (Br Qri1Asz;, + (Rp + B Qu1By) Qk)T
- 0T . (C.8)

respect to u; have to be found, that is,

x
=4 [&E QE] Ay

Uy,

[QT lT} Ay

With this minimum condition, the optimal solution uj is given by
. -1
up = — (Re + B Qr1Br)  BlQuiiAgzy . (C.9)

Although this equation already yields the optimal control, an interesting property of the optimal
feedback gain can be seen, when going to the last time step, that is, the first step of the dynamic
programming algorithm. Therefore, let k = N — 1. Then, from (C.9) it follows that

Uy 1 = — (RN—I + BﬁleNBN—l)_l By QyvAn_1zy . (C.10)
Substitution of (C.10) into (C.6) for k = N — 1 yields
Inaa(zy ) =2y Ky azy  + u]f?v [wy Qrwy]
that is,

E%—IKN—liNfl = min ([&%1 9%71] AN—I [QNA]) . (C.11)

UN-1 UN—_1
The matrix Ky_; is given by

Ky.1=A)_, <QN — QnBnro1 (B]Tf_lQNBNfl + RN&)_1 Bva_lQN) Ay +Qn-1 -
(C.12)
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Moreover, Ky_; is symmetric and positive semidefinite, which follows from (C.11) and the
assumptions on Qy_1, Qx, and Ry_;. Therefore, Jy_; is positive semidefinite and quadratic!.

Hence, a recursion

Ky =Qn ,
Ki = AT (Kiis — KeoiBy (BIKi By + i) BIKyp ) Ap+ Qi k=N —1,...,0 ,
(C.13)
L, = (B/K, 1B+ Ry) ' BIKi Ay, k=N—1,...,0 ,
up = p () = —Ly(zy), k=N-1,...,0, (C.14)

can be defined to determine the optimal state-feedback control law for k = N —1,...,0 Then,
the value of the value function just depends on the initial state, the noise term w,,, and the

matrices Kj. Thus,

N—-1
J(zo) = 20 Kozy + > E [wiKpsiw,]
k=0 "

Remark C.1 Equation (C.13) is called the discrete-time algebraic Riccati equation. If K > 0
for all symmetric positive definite matrices Qi > 0, Kj is unique, asymptotically stabilizing,

and solves

AKepA - Ky +Qr=0 . (C.15)

Equation (C.15) is called the discrete-time Lyapunov equation.

1 This property does not hold for nonlinear systems.
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APPENDIX D

Unscented Transformation

D.1 Motivation

To treat nonlinear transformations of random variables, sophisticated analysis is inevitable.
Unfortunately, exact analytic solutions are impossible to obtain in general. One approximation
method to obtain a moment-based description of the density of a nonlinearly transformed

random variable

y=f(z) (D.1)

is the unscented transformation (UT) introduced in [JU96]. Instead of approximating the
nonlinear function f, the density of the random variable & is approximated with a fixed number
of parameters. The main idea to obtain estimates of the mean and the covariance of y and
several properties of this algorithm are discussed in the following, where only the prediction

step is considered, since the filter step of the UT is not employed in this thesis.

Convention. Without loss of generality, in the following, it is assumed that the mean value
of the random variables to be transformed is zero.

D.2 Basic ldea

A set X of p+ 1 sampling points X; of the original density of the random variable & and
corresponding weights w; is generated, which possesses the same mean, covariance, and possibly
higher-order moments as the original density of . Then, each sampling point X} of the set X

is nonlinearly transformed onto a set
y:: {y@ylzi(xl)’ Wi Z:O,jp}

by means of (D.1) as illustrated by Figure D.1. Mean and covariance of ) can be regarded as
an estimate of the true moments of the random variable y in (D.1).

In contrast to particle filters, the small set of the sampling points to be transformed, the so
called sigma points, is chosen deterministically, such that mean and covariance of the random

91



Chapter D. Unscented Transformation

1T
N

Figure D.1: Principle of the unscented transformation. A specific set of sampling points is nonlinearly transformed.
The moments of the resulting set of transformed points approximate the true moments of the nonlinearly transformed

random variable.

variable & are matched. Moreover, the set of sigma points is weighted, where negative weights
are possible.! To provide an unbiased estimate, the weights must satisfy

The estimates of mean and covariance of y = f(zx) are obtained as described in Algorithm 5.
After the pointwise transformation of all p + 1 points X, the mean and the covariance of the

nonlinearly transformed random variable y can be calculated approximately.

Algorithm 5 Unscented transformation

1. function MEAN_AND_COVARIANCE_PREDICTION(AXp, ..., Xp, wo, . . ., wp, f)
2 for : =0 to p do
3: Vi = f(X) > propagation of the sigma points
4: end for
5 > mean prediction
p
7=E[y] ~ED] =D w; (D.3)
i=0
6: > covariance prediction
p
B, ~ ) wi (Vi —ED) (V- D" (D4)
i=0

7. end function

In case of additive noise in the transformation (D.1), that is,

y=flz)+tw,

1 Therefore, the samplings do not define a discretized density.
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an additional term has to be incorporated in the calculation of the covariance matrix [XZC06],
which leads to

Sy~ > wi (V- EY) (Vi —EV)T + 3,

D.3 Accuracy

According to [JU96] and [JUO4], this section analyzes the accuracy of the estimates of means
and covariances of a nonlinearly transformed random variable by means of the unscented

transformation.

D.3.1 Mean Value

The mean value of y in (D.1) can be written as

?zg[j(z+é)] : (D.5)

since the random variable  can be split into a deterministic part, that is ¥ = ]?[Q}, and a

stochastic part § with mean 0.2 According to Appendix A.2, Taylor series expansi:)n of (D.5)

around the nominal value z results in

1df(@) > | 1df(@
2 il da @ ] =@+ Zl? [z'
1= - J]= 1=

QZﬂ@+E

] . (D.6)

J=1

With the definition

the expectation value in the sum of (D.6) can be rewritten as

Dif(z) ! " of@)’
)] e

7!
j=1

where §; and z; denote the components of the vectors § and z, respectively.

