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Abstract We introduce a novel generic methodology to solve continuous finite-
horizon stochastic optimal control problems (SOCPs). We treat controlled stochas-
tic differential equations (SDEs) within the Wiener chaos framework by utilizing
Malliavin calculus and developing innovative ideas to preserve the feedback char-
acter of optimal Markov decision rules.

This allows a direct reformulation of SOCPs into deterministic ones. Hence,
it facilitates using Bock’s direct multiple shooting method for solving SOCPs and
pioneers the extension of sophisticated methods for deterministic control to the
broad context of SDEs.

Numerical examples validate this new framework with huge computational
advantages compared to standard ideas in SOC.
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1 Introduction

Solving continuous finite-horizon stochastic optimal control problems has attracted
increasing interest in the past decades. In economics and finance, and especially in
portfolio management, starting with classical questions of, e.g., Merton [9], such
problems driven by stochastic differential equations are usually used as the under-
lying modeling framework. Here the detection of optimal decision rules becomes a
crucial task.
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Basically, problems belonging to that class can be solved if we consider the
corresponding Hamilton-Jacobi-Bellman (HJB) equation [17,18,33]. In most cases,
however, this second-order partial differential equation is not analytically solvable
or does not even admit a global solution at all, which is why appropriate numerical
ideas have to be applied to obtain optimal decision rules.

Apart from discretizing the HJB equation, the common methods of choice
are direct numerical ideas. Often they are based on the application of Markov
chains, i.e., discretizing the continuous process in space and time. For example,
the approach of Kushner [20,21] uses finite-difference and finite-element ideas to
obtain the transition probabilities of the Markov chain from the HJB equation. In
contrast the work of Krawczyk [3,19] builds on weak approzimation schemes [17] for
stochastic differential equations (SDE) to design a Markov decision chain from the
original problem. The resulting Bellman equation can then be solved using value
iteration. A third related idea introduced by Pages [35] is based on the quantization
of stochastic processes [27,28,36]. There the original process is projected onto a
random vector taking values on a finite grid following a closest neighbor rule [35].
The resulting problem can, again, be solved by a dynamic programming procedure.

In this paper we propose an entirely different methodology to solve continuous
finite-horizon stochastic optimal control problems. We utilize the polynomial chaos
(PC) or Wiener chaos framework developed by Norbert Wiener [42] and generalized
by Cameron and Martin later on [8] to reformulate the original stochastic optimal
control problem as a (larger) deterministic optimal control problem.

By means of the chaos expansion we express the considered stochastic pro-
cesses in a Fourier-like fashion in terms of deterministic coefficient functions and
orthonormal basis polynomials spanning the underlying Wiener chaos space. Fol-
lowing this construction the driving force of the stochastic processes, i.e., the
Brownian motion, can be represented in terms of Gaussian random variables. This
is closely related to its Karhunen-Loéve expansion [14,24].

However, in order to reformulate the appearing SDE as a system of ordinary
differential equations (ODEs), the stochastic integral characterizing the diffusion
has to be treated cautiously, because one has to integrate with respect to a function
that is nowhere differentiable. Thus it cannot be approximated straightforwardly.
In the context of this paper we utilize Malliavin calculus [30,31] to overcome this
difficulty. The resulting propagator, appearing in a related fashion in [25,26] for
solving a class of partial differential equations with random forcing, is enhanced
afterwards to controlled SDEs. It implicitly includes all randomness of the original
SDE, which is due to the underlying Hilbert space theory. But in doing so it is
crucial to implement feedback formulations of the control process to preserve the
non-anticipativity of optimal decision rules.

The emphasis of this paper is on one side on the idea of transforming a stochas-
tic optimal control problem into a deterministic one, which can be solved by sophis-
ticated methods of optimal control afterwards, e. g., Bock’s direct multiple shooting
approach [6], which is based on the general multiple shooting ideas of Osborne
and Bulirsch [34,7]. Additionally, the proposed transformation opens the possi-
bility to apply state-of-the-art methods for deterministic optimal control in the
broad context of random processes. On the other side, we illustrate the methodol-
ogy introduced here with numerical examples that yield very encouraging results,
establishing the potential for huge computational savings compared to standard
approaches in stochastic optimal control.
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The paper is organized as follows. In Section 2 we introduce the general chaos
expansion and give an overview on the important parts of Malliavin calculus we
need for our approach. In Section 3 we apply these ideas to stochastic differential
equations and in Section 4 to stochastic optimal control problems, resulting in
a transformation to deterministic ones. In that context we establish a method to
preserve the feedback character of the control policy. In Section 5 we shortly review
the direct multiple shooting method for convenience. In Section 6 two numerical
examples illustrate our novel approach to solve continuous finite-horizon stochastic
optimal control problems.

2 Notations and Mathematical Preliminaries

2.1 Statement of the Problem

Let {Xt}¢g[0,1) be a nx-dimensional stochastic process within the probability space
(2,F,P) and {Bt}ic[o,1] a np-dimensional Brownian motion. Then in the further

course of this work we consider the finite-horizon stochastic optimal control prob-
lem

T
min E / L(t, X, ug) dt + G(T, X1) (1a)
ue 0
s.t. dXy :b(t,Xt,ut)dt+U(t,Xt,ut) dBy, (1b)
Xo = X0, (1C)

with cost functional (1a) and b and o describing the drift and diffusion parts of the
random state process where X; € X C R™X for all ¢ € [0, T]. For notational ease we
often write only X = {X;}, whenever the time interval [0, T] is obvious. Assuming
its existence in L?(£2 x [0,T]) for the moment, this process {X;} is driven by the
controlled Ito stochastic differential equation (1b) with initial condition (1c). We
assume to stop the process at the final time T rather than letting it evolve until
it leaves a predefined region G. The control uz € U C R™* that is chosen over a
set A of admissible controls to minimize the cost functional (1a) then has to be
a stochastic process {u;} = {u(t,w)} as well. Moreover, it has to be at least Fi-
adapted since the decisions we take at time instant ¢ € [0, T] can only be depending
on what already happened up to ¢t. The most common choices of admissible control
functions [33] are

— deterministic controls u(t,w) = u(t),

— open-loop controls u(t,w) which are non-anticipative with respect to the Brow-
nian motion {B:}, and

— Markov controls u(t,w) = um (¢, X¢(w)) with a non-random and Lebesgue-mea-
surable function up;. With such a control the process {X;} becomes an Ito
diffusion. Furthermore, we assume uy; to be sufficiently smooth.

In the following we restrict ourselves to Markov controls, writing simply u; =
u(t, Xt).

The goal of this work is to transform the stochastic optimal control problem
(1) into a deterministic optimal control problem that can be solved by existing
sophisticated methods like, e.g., the direct multiple shooting approach [6]. One
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important aspect is that we have to preserve the feedback character of the Markov
control.

2.2 The Wiener Chaos Expansion

The basic concept of the presented idea is the Wiener chaos expansion going back
to the work of Norbert Wiener [42] who introduced the homogeneous chaos, an
orthogonal development for nonlinear functionals based on a Gaussian measure.
Cameron and Martin [8] generalized this first idea as they used Fourier-Hermite
functionals to construct an orthogonal basis for nonlinear functions. The first at-
tempts of applying the idea to problems with random phenomena have again been
done by Wiener [43]. Based on [8], Wiener’s expansion of functionals can be gen-
eralized to hold for arbitrary random processes [32,40]. Especially in the past few
years, the concept of polynomial chaos has attracted much attention again, e.g.,
in technical applications like calculations of von Mises stress [1] or robustness in
shape optimization [39]. Further on, there is a deep connection between the poly-
nomial chaos and the general Hilbert space theory, [11] and [13] give a detailed
explanation and discussion on that topic.

Based on [42], we have the following theorem, cf. [8, Theorem 1] as well as [31,
Theorem 1.1.1]:

Theorem 1 (Cameron and Martin) Assume that the process {X:} satisfies the
integrability condition E [fOT | X¢|? dt} < 00, i.e., {Xi} € L*(2x[0,T]). Then X¢ can
be expanded in [0,T)] as

Xi =Y walt) ¥ (€) )

with (deterministic) coefficient functions xo(t) and {¥*(£)}a being an orthonormal
basis of the Wiener chaos space L*(2 x [0,T]).

Within this theorem, o denotes a multi-index from the set

o0
a; >0, |a|=2ai<oo}. (3)
i=1

For convenience, in the rest of this paper we shortly write

I = {a = (ai)i21

a=0 if a; =0 for all 4,

== ej if Q; = 5”
To construct the basis polynomials 7 (¢) we first need [26, Chapter 2.3]

Lemma 1 Let {m;(t)} be an orthonormal basis of the Hilbert space L*([0,T]). Then
the Ito integrals

T
6= /O mi(t) dB; (4)

define independent standard Gaussian random variables.
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Definition 1 With the one-dimensional Hermite polynomials

_ (D" 2 At ety
Hy(z) = G (5)
the basis polynomials of the Wiener chaos space are defined by
v (&) = Vol [[ Has (&), (6)

where a! as the product of all component’s factorials.

From that definition and the properties of the Hermite polynomials one directly
shows the orthonormality of the basis polynomials, which are often referred to as
Wick polynomials.

Hence, the coefficient functions z«(¢) can be interpreted as projections of the
process X; onto the corresponding chaos basis as in a Fourier-related manner. It
holds

za(t) = E[X:0?].
Particularly the coefficient function of order zero obtains a special meaning. It
coincides with the expectation of the process X, as the basis polynomial of order
zero is identically one.
zo(t) =E {thvo} =E[X]. (7)

In a similar fashion the variance of X; and, consequently, all higher moments can
be expressed in terms of the coefficient functions z«(¢) only, compare [1].

Lemma 1 additionally reveals a connection to the Karhunen-Loéve erpansion
(KLE) of the Brownian motion {B;}. Due to the scaling property of this process
we can restrict the considerations to the time interval [0, 1]. Then the KLE is de-
termined from the eigenvalues and eigenvectors of the covariance between two time
points s, t [14,24]. In the special case of the Brownian motion with covariance func-
tion C(s,t) = min{s,t} one calculates the eigenvalues \; and their corresponding
eigenfunctions v;(t)

/\i:%, vi(t):\/isin((ifl)m?, i=1,...,00,
(i-3)" = 2
obtaining the KLE

00 .

B(t7 f) = (’L — 1) 61 (8)
i=1

For larger time horizons [0,7T] one has to modify the time variable as it is done,

e.g., in [4] or [26]. On the other hand, keeping (4) in mind, one can rewrite B; by

its Fourier expansion [26]

B =306 [ mi(s)ds. ©)
i=1

This expansion converges in the mean square sense. Letting the orthonormal basis
{m;(t)} of L%([0,1]) be given by

m;i(t) = V2 cos ((z - %) 7rt> ,

one obtains (8) again.
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2.3 Malliavin Calculus

The second major concept that we need for the transformation of the stochastic
problem (1) into a deterministic one is Malliavin calculus. Extensive introductions
to the topic can be found in, e.g., [30,31]. Here we only want to summarize the
essential ingredients needed for the presented method to solve problems of type
(1). Again, we use the Hermite polynomials (5) and the chaos basis functions ¥
(6).