Theorem D.1 If the first k moments of the random wvariable & and the first k derivatives of
the transformation f are known, the UT-approzimation of y by means of

~ szi (X:) (D.8)

yields correct results up to the k-th order term of (D.6).

||

PRrOOF. The proof of Theorem D.1 is given in [JU96. O

2 Without loss of generality, the mean value of § is set to 0.
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Remark D.1 The standard UT-algorithm considers only mean value and covariance to be
captured by the set X'. But if higher-order moments of & are known, this knowledge can be
employed to capture higher-order moments. Therefore, the expectation value of x is at least
accurate, but not restricted to second-order terms of the Taylor series expansion of the nonlinear
transformation of &, which is revealed by (D.6). In case of symmetric densities of , all terms

in (D.6) vanish, which contain odd-order moments.

Example D.1: Influence of the knowledge of derivatives and moments in the UT for n = 2
For n = 2, the inner term of (D.7) can be reformulated by means of the Binomial theorem [BSMMO01]

as <§36;%§?>i::§;<2>5§(Qgga)kégk(ﬁigy>ik> D9

Jj=1

which is a polynomial of degree two, in both the partial derivative and the term ;. This means,
the calculation of (D.7) requires the knowledge of the first i moments of the random variable § and
the first ¢ derivatives of the function f. [

The set X in the UT matches at least the first two moments of the random variable . Moreover,

the nonlinear transformation f is known.

D.3.2 Covariance

The covariance of Y is defined as

%, = Cov(y,y):=E (y-my—-9"] , (D.10)

y-g=fE@+8)-E[f@T+9)] (D.11)
yields
D3f(z) Dif(z) Djf(z D2f(z) Djf(z
D, f(z) + ‘52%@) - ‘55@ - %@) +—E { ‘52%@) - %@) + ] (D.12)
in case of a symmetric density of . Therefore, (D.10) can be written as
D;f (D2f)"  D2f (Dsf)"
Dsf (D), Dif (D))" Dﬁ@%ﬁj
+E
s 3! 2!.2! 3!
Dif] [P
‘?irhﬂ77]+“" (D-13)
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Theorem D.2 If the first 2k moments of the random variable § and the first 2k derivatives of
the function f are known, the UT-approrimation of the covariance ¥, by means of

Sy ) wi(g-9) @-%) (D.14)

yields correct results up to the k-th order term of (D.13).

PRrROOF. The proof of Theorem D.2 can be found in [JU96]. O

Remark D.2 For any set of sigma points satisfying (D.2)—(D.4), the transformed mean and
covariance are calculated correctly to the second-order terms of (D.13), [JUO4].

D.4 Incorporation of Knowledge of Higher-Order Moments

Knowledge of higher-order moments can be partially incorporated into the choice of the sigma
point set. Since the maintenance of the full density of a random variable is in general in-
tractable, a sufficiently good and tractable approximation P is assumed, which captures the
most significant features of the true density, for instance a Gaussian mixture density. In this
case, P? can be used as a basis for a good approximate solution to the nonlinear transformation
problem. Since the sigma point set and the corresponding weights only have to satisfy (D.2)-
(D.4), there exist free parameters, which can be employed to capture higher-order information
partially by minimizing the error of these moments subject to (D.2)—(D.4). The more sigma
points are chosen, the more information can be captured. To satisfy (D.2)—(D.4), at least n+ 1
affinely independent sigma points are required for z € R™ [JU02]. This simplex possesses some
degrees of freedom, which can be exploited to minimize the average skew (third moment) of
the density. Since no information about the (a)symmetry of the density is maintained by the
mean and covariance, the density can be skewed in any direction. Therefore, the average er-
ror is minimized if the density is assumed to be symmetric. With increasing dimension, the
influence of higher-order moments becomes more significant than in lower dimensions. Instead
of employing a set of n + 1 sigma points, an extended symmetric set of 2n + 1 sigma points
is proposed in [JU04] to minimize the worst case error due to the skew of the density of x.
According to [JU04], this symmetric set of p + 1 = 2n + 1 sigma points with corresponding
weights for x € R" is chosen as

XOZ

wo = wy (free parameter) ,

Xi=Xo+( n Ex) ,
1—(.&)0 .

1

1=l

Y

1 — W
Wi = m )
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n
Xi—l—n:XO_( 1-&)0236). )

i
1—0)0

on

Witn =

where ¢ = 1,...,n. (1 /1_”—%236) denotes the i-th column of a matrix square root of o Ma-
i

The free parameter wy can be chosen, such that information about higher-order moments of
the random variable  is included [JUO4]. For instance, with

Wy = 7/{€R,

n+kK
the parameter k scales the third- and higher-order terms of the sigma point set. In case of a

Gaussian density, even some of the fourth-order terms are captured for n + x = 3 [JU02].

With increasing dimension, the radius of the sigma point set increases as well, such that non-
local effects are sampled. Furthermore, the influence of higher-order terms in (D.6) and (D.13)
becomes more significant than in lower dimensions. A scaling algorithm treats this problem by
eliminating higher-order, orientation-dependent effects, whereby the second-order accuracy of
the UT is maintained [Jul02]. This scaling parameter adjusts the distance between the sigma
points. A given sigma point Xi(k) is moved toward or away from the mean value z, = Xo(k)
according to

x® — Xo(k) +a(Xi(k) _ Xék)) ‘

(2

For a = 1, the original point Xi(k) is obtained. The corresponding weights have to be modified
to satisty the preconditions of the UT and are given by

M‘;Ll for =0
Wi =9 " J ’ (D.15)
= for j #0 .

Remark D.3 The scaled UT keeps the accuracy of the estimated values up to second-order
terms in (D.6) and (D.13), [Jul02]. On the one hand, for small values of «, local features of the
density of the considered state can be captured, and the influence of higher-order terms can
be reduced. On the other hand, global features of the density cannot be incorporated in the
calculation. Higher-order terms in the Taylor series expansions (D.6) and (D.13) almost vanish,
if the scaling parameter is small. In case of known higher-order moments, this knowledge cannot
be incorporated in the prediction of mean and covariance, which may lead to worse results
compared to the unscaled variant of the UT. This behavior is demonstrated in Section 4.5 by
means of a scalar example. Therefore, a tradeoff between these properties has to be found
depending on the specific application.