Let W = {W(h) | h € H} denote an isonormal Gaussian process defined in
(92, F,P) and associated with the Hilbert space H. (Compare Lemma 1, i.e., the
definition of the variables & depending on m; € L?, & = W(m;).) Further on,
assume F' to be a square-integrable, smooth random variable of the form

F=f(W(h1),...,W(hn)) (10)
with f € C3°(R™) and h; € H,i=1,...,n

Definition 2 (Malliavin derivative D, [31]) The Malliavin derivative of a smooth
random variable of the form (10) with respect to the chance parameter w € §2 is
the H-valued random variable

DF:iaif(W(hl),...,W(hn))-hi. (11)

i=1

By that definition, we interpret DF as a directional derivative. We denote the
domain of D in L?(£2) by D*2. This space is again a Hilbert space with the scalar
product

(F,G)12 =E[FG]+E[(DF,DG)y].

Additionally, the derivative of a random variable F € D*? is a stochastic process
denoted by {D¢F}icio, 1)

To give an illustrating example, let us calculate the Malliavin derivative of the
basis polynomial ¥ (¢), which is indeed a random variable in D2,

Ezample 1 Consider the basis polynomial ¥*(¢) defined by (6) for fixed o € Z. We
deduce (exploiting the rules for differentiating Hermite polynomials of the form
(5) and the definition of the random variable &;)

Ds¥®(€) = Ds (\/a HHai(W(mi))>

= Z Val! H Haz(&) Hajfl(gj)m](s)
z#J

j=1

o0

Z m;(s) v D (€) (12)
with the diminished multi-index o~ (j) defined as

07 () = {"_1 e (13)

1=
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The next component we need is the divergence operator.
Definition 3 (Divergence ¢, [31]) We denote by ¢ the adjoint of the operator
D. That is, § is an unbounded operator on L%(£2; H) with values in L?(£2) such

that the domain Dom § of the divergence is the set of H-valued square integrable
random variables u € L?(£2; H) that are bounded according to

|E[(DF,u)g]| < c||Fll2

for all F € D*? and a constant ¢ depending on .
If u € Dom ¢ then 6(u) € L?(£2) is characterized for any F € D%? by

E[F3(u)] = E[(DF,u)n]. (14)

Equation (14) provides the important integration by parts formula we need later
on to transform the SDE determining the process {X;} into a system of ODEs. In
the context of stochastic integrals we have:

Proposition 1 ([31]) Let {Bt}c(o,1) be a d-dimensional Brownian motion and con-
sider by L2 the closed subspace of adapted processes in L?([0,T]% x £2). Then L2 C

Dom 6 and the divergence operator restricted to Lg coincides with the Ito stochastic
integral, 1. e.,

d T )
() :Z/O ul dB}.
i=1

Following from that proposition and (14) we obtain a customized integration
by parts formula restricted to the time interval [0, ¢].

Lemma 2 Let X; be a square integrable and Fi-measurable random variable for all
t € [0,T]. Then for all F € D*? we obtain the formula

E{F-/Othst}:E[/OtDSF-XSds} (15)

Proof We directly calculate

t
E{F/ Xsst} =E
0

=E

T
F/ X L{s<sy dBs
0

T t
/ DsF - Xslpcpy ds} =E {/ DSF~XSds} ,
0 0

=E[F5(X)| =E[(DF, X)x]

where X simply denotes the restriction of the process X to the interval [0, ].
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3 Stochastic Differential Equations and the Wiener Chaos

As only a small number of stochastic differential equations can be solved analyti-
cally, a very important issue is the numerical approximation of their solution. [17]
describes many different algorithms for that task, using adaptions of deterministic
numerical integration schemes to the stochastic necessities, e. g., stochastic Taylor
approximations. However, all of these algorithms make use of random numbers.
In this section we show how the aforementioned ideas of the Wiener chaos can be
used to transform a given Ito SDE into a system of ODEs which, thereafter, can
be solved by sophisticated methods for deterministic differential equations.

Let us start with an uncontrolled (one-dimensional) process {X;} defined by
the autonomous SDE on the time interval [0, 7], i.e.,

dXt = f(Xt) dt + d)(Xt) dBt, X() = o, (16&)

or, conveniently, written in its integral form

t t
Xt:xo—i—/ f(Xs)ds+/ 6(Xs) dB. (16b)
0 0

The generalization to multi-dimensional processes {X;} and {B;} follows straight-
forwardly. Here we focus on the basic idea. We can apply the Wiener chaos ex-
pansion (2) from Theorem 1 if the SDE (16) has a square integrable solution in
[0,T].

Theorem 2 Let {Xt} be given by (16) and assume that {X:} € L*([0,T] x £2). Then
Xt can be written in its Wiener chaos expansion

X =Y walt) 77 ()

acl

with the coefficients xo(t) determined by the following propagator on [0, T

Sa(t) = F(Xt)a + D /a5 m;(t) $(Xe)a-(j), (17a)
j=1
2a(0) = 1{a=0} * Zo- (17b)

Within this system of ODEs, fo and ¢o denote again the a-coefficients of the chaos
expansions of the functions f and ¢ (depending on Xt) and o™ (j) the diminished
multi-indez as defined in (13).

Proof Inserting the expansion (2) into (16b), multiplying with the basis polynomial
P (), B € T, and calculating expectations yields for all 8 € Z and ¢ € [0, T

alt) =20 1m0y + [ E[s00000)] s 2[00 [ oxan].

While the first appearing integral is deterministic and the expectation within can
be represented by the corresponding coefficient function of the expansion of f(X¢),
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the second integral has to be treated with the integration by parts formula (15).
This yields

t t
zg(t) = wo - L{g—0} +/0 f(Xs)pds+E {/O Dswﬁ(i)cﬁ(xs)dS]
t
=x0 - ]]‘{520} —I—/ f(Xs)g ds
0

+3 [ VEm e E [ e O] ds
t ” 0 t
::x0-1{520}+1£ f@YQBds4f§;uA VB mi(s) 6(Xe)s- gy ds. (18)

As for all 8 € Z there are only a finite number of non-zero components 3;, i > 1,
compare (3), the formally infinite sum on the right-hand side of (18) is in fact
finite. Hence, the assertion follows after differentiating with respect to t¢.

Remark 1 Keeping in mind the definition of the random variables &; (4) and their
significance in constructing the Brownian motion (9), we see that all information
about the behavior of the stochastic process { X} is implicitly captured within the
deterministic ODE system (17).

In the context of a special class of stochastic partial differential equations driven
by Gaussian white noise, a similar propagator is derived in a somewhat related
fashion in [25], the references within, and, based on that, [26].

One major advantage of this approach of solving SDEs is that the expectation
of the process, E[X;], is directly given by the zero-order coefficient z(,_qy(t)-
Hence, it need not be calculated by, e.g., Monte Carlo methods, where a huge
amount of sample paths (computed by some standard stochastic integration meth-
od) is necessary. Here, if one is interested in special sample paths, they can be
determined by using different realizations of the random vector £ after the system
has been solved. Similar to the expectation, the variance of the process and all
higher moments are completely specified by the deterministic coefficient functions
of the chaos expansion.

4 Stochastic Optimal Control
4.1 The Propagator of the Control Problem

Let us return to the stochastic optimal control problem (1). In particular, the cost
functional (given by (1a)) or value function

&(t,r) =min E

T
/I@JM@®+MR&J
u€A t

X = m:| (19)
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satisfies for each initial value (¢, ) the Hamilton-Jacobi-Bellman partial differential
equation (PDE) [18,33]

. o & o
0 = inf {L(t,x,u) + 5, (o) + ;b (t,z,u)a—mi(t,x)

(20)
1, T &P
i,j=
with the final condition
&(T,z) = G(T,x) (21)

for each (initial) value (¢, z).

The approaches of solving such kind of problems include tackling this PDE
directly [9,18]. However, one cannot guarantee the assumptions in all cases, as
the determination of appropriate boundaries is intricate in most applications, [33].
Therefore, we prefer the use of direct methods. Successful approaches based on
Markov chains can be found in, e. g., [20,21] or [3,19].

As an alternative, our novel methodology applies the ideas of the previous
section to the control problem (1). Therefore, we have to consider a controlled
SDE (compare especially Equation (1b)), where we proceed in a similar way as
above to obtain the propagator of the system. Besides the expansion of the state
process { X} we have to include a second chaos expansion determining the control
process {ut}, i.e.,

u =Y ua(t) UO(E). (22)

acl

Remark 2 By incorporating expansion (22) directly in the propagator obtained for
a controlled SDE, we cannot guarantee the assumed feedback character of the
Markov control u; = u(t, X;) anymore.

From a computational point of view, there is another disadvantage of directly
implementing the expansion (22) of the control process: The final deterministic
optimal control problem we want to deduce would contain the same number of
state and control functions uq(t) and xq(t). Hence the resulting problem would be
very hard to solve numerically.

The remedy to both problems lies in

Theorem 3 Assume that the Markov control uy = u(t, Xt) can be Taylor-ezpanded in
terms of Xi¢. Then by considering the q-th order polynomial

q
wl(t, Xo) = > i(t) X, (23)
=0

the original control coefficients ua(t) of (22) are characterized completely by the g+ 1
new control functions u;(t), 1 =0,...,q, and the state coefficients T (t). Furthermore,
the resulting control ug is automatically non-anticipative and tends to uy for ¢ — oco.
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Proof In contrast to expanding u(¢, X¢) in ¢, for calculating the expansion in terms
of X; we do not need a stochastic Taylor expansion. Thus, an (infinite) Taylor
expansion in X; = a yields

— 1 9
n n
up = nZ::o = %qﬁ (X0, (Xe —a)
which can always be rewritten in powers of X;. Hence, with defining new control
functions 4;(t) as the coefficient terms of these powers, one arrives at the infinite
version of (23). Similarly, a finite version up to order g can be defined with the g-th
term corresponding to the remaining error. The convergence to u; follows directly
and so does the non-anticipativity as we express u; through the state process which
fulfills the property by definition.
Now if we compare (22) and (23)

q
D ualt)P(€) = ai(t) Xi (24)
1=0

a€l

by inserting the chaos expansion (2) of X; and projecting the resulting expression
onto the chaos bases, we obtain a system describing the original control coefficients
ua(t) by the new control functions u;(¢) and the state coefficients z«(t), while
having the feedback character of the Markov control included implicitly.

Example 2 Assume q = 2. Then the quadratic and non-anticipative expansion of
the control process {u:} is given by (22), where the coefficients uq(t) are defined
by the system

ua(t) = to(t) - Lig=oy + @1(t) - za(t)

+ao(t)- D> Y (7, B8) Tacyrs(t) Topp(t)  (25)

BET 0<~<a

for all @ € T and C(a, v, 8) given by (compare [26])

_ a\ [(v+B) [a—v+8
()]

All multi-index operations are defined component-wise, including the binomial co-
efficient that is calculated as the product of the component’s binomial coefficients.
Note as well that by 0 <y <« it holds a+~v—8€Z and v+ 8 € Z.

Combining Theorems 2 and 3 we obtain a deterministic reformulation of the
controlled SDE (1b). Hence, the only missing part of our transformation method is
the objective function (1a) of the original stochastic optimal control problem. But
as this is already formulated as an expectation value, it can be rewritten directly
in terms of the deterministic coefficients x4 (t) of the state process {X:} and the
(new) control functions 4;(¢). We give a detailed example in Section 6.

Remark 3 To reflect that optimal controls can be discontinuous, our preference for
solving the resulting deterministic control problem after applying expansion (23) is
Bock’s direct multiple shooting approach, cf. Section 5. Within this method controls
are identified on a discrete multiple shooting grid, see (30), allowing discontinuous
control profiles for each 4;(t), i =0,...,q.
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4.2 Truncating the Propagator

For numerical applications the propagator certainly has to be truncated. Basically,
there are three major types of truncation:

— The order q of the corresponding expansion from the approximation (23) of
the Markov control.