D.5 Properties, Limitations, and Extensions

Compared with the extended Kalman filter, the unscented transformation yields good approx-
imations of the mean and covariance of a transformed random variable y = f(z) based on the
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corresponding values of x [JU97, vdMDdFW00, JUDWO00, JU04, XZC06, CHLO05]. Compared
to the extended Kalman filter, the results are more accurate, since the EKF just linearizes the
function f and does not include information of higher-order derivatives. Therefore, the Taylor
series expansions (D.6) and (D.13) are truncated after the first-order term, when the EKF
is applied. With additional points in the sigma point set, the unscented transformation can
capture and propagate higher-order information of the density [LBS02]. Then, higher-order
errors in the approximation of the transformed density can be minimized. One further advan-
tage of the unscented transformation is that the existence of inverse Jacobians is not necessary
to be guaranteed. Another point is that the unscented transformation can treat arbitrarily
distributed random variables and and arbitrary nonlinear transformations, in principle. The
computational efforts of the UT and the EKF are of the same order [JUO4]. In contrast to
particle filters, the set of sigma points is small and deterministically chosen as described in
Section D.2. Especially for (but not restricted to) Gaussian random variables, the unscented

transformation is a promising approach and superior to the commonly used extended Kalman
filter [vdMWO04].

Unfortunately, a moment-based description of a non-Gaussian density does not give any hints
about the shape of the density or the number of its modes, that is, whether the function is
unimodal (like the Gauss function) or multimodal. Therefore, it will help to approximate the
density of a non-Gaussian random variable by means of Gaussian mixtures, that is, the
density is approximated by a convex combination of Gaussian functions. This approximation
can be performed for arbitrary densities, since the Gaussian mixture is a universal approxima-
tor [HS05]. Then, the UT can be applied to each component, and the results are weighted to
obtain the desired values, that is mean and covariance, of the transformed random variable.
The main problem is to obtain the desired parameters of each Gaussian components to approxi-
mate the original function sufficiently well. A sophisticated framework to approximate densities
is introduced in [HBRO3]. The main idea is to solve the problem for a linear function. After
that, a continuation process with a continuous curve follower is employed to derive a system
of ordinary differential equations to be solved. The solution minimizes the Kullback-Leibler
divergence between the original unknown function and its approximation by means of Gaussian
mixtures.
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APPENDIX E

Splines

E.1 n-Dimensional Cubic Spline

An n-dimensional interpolating cubic spline
§<£> - ﬁ(xla ) 7xn>

is the extension of the one-dimensional case using a tensor product approach [BSMMO1].

3 3
S(x) =8, .. (x) = Z e Z iy inky ok (T1 = i) (0 — Ay )P (E.1)

k1=0 kn=0

where A = (N, ..., Ain)T denotes the coordinate vector of each knot. The extension of the
properties (3.38)—(3.41) of the one-dimensional case to the n-dimensional case is straightfor-
ward. Considering linearly independent systems of functions gil(g), g, (z), (E.1) can be
rewritten as

S(x) =Y g, (@ --g, (@) . (E2)

Zin
k1=0 kn=0

Employing the ®-operator introduced in Appendix A.1, (E.2) can be written as

S(z)=A®y, (1)®---®g, (z) ,

=in

where A € (R*)™ denotes the tensor of the coefficients from (E.2).

E.2 Example of the Error Bound of a Scalar Cubic Spline Interpolant

In Subsection 3.1.6, an error bound for a cubic spline interpolant has been derived. This error

bound is calculated on the basis of system (4.1) in the following.
With
f(zg, ug) = sin(q xx) + ug (E.3)
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and

gn(zn) = (zr, — ) (E.4)

gr(Tg, uy) = 5(% - 6)2 + 5 a (uk)2 , (E.5)

where ¢ = 0 and a = 2, it follows that

Por _
oxs
of _ cos(q zy)
oy =q qTy
82
dJspline
BEL 30, (@1 — A)? + 26 (Tt — N +
dog1
azJrine
a2, ai(Thp )+
and
0%J,
‘ gz || <1t Baian = A) +2b) ¢ cos(g )’
k lloo

— (3ai(xrs1 — Xi)* 4 2bi(wpg1 — Ai) + ) ¢ sin(qa)||
=1+ ¢ [(6a;(zr11 — Ai) + 2b;) cos(q )
— (3ai(pr1 — Ni)* 4 2bi(pr1 — Ni) + ;) sin(q z)] ||

(e e

Considering the maximal values of sine and cosine, it follows that

S Hl -+ q2 [66Li($k+1 — )\z) -+ 2[)1 — 3ai($k+1 - )\@)2 + 2bi<xk+l - )\z) + Ci] H

[e.9]

o0

0% Ji
axi

Due to the piecewise definition of the cubic spline, the maximal interval length is defined as
|Tks1 — Ailloo < mjax)\jﬂ —Aj=h . (E.6)

Then, with (E.6) it holds that

2
Ha Pl < (1)) B (<300 + h(6as - 26) + 26+ | -

2
Ox;,

o0

Employing the triangular inequality for norms, a new upper bound for the second derivative of
the value function is given by

0% Jy
oxs

<(1+¢%) (R*Bag| +h(|6a] +[2b:]) + [2b; + ¢;) = C . (E.7)

o0
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Therefore, an upper bound for the error between the value function and its spline approximation
is given by

spline (343) - —J - .
(TP — T)Dloe - < enoll f Pk + Kafy (277 — 27N ) 1y

0 5 Awj 1 |
-3 ||J]£2)||oo h? + _HJ;52)||00 +R i) (21—] _ 21—N+]) h
8 2 1
(B7) e |
i (Gorn) @

The remaining problem is to find an upper bound for the value
R = max {|lJ? (%) = ()2 o), 197 () = ()2 0w}

Because of that, an expression for R will be derived. Moreover, the resulting error bound
converges to zero with order four for h — 0. Since

R < |[(Je = 1" P (E.9)
(3.43) can be applied to (E.9). Therefore,

R <[[(Jk = JP"") Do TE" |7 |o + KaBa(21 — 2N )
(E.7) 6h

§ " (9l=7 _ 91=N+j ﬁ 1-j _ 9l—N+j
3100+20A$'(2 72 J)+RA;1:.(2 72l

J J
Thus, the inequality
RIl1= i h (21—j _ 21—N+j) <C|(10+ 30 h (21—]' - 21—N+j)
AI]‘ o QAZL‘]

for R can be derived. Because of that,

C (10+ 22 (217 = 21V4))

|R| < : :
1— Aixj h (21 — 21-N+i)

=D . (E.10)

With (E.10), (E.8) can be evaluated, and it can be seen that (E.8) is a function, which is
quadratic in A, since
AIJ‘ S h .