— The number k of random variables &;, ¢ = 1,...,k that are used within the
construction of the basis polynomials (), £ = (&;);=1,... k- Note that due to
their construction (4) via the basis polynomials m;(t) of L?([0,T]), the random
variables &; give less information for increasing index 3.

— The maximum order p of the basis polynomials. Note that the coefficient func-
tions with corresponding basis polynomial ¥¢ with |a| = p give less information
for increasing p.

From the second and third type we obtain the (simply) truncated multi-index set

k
ai>0,2ai<p}. (27)

i=1

Thp = {a = (a1,...,ag)

Ezample 3 If we consider again the Brownian motion process { B¢} by its expansion
(8) or (9), the importance of the truncation number k& is shown in Figure 1.

Karhunen-Loéve-Expansion of B; on [0,1] KLE of By, zoomed
0.5

Bt

25 L L L L -1
0 0.2 0.4 0.6 0.8 1 0.2 0.3 0.4

Time t Time t

Fig. 1 Example paths for the truncated Karhunen-Loéve expansion of a Brownian Motion
By. The left figure shows sample paths for varying k on the time horizon ¢ € [0,1], the right
one a zoomed part of that plot.

4.3 Sparse Truncation

As already stated in the previous section, the importance of the coefficients z« (t)
decays depending on the order p of the basis polynomials ¥* and the decaying rate
of the Gaussian expansion, i. e., the index of the random variables &;, ¢ € {1,...,k},
used for the construction of ¥ (¢). Especially if we consider coefficients with index
&, where |a| is large and & consists of a combination of random variables &; with
large indices j, the information gained is very low.

Hence, we define a sparse indez for truncating the index set Z (compare [10,
26)).
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Definition 4 Let p be the maximum order of the index «. Then the sparse index
r=(ri,...,rg) fulfills p=7r1 >r2 > .-+ > r; and we define the sparse index set

Thp = {(ca,..., o) |l <p,a; <ri¥Vi}. (28)
Ezample 4 Let k = 5 and p = 3. Then a possible choice of r is r = (3,2,2,1,1).
Figure 2 visualizes the sparse index set Z, ,. For constructing the first order poly-
nomials all five random variables (and the corresponding first-order Hermite poly-
nomials) can be used. The second order polynomials are comprised by all possible
combinations of first-order Hermite polynomials depending on &1, ...,&5 and the
second order Hermite polynomials of &1, &2,£3. Analogously, the third order poly-
nomials are constructed.

p p
3 3
2 2

_r.
1 1
k \
&1 & &3 & & &1 & & & &
Fig. 2 Schematic example of a sparse index r = (3,2,2,1,1) in comparison with the full

index set for £ = 5 random variables and maximum order p = 3 of the chaos basis polynomials

().

Remark 4 By using this sparse index set Zj, , the number of coefficient functions
z«(t) appearing within the propagator can be reduced drastically without impair-
ing the solution much. In the above Example 4 the full index set Ty, consists of
(kk';';’!)! = 56 terms [1,26], whereas the sparse truncated index set includes 42 terms
(compare Tables 1/3).

An even better reduction can be achieved if we use an adaptive index r?
that depends on the actual order of the polynomials ¥ with p = |«|, e.g.,
rt=(1,1,1,1,1), r* = (2,2,2,1,0), > = (3,2,0,0,0). That means, in constructing
basis polynomials of order || = 3 we can use all combinations of Hermite polyno-
mials depending on the first two random variables & and & up to orders 3 and
2, respectively. ThU.S7 these are \/6[‘[3(61), \/§H2(€1)H1 (€2), and \/§H1 (fl)HQ(fz)
(see (6) and [26]).

In [26] there is an analysis of the errors made through truncating the propagator
for several examples of solving stochastic partial differential equations via a Wiener
chaos approach. In the context of stochastic optimal control this is a far more
complex task. In Section 6 we give an impression of the error performance by
numerical investigations.

While the usual sparse-grid ideas for polynomial chaos based on the Smolyak
scheme [41,16] cannot be deployed directly in our intrusive-type method, alterna-
tive schemes can be developed from the sparsity-of-effects principle and the least
angle regression or compressed sensing [5,29], which provides a more general trun-
cation than the heuristic approach introduced above.
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5 The Direct Multiple Shooting Approach

Before we take a closer look on numerical examples of solving stochastic optimal
control problems by the introduced chaos approach, we give a short introduction to
Bock’s direct multiple shooting approach [6], which is a progression of Bulirsch’s gen-
eral multiple shooting idea [7]. It provides a state-of-the-art simultaneous method
to solve optimization and simulation tasks at the same time. More information on
this technique can be found, e.g., in [23].

The following deterministic optimal control problem represents the class of
problems we want to solve in the following:

min /t L(t, 2(t), u(t)) dt (29a)
st @) = £t 2(t), ut)), (20b)
z(to) = mo, (29¢)

0 = re(a(to), (t:)), (20d)

0 < ri(z(to), z(te)), (29)

0 < g(t,=(t),u(t)), (29f)

for ¢ € [to,tr] almost everywhere, with differential states z: [to,t] — R™*, con-
trol functions w: [to,tf] — R™*, and an objective function of Lagrange type. All
functions considered are assumed to be sufficiently smooth.

Let z and u be the vectors of states z; and controls u;, then equation (29b)
represents the ODE model with a right hand side f depending on time ¢ € [to, t].
Initial values zo are given in (29¢), (29d) and (29¢) summarize (optional) equality
respectively inequality boundary conditions, and (29f) contains optional state and
path constraints.

The direct multiple shooting methods is based on a first discretize, then optimize
approach to transform the control problem first to a nonlinear program (NLP),
before this finite-dimensional optimization problem is solved to optimality.