Therefore, the limit of h — 0 yields the result
(TP — Ti)|leo € O(R?), h— 0, (E.11)

which coincides with the result in [Hal73]. But in contrast to [Hal73|, an approximation error

for the considered system is presented, which can be calculated without taking the limit.

101



Chapter E. Splines

102



APPENDIX F

Implementation Details

In this chapter, the main structure of the program code is described, and specific chosen pa-
rameters are mentioned. The algorithms are implemented in MATLAB 7.1 [Mat05]. In case of
examples for several steps, the system

L1 = sin(q :ck) + ugp + wi

which is described in detail in Chapter 4, is employed.

Convention. This chapter is restricted to the scalar case to simplify imagination. Moreover,

the systems are simulated for a scalar case.

The procedure simulating the system is implemented in system sim.m. After determining the
N-step finite horizon window, MPC is performed until a predefined end time sim_time, when
the simulation is stopped.

Algorithm 6 System simulation

procedure SYSTEM_SIM(Zg, horizon, o, sim_time)
N = horizon > length of finite horizon window for MPC
for £k = 0 to stm_time do
state_init = Ty, > initial state of current simulation step

> call continuation function

u_init_sequence(k : k + N — 1)=continuation(state_init, horizon, stepsize, o)

> call spline based algorithm
uj=update_control main(u_init_sequence(k : k + N — 1), state_init, o,,)

L+1 = f(i"k, UZ) + wy, > successor state
end for
end procedure

The parameter o, denotes the standard deviation of the noise affecting the system. Starting
from the initial value 2y, the optimal control sequence of the initial solution is obtained by
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means of a continuation process with a discrete curve follower as explained in Algorithm 6. The
parameter stepsize has to be chosen, such that the minimization algorithm converges, invoked
by the continuation function. That control sequence is employed in the improving algorithm
as described in Algorithm 4 in Section 3.2.5. Finally, the system state xp,; is determined,
depending on the current state 2y, the optimal state-feedback control uj, and the random noise
wy. After the time update, the state xy is directly accessible and needs not to be estimated.

F.1 Application of the Minimum Principle

F.1.1 Continuation Process

In continuation.m, the continuation process is implemented, which deforms the linear into
the nonlinear system by means of a discrete curve follower, that is, a discrete sequence of
homotopy parameters ;. The difference between subsequent homotopy parameters is given
by the parameter stepsize = 0.01, which was chosen in Algorithm 6 (system_sim.m). The
employment of a continuation process is necessary, since the optimal solution to the nonlinear
problem strongly depends on the initial value. If the solution of the previous continuation step
serves as the initial guess of the next step, numerical instability of the subsequent minimization

algorithm is reduced.

F.1.2 Minimization

The minimization function can be found in opt_ctrl_iteration2.m. A quasi-Newton algo-
rithm is used at each step of the transformation of the homotopy to solve the nonlinear equation
system (3.49), which depends on the homotopy parameter . The algorithm works as described
in Algorithm 7. After the initialization in lines 23, it is checked, whether the initial solution is
already close enough to the desired solution of the nonlinear equation system (3.49) for the cur-
rent value of . If yes, the initial value will be returned to the calling function continuation.m.
Otherwise, the iteration scheme starts. The Jacobian matrix is approximated by means of fi-
nite differences, [SB02], in line 10. After that, this approximation is decomposed by means of
the QR decomposition in line 11, such that an update Au of U can be computed. Here, the
MATLAB built-in function qr.m of has been employed. The update of the augmented vector
U is given in line 14. After the determination of the updated vector £’ and the quality check,
either the updated solution U is returned to the invoking function or the iteration is continued.
If the iteration does not converge after Maxlt steps, an error message is displayed, and the
last vector U is returned. This self-implemented scheme! performs sufficiently fast. However, if
numerical problems arise, that is, Algorithm 7 does not converge, the almost identical function
mmfsolve.m by Hanselmann [Han06] is employed, which is slower, but numerically more sta-
ble. The accuracy of both functions is similar. The difference between both functions is that

1 opt_ctrl_iteration2.m
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Algorithm 7 Implemented quasi-Newton method

1: function OPT_CTRL_ITERATION(U"(v7))

2 tolFF =1078 > threshold for nonlinear equation system
3 MaxIt = 20 > stop after MaxIt iterations
4 F=EQS(U"(v7)) > build the equation system
5. if norm(F < tolF') then > if initial value sufficiently close to solution
6: return(U"(77)) > return initial value
7. else

8: U=U"(")

9: for : =1 to MaxIt do > start iteration
10: Jac=Finite Diff(U, F) > finite difference approximation of Jacobian
11: [Q,R|=qr(Jac) > QR decomposition of Jac
12: ytmp=—-Q'F

13: Au=R\ytmp > solve RTAu = y_tmp
14: U=u+(Au)T > update of U
15: F=EQS(U*(y7)) > build the equation system
16: if norm(£ < tolF’) then > if initial value sufficiently close to solution
17: return(U) > return updated value
18: end if

19: end for

20: print(‘not converged’) > error message
21: return(U) > return last value
22z end if

23: end function

mmfsolve.m does not employ the MATLAB built-in function qr.m, but a more sophisticated QR
decomposition.

After the solution of the nonlinear equation system for v = 1, the solution to the original
nonlinear problem is obtained. This control sequence is returned to the function system_sim.m.
After that, this initial guess is employed by the second part of Algorithm 6, which can be found

in update_control main.m.

F.2 Application of Dynamic Programming Based on Interpolation of the
Value Function

F.2.1 Mean- and Covariance Prediction

Employing the open-loop control sequence of the previous section, the mean values and the
corresponding covariances of the successor states of zy are predicted by means of the unscented
transformation, which is explained in more detail in Appendix D.
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Parameters of the Unscented Transformation

Distance of the Sigma Points. According to (4.11), the implementation employs a scaling
parameter o = 1 , that is, the unscaled unscented transformation, to determine the sequences
of means and covariances of the initial state Zy approximately. This parameter is chosen, since
all moments and central moments of the transformed Gaussian distribution can be determined
recursively [HS05]. Therefore, the weight wy is chosen to capture the kurtosis of the Gaussian
to improve the accuracy of the UT as explained in Appendix D.

Weights of the Sigma Points. According to Section 3.2.3, the parameter x, which ensures
higher accuracy of the predicted means and covariances, is chosen as

3—n fork=1,2,

K =
3—n—EMp+l fork>2.

for the k-th prediction step of an N-step horizon. Then, x approaches %, such that at time step
N all sigma points are equally weighted to capture more information of the distribution in the
regions, which are not close to the mean value. This choice is a contribution to the unknown

shape of the unknown densities of the successor states xy1, & > 2.

F.2.2 Definition of the Grid

The file mean propagation.m performs those predictions and returns the corresponding values
to update_control main.m. Around the mean values, an adaptive grid is defined. Depending
on the variances oj of the successor states x;, of the initial state 2, a state space discretization
P of seven points is defined around the mean values 7 as

— 3:v— 3$— 3:5—— 3ac— 3ac— 3:1:
P = xk—Eak,xk—Zak,xk—gak,xk, $k+§0k,$k+z%,$k+§% , (F.1)

which realizes (3.37). The grid Gi"* is a modification of Py and determined as follows. Assuming
that the desired target point c lies within the area of interest after k > 3 steps?, the nearest
neighbor of the target point is replaced by c¢. To keep the symmetry of P, the symmetric
counterparts of the substituted point are also replaced by the mirrored point c¢. That is, the
points

{Tr £ [Tk — |}

inat

replace their nearest neighbors in Pj,. The recently obtained set is denoted by G}/

Figure F.1 shows the sequence of mean values and the corresponding area of interest, that is,

init

the area covered by the initial grid G;"", k = 0,..., N, depending on the covariances of the
states xy. The goal is to interpolate the value function within this area of interest.

2 heuristically chosen for system (4.1)
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area of interest

Figure F.1: Grid area around the predicted mean values of the successor states of o = —1 for ¢ = 0.1. The mean
values and the corresponding covariances of the successor states @) of o are calculated by means of the unscented
transformation. Around the mean values, this initial grid is defined, whose spread depends on the covariance of the
states.

Introduction of a Buffer to Stabilize the Spline Interpolation

To stabilize the spline interpolation on G/ an extended grid G¢* is introduced, which contains
two additional dummy points at each extremal point of Gi"*, that is

» . » 3 . 3 .
ggact — g]zcnzt U {mln(glzcmt) _ 30_11)7 min(g]zcnzt) _ 50-11)7 max(g]zcmt) + — 0w, max(g,imt) + 30_w ,

2
(F.2)
where min(Gi") and max(G;"") denote the extremal points of Gi" in the considered scalar
case. It is noteworthy that the choice of these dummy points depends on the noise standard
deviation ¢,. Altogether, G¢* contains 11 grid points in the scalar case. The sets Gi"* and
Gemt\ Gimt are shown in Figure F.2.

F.2.3 Spline Interpolation of the Value Function

After the determination of Gi"* and G{** for k = 0,..., N, the value function
JN(.TN) = (33]\7 — 0)2

is piecewisely interpolated by means of cubic splines in the range of G§*, where the MAT-
LAB built-in function spline.m has been employed.

For all grid points :1:,(621 € Gt the value E,,, [Jkﬂ(:c,(jll)] is determined by means of numerical
integration in the range of the extended grid G&**, where the MATLAB built-in function quad.m
has been employed.

Remark F.1 At this point, it is important to emphasize the importance of the extended grid

et which stabilizes the spline approximation of the value function Ji. If this extended grid is
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area of interest

| -g]init
g;;zt \ g’z:nzt
0 1 2 3 4 5
k —
Figure F.2: Extended and initial grid area around the predicted mean values of the successor states of o = —1

in system (4.1) for o = 0.1. To stabilize the spline interpolation on Gi"*, a buffer of two additional points around
is defined, which is given by G£** \ Gint.

the extremal points of Gi"

not introduced, the calculation of E,,, [J,j’ﬂ”e(azkll)] will cause problems at the extremal points
of Gi"* since the function has to be extrapolated, which is less accurate than interpolation.
The additional dummy points are chosen, such that the distance of the extremal points of G
and the extremal points of Gi"* is at least 30,,. Therefore, the integration in the range of the
extended grid is almost correct, due to the fact that 99.7% of the area under the Gauss function

are covered.
A set of controls u,(j’] )]

3:,(C 11 € G, where the assumption is employed that the successor state of a:,(f) € G lies in the

is determined, which maps a grid point x,(C € G¢* onto the grid points

range of Q,@Ti, when the optimal state-feedback control is employed This heuristic assumption
is based on simulations With the recently determined values uk , the expected cost-to-go

from a state 2\ € G&* via a successor state z\') '/, € G/ is obtained by

; 5 [
Vilay ufl”) = gulai) ) + BB ())] -

This cost function is restricted to the grid points of G&** and Q,@’ﬁ Spline interpolation along

the values u,(C ), j = 1,...,7, yields a function V;* lme(x,(j),uk), which is continuous in wy.
Subsequent minimization of this function (with respect to uy) yields the minimal expected

cost-to-go starting from a:,(:), where the possible successor states cover the area of interest, that

is G
Remark F.2 Due to the spline interpolation with respect to the control variable wuy, the
algorithm approximately treats an optimal control problem with continuous control variables.

The minimization of V;* lme(m,(j), Ug) With respect to uy is performed as explained in detail in

Section 3.2.5 and yields Jk(xk ) for xk € gt
The final spline interpolation of Jk(a:kl)) with knots :c,(f) yields an approximate, continuous (in
x,) description of the value function in the range of G&**.
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Remark F.3 Due to the spline interpolation with respect to the state variable xy, the algorithm

approximately treats an optimal control problem with continuous states.

In Algorithm 8, the proposed improvement of the initial solution is summarized.