The continuous controls are discretized by replacing them with base functions
with local support, such as piecewise constant or piecewise linear functions. These
functions can be described by finitely many parameters, i.e., we select a time grid

to=10<T1 < <Tm=t, meN

and with I, :== [r;,7i41] Vi € {0,...,m — 1} set
u(t) L= ¢i(t,wi), w; € RM, (30)

where the ¢; are the used base functions. Now we have transformed the infinite-
dimensional control « into a finite vector w = (wo, ..., Wm—1).

The states z are discretized using multiple shooting. For efficiency and simplicity
we choose the same time grid as for the controls. In theory, this is no limitation
of generality, as we can refine the grids such that they match and add some con-
straints. We introduce m + 1 new variables sq, ..., s;m which represent the initial
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values of the ODE on each interval I;, respectively the final value s;,. Now we

solve m independent initial value problems Vi € {0,...,m — 1},
I.(t;Ti,Si) = f(taml(t)7¢2(tvwl))v (Sla‘)
:L'(Ti;TZ‘,Si) = S;, (31b)
t € 7, Tit1]- (31¢)

For the numerical results presented in this paper, a Runge-Kutta-Fehlberg method
has been used to solve the initial value problems.

To ensure equivalence to the original problem (29), we have to add matching
conditions, which are the equality constraints

Siv1 = x(Tiq41;7,8) Vie{0,...,m—1}. (32)

As the objective function is separable, it can be computed separately on each
interval by

to

173 m—1
[ pteao.o0) de= 3 Lifrisa) (%)
=0

with .
Li(t) = / L(t/7 :E(t/; Ti, Si), (f)i(t/, wl)) dt/
Ti
and @(t,w) := ¢;(t,w;) for t € I;.
The optional continuous constraints g(¢,z(t),u(t),p) > 0 are evaluated point-
wise on the grid, i.e.,

9(7s, ®(735 73, 84), i (T3, wi)) >0, Vi € {0,...,m}.

Note that due to this the equivalence of the discretized problem to (29) is limited.
However, [37] provides a possibility to check whether the path constraints (29f)
are satisfied over the complete interval and reiterate, if necessary. The transformed
boundary conditions and initial values read

r(s0,8m) =0,

S0 = x0.

The infinite-dimensional optimal control problem (29) has been transformed
into a finite-dimensional NLP, which can be solved with a structure-exploiting
sequential quadratic programming (SQP) method [38,44].

6 Numerical Applications
6.1 A Linear Stochastic Regulator Problem

Our first example for solving optimal control problems driven by SDEs by the help
of the novel chaos approach developed in Sections 3 and 4 is the standard linear-
quadratic stochastic regulator problem [17,33]. The advantage of this academic
example is that we can solve the corresponding HJB equation, i.e., we have an
exact solution to compare our results with.
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We consider the one-dimensional stochastic regulator problem

. L[t oo, o 1 2
min E [5/0 (Xt +ut) dt + §X1} (34a)
s.t. dX: = (Xt + ut) dt + o d By, (34b)
Xo = X9, (346)

where the coefficient o determining the diffusion term is merely a scalar. Then the
optimal Markov feedback rule can be calculated as

ur(w) = u* (8, Xe(w)) = (ﬁtanh (\/i(t - 1)) - 1) - Xy (w). (35)

Thereby we have to keep in mind that the feedback rule at each instant of time ¢
depends on the actual state of the system, as each such pair of time and state can
be interpreted as the initial point of a separate problem. The Markov control u
depends linearly on the state X; of the system and explicitly on the time ¢t. The
optimal cost of the problem is

@ (to = 0,20) = % (1 + v2tanh \/5) x5 + %0‘2 (1 + In cosh \/5)

and the expectation and variance of the solution process can be calculated ana-
lytically as well.

Applying the propagator of Sections 3 and 4.1 to the SDE (34b) in its integral
form, we deduce

za(t) =0 Lig—o} + /Ot (za(s) + uals)) ds
+j§::1 /O a5 m;(s) E [gw’w(g)} ds,

with the control coefficients uq(t) given by (23) up to some order g. The expec-
tation value within the last summand is only # 0 if ™ (j) = 0 or, equivalently,
a = ej, j > 1. Therefore, the resulting system of ordinary differential equations
reads

a(8) = 0(t) + 0 (1) + 0y (1) 1 (e
xa(()) =ux0 - ]]-{oz:O}'

As stated before, we can transform the objective function (34a) by directly
inserting the chaos expansions (2) and (23) of X; and the Markov control w;.
However, our investigations showed that it is numerically beneficial to convert
Mayer-type objectives into their corresponding Lagrange form. Despite a slightly
better convergence behavior, the computational costs are reduced notably.

Hence, applying Ito’s formula [17] on 2(X;) = 4 X7 yields

1 1

E BX%] = %x(%ﬂa [/ (Xt (Xt + ut) + %(72) dt} +E [/ o Xy dBt}
0 0

~—_———

=0

1 1 !
=25+ 0> +E X (Xt +ug) de] .
2"0 " 3 )
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This changes the objective (34a) to
1 [t 1
E {7/ (XE +u%) dt + 4(%}
2/, 2
1, 2 o L[ roa, o
= 5@+ +E|; (Xt+ut+2Xt(Xt+ut)) dt
0
1 2 2 1 ! 2 2
:5@0+0)+E 5 «Xy+m)+2&)dt
0
1 2 2 1 ! 2 2
=@+ +5 [ > ((a:a(t) T ua(t)® + 2xa(t)) d.
0 qez

Finally, for numerical investigations we have to truncate the index set Z appro-
priately. In the sequel we assume a quadratic approximation of the control rule,
i.e., ¢ = 2. Remember that the exact control (35) is only linear in X;. Additionally,
we use different choices of (simply and adaptively) truncated index sets Zy ,,. We
obtain the deterministic optimal control problem

g+t [ (el uale)* +263())

min
o (+),01(+),82(")

a€I}
(36a)

st da(t) = za(t) +ualt) +om;(t)  Iia—e,} (36b)
2a(0) = 0 - L{a=0} (36¢)

with
ua(t) = to(t) - Lya=oy + @1 (t) za(t)
+ dg (t) ’ Z Z C(a’ s B) Lo—y+p (t) Ty+p (t) (36d)

ﬁEIg,p 0<~v<a

as given in Example 2.