Algorithm 8 Dynamic programming based on interpolation of the value function on an

adaptive grid

1: function UPDATE_CONTROL_MAIN(Zq, Ug, - - - , UN—1, Tup)
2:  mean propagation(zg,dg, ..., UN_1,0w) > mean and covariance prediction (UT)
3 for k=0to N do
a: determine g™ > area of interest
5: determine Q,ﬁ‘”t > buffer around area of interest
6: end for
7: > spline interpolation (x) of value function in the area of G§*
8: J]S\f’lme(xN)::spline({ (:L’S\],) JN(JJ%))) }11 )
9. fork=N—1to0do =
10: for j =1to 7 do > for all grid points in G}
11: determine E[]ﬁ’ﬁ"e (w,@rl)] > expected cost-to-go from Gi*'" (integration)
12: end for
13: for i =1to 11 do > for all grid points in G§**
14: for j =1to 7 do > for all grid points in G}’
15: determine u{* with z/), = E[f(«{”, u{") + wy] > u*” maps 2" onto =)
W
16: Vilz? ul ) = g (2P a7y 4 E [J,j’ﬁ"e(a:,(fll)] > cost function for z\” € gert
17: end for '
18: > spline interpolation (u) of cost function in the range of Gg**
19: VkSPZine(xg)? uy) :=spline ({ (ug’j), Vk(:vg), uS”)) }7 1)
j=
20: Jk(x,(j)) = min V;* lme(:c,(f), ug) > minimization
Uy
21: uj = argmin V;” lme(x,(f), u) > optimal state-feedback control
22: end for "
23: > spline interpolation (z) of value function in the area of G¢**
24: J,fplme(:vk) :=spline ({ <:1:,(;), Jk(x,(;))> }11 )
25:  end for =
26:  return(ug) > return updated control variable to system_sim.m

27 end function

F.3 Dynamic Programming on a Static Grid

The dynamic programming algorithm on a static grid is implemented as follows. After the

determination of the finite sets of 250 system states and 300 control variables, a deterministic,
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that is, in this case boolean, transition tensor T € {0, 1}259%259x300 jg determined, where
i) =1 o 29 = f®u) | (F3)

where (9 denotes a grid point of the time-invariant discretization of the state space, and u*)
denotes a grid point of the time-invariant set of discretized control variables. That is, the first
dimension of T denotes the current state, the second dimension the successor state, and the
third dimension the control variable, respectively. The projection onto the zy, xx1-plane of

the tensor T is depicted in Figure F.3, where a fixed control is chosen. Due to the structure of

—1r P e, -
_.-' -.-
05 k
.
70
e
)
05
e
4 205 0 05 1

Figure F.3: Transition tensor for system (4.1) with o = 0.1 for a fixed control variable. The boolean values reveal
the unique successor states of .

the corresponding system function, the boolean matrix looks like the mirrored system function.
The binary values uniquely describe the successor states of x in the discretized region of the
state space. After the determination of T, the noise density, that is, the Gauss function, is
discretized within the considered part of the state space according to

i d
! )+§

N(z®) = \/21_7“7 / e

oM

o=

dz (F.4)

for all grid points 2”. The resulting discretized Gaussian is given by a vector containing
the values of (F.4), which is shown in Figure F.4. The stochastic transition tensor® T,,, which
incorporates the noise influence, is given by the convolution of each row of T with the discretized
Gaussian vector, when a control variable u(® is fixed. That is,

Tw(:,:,i)=T(:,:,7)« N(x) .

For a fixed control variable, the discretized transition density T, is plotted in Figure F.5.
Due to the noise influence, each deterministic successor state defined in (F.3) is replaced by a

non-trivial density of successor states. For z; € R" and z, € R™

2y %2, € RTTL

3 the discretized transition density
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Figure F.4: Discretized Gaussian in case of system (4.1) for o = 0.1.
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Figure F.5: Discretized transition density for a fixed control variable. Due to the influence of noise, a non-trivial

distribution of the successor states of a grid point is given.
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Since the resulting vector should possess the same dimensions as the original vector, the borders
have to be quantized, which explains the peaks at the borders of the considered region of the

state space in Figure F.5.

After these initializing steps, the expected cost-to-go at time step k for the state £ and the
control variable u®) is determined as

250

1, . 1 .
Vi(i,t) = 5(96(” — )’ + 5 a(u®)? + ) " Tu(i, 4,1) - T (2) (F.5)
j=1

where the summation weights the expected cost-to-go of the distribution of the successor states.
Moreover, it is assumed that J,; has already been determined by the DP algorithm, that is,
Algorithm 1. The value function for £ is given by the minimum

Je(z) = mtin Vi (i, 1)

of (F.5). The value function within the range of the restricted region of the state space for
all time steps is shown in Figure F.6. With increasing prediction horizon, the value function
becomes more complex, starting from a quadratic function at time step 5, where the incurring
cost is just the terminal cost.

Fo — 0.5 | 0

Figure F.6: Minimal expected cost-to-go for all time steps of the decision-making horizon. For system (4.1) with

o = 0.1, the horizon is set to N = 5 steps. The minimal expected cost-to-go for ¢ is given for k = 0.

The minimizing control variable u®) is stored in a look-up table U. After performing this min-
imization for all states, this look-up table contains the optimal control state-feedback controls
for all states and all time steps. This calculation can be performed offline. During the simula-
tions, only the entries of the look-up table U are needed. Since MPC is implemented, only the

entries for the full horizon length are accessed during the simulations.

112



Bibliography

[Aub00]

[AW97]

[Ber87]

[Ber00al

[BerOOb)

[BMO5]

[Bos06]

[Bra72]

[BS96]

[BSMMO1]

Jean-Pierre Aubin. Applied Functional Analysis. Pure and Applied Mathemat-
ics. John Wiley & Sons, Inc., Scientific, Technical, and Medical Division, 605
Third Avenue, New York, N.Y. 10158-0012, 2nd edition, 2000.

Karl J. Astrém and Bjorn Wittenmark. Computer-Controlled Systems —
Theory and Design. Prentice Hall, Upper Saddle, New Jersey, 3rd edition,
1997.

Dimitri P. Bertsekas. Dynamic Programming — Deterministic and Stochastic
Models. Prentice Hall, Inc., Englewood Cliffs, N.J. 07632, 1987.

Dimitri P. Bertsekas.  Dynamic Programming and Optimal Control, vol-
ume 1 of Optimization and Computation Series. Athena Scientific, Belmont,
Massachusetts, U.S.A., 2nd edition, 2000.

Dimitri P. Bertsekas.  Dynamic Programming and Optimal Control, vol-
ume 2 of Optimization and Computation Series. Athena Scientific, Belmont,
Massachusetts, U.S.A., 2nd edition, 2000.