The resulting problem (36) can now be solved by sophisticated methods of
deterministic optimal control as it does not explicitly involve random components
anymore. All stochastic information is included within the system (36b). Our pre-
ferred choice is the software MUSCOD-II [22] based on Bock’s direct multiple
shooting approach [6], compare Section 5. The problem (36) includes |Zj | state
functions corresponding to the coefficients z(t) of the chaos expansion and three
control functions as we use a quadratic approximation of the feedback rule. The fol-
lowing numerical experiments have been performed using the initial values zg = %
and zo = 1, the diffusion parameter ¢ = 0.15, and different truncation numbers k
and approximation orders p of the chaos expansion.

Figures 3 and 4 illustrate the behavior of the new control functions (),
i =0,...,p, that we introduce to preserve the feedback character of the Markov
control u¢ = u(t, X¢) of the original stochastic problem (34). Note that we use
a quadratic expansion (23) although the exact feedback rule is only linear in X;
(compare (35)). The solutions shown in Figure 3 are computed by a Gaussian
approximation of the chaos space, i.e., by truncating the index set Z with an



18 Tony Huschto, Sebastian Sager

Control profile g (t) Control profile iy () Control profile @z(t)
1 T T T T 0 T T T T 1 T T T T
exact ag(t) —— exact iy () —— exact dg(t) ——
k=10,p=1 o k=10, p=1 05 L k=10, p=1 1
5 L
05 R
? 0
gk
05 R
0 - 15 - R
gk 1
o b 1
15 L 1
05 b i o
25 R 2| g
ol . . . . 3 . . . . 25 . . . .
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
State State x State x

Fig. 3 Optimal controls of the linear-quadratic stochastic regulator problem (34). The plots
depict solutions of the deterministic optimal control problem (36) resulting from the chaos
methodology, i.e., the new control functions 4;(¢t), ¢ = 0,...,q introduced in the expansion
(23) with ¢ = 2 to preserve the non-anticipativity of the Markov control in its chaos expansion.
In comparison the exact functions (compare (35)) are shown.

Here the new control functions are obtained from truncating the index set Z of the chaos
expansion with £ = 10 random variables and approximation order p = 1, resulting in eleven
basis polynomials that describe the stochastic system. Because of that simple Gaussian ap-
proximation the quadratic expansion of the Markov control collapses to a linear one, whereas
these apparently wrong solutions yield good results.

Control profile o (t) Control profile i (t) Control profile az(t)
1 T T 0 T T 1 T T
exact do(t) — exact d1(t) — exact dz(t) —
k=10, p=2 05 k=10, p=2 05 L k=10,p=2 1
05 b 1
05 R
5 P
b A
e -05 b g
[ L e — 15 b -~ 4
P 2l ]
1 / 1
15 R
05 R f-
25 R o | 1
1 . . . . 3 . . . . 25 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
State = State @ State =

Fig. 4 Optimal controls of the linear-quadratic stochastic regulator problem (34) as in Figure
3. Now the controls are computed for k£ = 10 random variables and approximation order p = 2.
Thus, we come very close to the desired results, including @2 (t) ~ 0 as supposed.

approximation order p = 1. Hence, the system of control coefficients uq () induced
by (23) as in Example 2 is not quadratic in the state coefficients z«(t) anymore.
To justify this, we calculate

up(t) = to(t) + u1(t) xo(t) + uz(t) - Z C(0,0,8) z3(t),
BELk 1

where the last term can merely be seen as a multiple of the process’s variance plus
the quadratic expectation, and for o # 0

ua(t) =41 (t) za(t)

+ 1a(t) - Z (C(a,0,B8) may5(t) 2p(t) + Cla, o, B) z(t) xayp(t))
BELk,1
= U1 (t) za(t) + 202(t) zo(t) za(t),
as all appearing coefficients «, 3, and a + 8 have to be within the index set Zj, ;.
This explains the differences of the exact solutions and the ones shown in the figure.
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Moreover, only & = 10 random variables &; are included in the construction of the
basis polynomials ¥“ used to obtain the plotted solutions. By increasing the order
p, the system of control coefficients becomes quadratic in the state coefficients,
which is why the solutions shown in Figure 4 (computed with k¥ = 10 and p = 2)
come closer to the exact ones, including 42 (t) ~ 0 as anticipated.

Control profile u(t, E[X (1)]) for zg = 0.5 Expectation of X; with zo = 0.5 Variance of X; with zo = 0.5
0 T T T T 0.6 T T T T 0.02 T T T
exact u(t,E[X¢]) —— exact E[X¢] —— exact Var[X¢] ——
02 L k=10,p=1 05 k=10, p=1 k=10,p=1
/ 0.015 | 1
S04 | 1 o4l 1
0.6 4 X
03 - 4 o001 b R
08 | | —
// 02 - i
Al 1 0.005 - B
/ 01 1
12 b R
. . . . 0 . . . . 0 . . . .
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
Time t Time ¢ Time t

Fig. 5 Solution paths of the linear-quadratic stochastic regulator problem (34) with initial
value g = 0.5. All plots show again a comparison of exact solutions and the corresponding path
obtained by the introduced chaos approach, i.e., a solution to the transformed deterministic
optimal control problem (36) with £ = 10 included random variables and an approximation
order p = 1.

The first plot depicts the control profile u(t, E[X¢]), the second one the expectation of the
state process E [X¢], and the third figure its variance Var[X¢].