Seid Bahlali and Brahim Mezerdi. A General Stochastic Maximum Principle for
Singular Control Problems. Electronic Journal of Probability, 10(30):988-1004,
May 2005.

Siegfried Bosch. Algebra. Springer-Verlag, 6th edition, 2006.

Franklin H. Branin, Jr. Widely Convergent Method for Finding Multiple So-
lutions of Simultaneous Nonlinear Equations. IBM Journal of Research and
Development, 16(5):504-522, September 1972.

Dimitri P. Bertsekas and Steven E. Shreve. Stochastic Optimal Control: The
Discrete-Time Case. Optimization and Neural Computation Series. Athena
Scientific, Belmont, Massachusetts, U.S.A., 1996.

Ilja N. Bronstein, Konstantin A. Semendjaev, Gerhard Musiol, and Heiner
Miihlig. Taschenbuch der Mathematik. Verlag Harri Deutsch, 5th edition,
2001.

113



Bibliography

[CHO4J

[CHLO5]

[AB78]

[Dei04]

[DOW+06]

[Faios]

[Fin04]

[FMO7]

[Hal73]

[Han06]

[HBHO6]

Abel Cadenillas and Ulrich G. Haussmann. The stochastic maximum principle
for a singular control problem. Stochastics and Stochastic Reports, 49:211-237,
1994.

Ningzhou Cui, Lang Hong, and Jeffery R. Layne. A comparison of nonlin-
ear filtering approaches with an application to ground target tracking. Signal
Processing, 85:1469-1492, August 2005.

Carl de Boor. A Practical Guide to Splines, volume 27 of Applied Mathematical
Sciences. Springer-Verlag New York, Inc., 175 Fifth Avenue, New York, N.Y.
10010, 1978.

Marc P. Deisenroth. Toward Optimal Control of Nonlinear Systems with
Continuous State Spaces. Studienarbeit, Intelligent Sensor-Actuator-Systems
Laboratory, Faculty of Informatics, Universitat Karlsruhe (TH), November
2004.

Marc P. Deisenroth, Toshiyuki Ohtsuka, Florian Weissel, Dietrich Brunn, and
Uwe D. Hanebeck. Finite-Horizon Optimal State Feedback Control of Nonlin-
ear Stochastic Systems Based on a Minimum Principle. To appear in I[FEE
International Conference on Multisensor Fusion and Integration for Intelligent
Systems (MFI 2006), pages 371-376, Heidelberg, Germany, September 3-6,
2006.

Frederick W. Fairman. Linear Control Theory: The State Space Approach.
John Wiley & Sons, Ltd., Baffins Lane, Chichester, West Sussex PO19 1UF,
England, 1998.

Rolf Findeisen. Nonlinear Model Predictive Control: A Sampled-Data Feed-
back Perspective. PhD thesis, Fakultdt Maschinenbau, Universitat Stuttgart,
December 2004.

Delbert D. Franz and Charles S. Melching. Full Equations Utilities (FEQUTL)
Model for the Approximation of Hydraulic Characteristics of Open Channels
and Control Structures During Unsteady Flow. Water Resources Investigations
Report 97-4037, U.S. Geological Survey, 1997.

C. A. Hall. Natural Cubic and Bicubic Spline Interpolation. SIAM Journal on
Numerical Analysis, 10(6):1055-1060, December 1973.

Duane Hanselmann. mmfsolve.
http://www.mathworks.com/matlabcentral /fileexchange/, May 2006. Soft-

ware.

Marco Huber, Dietrich Brunn, and Uwe D. Hanebeck. Closed-Form Prediction
of Nonlinear Dynamic Systems by Means of Gaussian Mixture Approximation
of the Transition Density. To appear in IFEE International Conference on

114



Bibliography

[HBRO3]

[Hol70]

[HS05]

[JKO1]

[1594]

7SS +93]

[JU96]

[JU97]

[JU02]

[JU04]

[Jud9s]

Multisensor Fusion and Integration for Intelligent Systems (MFI 2006), pages
98-103, Heidelberg, Germany, September 3-6, 2006.

Uwe D. Hanebeck, Kai Briechle, and Andreas Rauh. Progressive Bayes: A New
Framework for Nonlinear State Estimation. In Proceedings of SPIE, volume
5099, pages 256267, Orlando, 2003. AeroSense Symposium.

Jack M. Holtzman. Nonlinear System Theory — A Functional Analysis Ap-
proach. Prentice Hall Network Series. Prentice Hall, Inc., Englewood Cliffs,
New Jersey, 1970.

Uwe D. Hanebeck and Oliver C. Schrempf. Stochastische Informationsverar-
beitung. Textbook for Lecture, Chair for Intelligent Sensor-Actuator-Systems,
Universitéat Karlsruhe (TH), 2005.

C. Russell Philbrick Jr. and Peter K. Kitanidis. Improved Dynamic Program-
ming Methods for Optimal Control of Lumped-Parameter Stochastic Systems.
Operations Research, 49(3):398-412, May-June 2001.

Kenneth L. Judd and Andrew Solnick. Numerical Dynamic Programming with

Shape-Preserving Splines. preliminary and incomplete, 1994.

Sharon A. Johnson, Jery R. Stedinger, Christine A. Shoemaker, Ying Li, and
Jose Alberto Tejada-Guibert. Numerical Solution of Continuous-State Dy-

namic Programs Using Linear and Spline Interpolation. Operations Research,
41(3):484-500, May—June 1993.

Simon Julier and Jeffrey K. Uhlmann. A General Method for Approximat-
ing Nonlinear Transformations of Probability Distributions. Technical report,
Robotics Research Group, Department of Engineering Science, University of
Oxford, Oxford, OC1 3PJ United Kingdom, November 1, 1996.

Simon J. Julier and Jeffrey K. Uhlmann. A New Extension of the Kalman
Filter to Nonlinear Systems. In Proceedings of AeroSense: 11th Symposium on
Aerospace/Defense Sensing, Simulation and Controls, pages 182-193, Orlando,
Florida, 1997.

Simon J. Julier and Jeffrey K. Uhlmann. Reduced Sigma Point Filters for the
Propagation of Means and Covariances Through Nonlinear Transformations.

In Proceedings of the American Control Conference, volume 2, pages 887-892,
Anchorage, Alaska, U.S.A., May 8-10, 2002.

Simon J. Julier and Jeffrey K. Uhlmann. Unscented Filtering and Nonlinear
Estimation. In Proceedings of the IEEE, volume 92, March 2004.

Kenneth L. Judd. Numerical Methods in FEconomics. The MIT Press,
Cambridge, Massachussetts, 1998.

115



Bibliography

[JUDWOO]

[Jul02]

[Ker71]

[LBSO02]

[Lue69]

[LW02]

[Mat05]

[NBO3]

[OF94]

[Oht00]

[Pen90]

[PTVF02]

Simon Julier, Jeffrey Uhlmann, and Hugh F. Durrant-Whyte. A New Method
for the Nonlinear Transformation of Means and Covariances in Filters and
Estimators. IEEE Transactions on Automatic Control, 45(3):477-482, March
2000.

Simon J. Julier. The Scaled Unscented Transformation. In Proceedings of the
American Control Conference (ACC), volume 6, pages 4555-4559, Anchorage,
Alaska, U.S.A., May 8-10, 2002.

D. Kershaw. A Note on Convergence of Interpolatory Cubic Splines. STAM
Journal on Numerical Analysis, 8(1):67-74, March 1971.

Tine Lefebvre, Herman Bruyninckx, and Joris De Schutter. Comment on “A
New Method for the Nonlinear Transformation of Means and Covariances in
Filters and Estimators” [and author’s reply|. IEEE Transactions on Automatic
Control, 47(8):1406-1409, August 2002.

David G. Luenberger. Optimization by Vector Space Methods. Series in Decision
and Control. John Wiley & Sons, Inc., 1969.

S. J. Luo and John B. Walsh. A Stochastic Two-Point Boundary Value
Problem. Electronic Journal of Probability, 7(12):1-32, 2002.

The MathWorks, Inc. MATLAB 7.1. http://www.mathworks.com/, August
2005. Software.

Daniel Nikovski and Matthew Brand. Non-Linear Stochastic Control in Con-
tinuous State Spaces by Exact Integration in Bellman’s Equations. In 15th
International Conference on Automatic Planning € Scheduling (ICAPS ’03),
pages 91-95, Trento, Italy, 2003.

Toshiyuki Ohtsuka and Hironori Fujii. Stabilized Continuation Method for
Solving Optimal Control Problems. Journal on Guidance, Control, and

Dynamics, 17:950-957, November 1994.

Toshiyuki Ohtsuka. Continuation/GMRES Method for Fast Algorithm of Non-
linear Receding Horizon Control. In Proceedings of 39th IEEE Conference on
Decision and Control, pages 766—771, Sydney, Australia, December 2000.

Shige Peng. A General Stochastic Maximum Principle for Optimal Control
Problems. SIAM Journal Control and Optimization, 28(4):966-979, July 1990.

William H. Press, Saul A. Teukolsky, William T. Vetterling, and Brian P. Flan-
ning. Numerical Recipes in C'— The Art of Scientific Computing. The Press
Syndicate of the University of Cambridge, The Pitt Building, Trumpington
Street, Cambridge CB2 1RP, United Kingdom, 2nd edition, 2002.

116



Bibliography

[Put05]

[RDS3]

[Reh05]

[RRD04]

[SBO2]

[Sch83]

[SODO6]

S502]

[TJ79]

[vdMDAFWO0]

[vAMWO4]

[Vid02]

Martin L. Puterman. Markov Decision Processes — Discrete Stochastic Dy-
namic Programming. Wiley Series in Probability and Statistics. John Wiley &
Sons, Inc., 111 River Street, Hoboken, NJ 07030, U.S.A., 2005.

Stephen L. Richter and Raymond A. DeCarlo. Continuation Methods: Theory
and Applications. In IEEE Transactions on Automatic Control, volume AC-28,
pages 660-665, June 1983.

Hans Peter Rehm. Topologie. Lecture Notes, Universitat Karlsruhe (TH), 2005.

Vicente Rico-Ramirez and Urmila M. Diwekar. Stochastic maximum principle
for optimal control under uncertainty. Computers ¢ Chemical Engineering,
28(12):2845-2849, November 2004.

Josef Stoer and Roland Bulirsch. Introduction to Numerical Analysis. Num-
ber 12 in Texts in Applied Mathematics. Springer-Verlag, Inc., 175 Fifth
Avenue, New York, NY 10010, U.S.A., 3rd edition, 2002.

Larry L. Schumaker. On Shape-Preserving Quadratic Spline Interpolation.
SIAM Journal on Numerical Analysis, 20(4):854-864, August 1983.

Yuichi Shimizu, Toshiyuki Ohtsuka, and Moritz Diehl. A Real-Time Algo-
rithm for Nonlinear Receding Horizon Control Using Multiple Shooting and
Continuation-Krylov Method. In Proceedings of the 17th International Sympo-
sium on Mathematical Theory of Networks and Systems (MTNS 2006), pages
766-770, Kyoto, Japan, July 24-28, 2006.

Bernhard Scholkopf and Alexander J. Smola. Learning with Kernels: Sup-
port Vector Machines, Regularization, Optimization, and Beyond (Adaptive
Computation and Machine Learning). The MIT Press, Cambridge, MA, 2002.

James D. Turner and John L. Junkins. Optimal Large-Angle Single-Axis Rota-
tional Maneuvers of Flexible Spacecraft. In 2nd AIAA/VPIESSU Symposium on
Dynamics and Control of Large Flexible Spacecraft, pages 91-110, Blacksburg,
VA, June 21-23, 1979.

Rudolph van der Merwe, Arnaud Doucet, Nando de Freitas, and Eric Wan.

The Unscented Particle Filter. Technical Report CUED/F-INFENG/TR 380,
Cambridge University Engineering Department, August 16, 2000.

Rudolph van der Merwe and Eric A. Wan. Sigma-Point Kalman Filters for Inte-
grated Navigation. In Proceedings of the 60th Annual Meeting of The Institute
of Navigation (ION), Dayton, OH, June 2004.

Mathukumalli Vidyasagar. Nonlinear Systems Analysis. SIAM’s Classics in
Applied Mathematics. Society for Industrial and Applied Mathematics (STAM),
Philadelphia, 2nd edition, 2002.

117



Bibliography

[XZC06] K. Xiong, H. Y. Zhang, and C. W. Chan. Performance evaluation of UKF-based
nonlinear filtering. Automatica, 42:261-270, 2006.

118