Absolute error in u(t,E[X¢]) with zo = 0.5 Absolute error in E[X;] with o = 0.5 Absolute error in Var [X¢] with zg = 0.5
2e-2 T T T T le-4 T T T T Te-4 T T T T
k=10,p=1 — k=10,p=1 — k=10,p=1 —
k=20,p=1 e Se-5 k=20,p=1 e Ged k=20,p=1 e
k=40, p=2" k=40,p=2" k=40, p=2"
le2 k=100, p=21 — 6e-5 k=100, p=2" Se-4 k=100, p=21 —

_2¢-2 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Time t Time t Time t

Fig. 6 Absolute errors of the solutions of the linear-quadratic stochastic regulator problem
(34) computed by the novel chaos approach for different numbers & of involved random variables
and orders p to construct the basis polynomials ¥*(£). The sequence of plots is as in Figure 5,
i.e., the first showing the errors within the control profile u(t, E [X¢]), the second errors in the
expectation E [X¢], and the third errors in the variance Var[X¢].

Figure 5 shows different solution paths of the transformed deterministic opti-
mal control problem (36) in comparison with the appropriate exact solutions of
the original stochastic problem (34) for given initial values zo. Again the results
of the chaos approach are obtained with the simple truncation (27) using k = 10
random variables and an approximation order p = 1 for constructing the basis
polynomials ¥ (¢) with a € Zj, .

Within the figure the first plot depicts the optimal control profile depending on
the time ¢ € [0, 1] and the expectation of the process at that time, i. e., the control
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Table 1 Comparison of optimal values and numerical expenses for solving the deterministic
optimal control problem (36) for initial values ¢ = 0.5 (columns 5-7) and xg = 1 (columns
8-10) depending on the type and accuracy of truncating the index set Z. We notice that the
accuracy of the objective function value mainly depends on the number k of incorporated ran-
dom variables ;. Runtime increases with the dimension of the resulting deterministic problems
and the associated coupling of the state variables within the system.

The dagger symbol T denotes the adaptive index sets (depending on k and p) that are used in
Figure 6. The symbol “—” in the r-column indicates that the simple truncation (27) was used,
“sp” marks the use of a sparse and “ad” of an adaptive index (compare Remark 4 and Table
4 for a detailed description of the appropriate index denoted by the reference number).

k p T # coeff.  objective time # SQP objective time  # SQP

Ta value in s value in s
xg = 0.5 xro = 1.0
10 1 — 11 0.301731 2.0 44 1.147880 2.7 52
10 2 - 66 0.301731 186.8 135 1.147879 360.5 300
10 2 sp? 61 0.301731 117.7 101 1.147880 103.1 111
20 1 — 21 0.301898 8.8 46 1.148046 14.4 70
20 2 — 231 0.301898  3341.1 103 1.148046  4948.7 150
20 2 ad? 71 0.301898 168.5 90 1.148046 240.1 124
20 3 ad3 125 0.301898  1053.3 119 1.148046  1020.7 103
40 1 — 41 0.301979 57.8 54 1.148127 85.3 76
40 ot ad? 91 0.301979 694.6 100 1.148127  1211.0 233
100 1 - 101 0.302027 585.6 48 1.148174 888.7 71
100 2f ad® 151 0.302026  3669.9 132 1.148175  3233.5 119
exact 0.302054 1.148191

u(t,E[X¢ | Xo = zo]). By viewing this uncommon profile we get an impression of
the accuracy of the numerically obtained control at states where the process will be
most likely at time ¢. The remaining two plots of Figure 5 show the corresponding
expectation and variance of the process.

From purely visual comparison we see how well the introduced chaos method
works, even for very low approximations of the Wiener Chaos space and even as
the new control functions 4,(t), i = 0,...,q, deviate from their exact counterparts
as we saw in Figure 3. This holds especially if we are interested in calculating the
objective, expectations and possibly higher moments of the solution process for a
given initial value to the original problem because they are a direct byproduct of
the new methodology.

Figure 6 illustrates the absolute errors of u(t, E [X¢]), E [X¢], and Var[X¢] over
time for o = 0.5 and different choices of truncation. We notice that the error
decreases if the number of random variables & and the approximation order p
are increased. E.g., the absolute error of the expectation process E[X;] in the
time interval [0,1] is at most 1-107* for the low approximation (k,p) = (10,1)
and decays to 2- 1075 for (k,p) = (40,2), which is very astonishing. Particularly
the enhancement of the approximation order has a great influence on the error
performance, which is seen most clearly in the error plots of the control profile
u(t,E[X¢]) and the variance Var[X;]. The jagged behavior of the graphs is due to
our choice of constant control base functions (30) for 4;(t), i = 0,...,q, on each
multiple shooting interval, which is carried over to all solution processes.
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Furthermore, Table 1 presents additional information about the performance
of the chaos approach for solving stochastic optimal control problems, depending
on the type and accuracy of the truncation of the index set. Therein we see that (at
least in this first example) the order p of the used basis polynomials ¥ and their
corresponding state coefficient functions x4 is less important than the number of
incorporated random variables k if we desire a good result of the objective function.
Moreover, Table 1 gives the dimensions of the resulting deterministic optimal
control problems (36) and the computational effort to solve them numerically. Note
that by using sparse or adaptive index sets Z, , the number of coefficient functions
within the deterministic system (and, therefore, computation time) can partly be
reduced drastically without impairing the solution. The most astonishing result is
that if we are interested in the objective value, the expectation of the resulting
state process, and its variance for a given initial value zp, we can obtain these
items with very little effort, the appearing relevant systems can be solved in a few
seconds.

However, if one is not only interested in the solution to the stochastic optimal
control problem for one certain initial value xg, but possibly for an environment
of xo, the low approximation of Figure 5 is too inaccurate, as Figure 8 illustrates.

From the left plot we see that using a low chaos approximation, e.g., Gaus-
sian (p = 1) with k¥ = 10 random variables, the control obtained via solving the
resulting deterministic optimal control problem (36) is only accurate for the ini-
tial value zo employed. When we move further in time the control is very precise
for states that the process will attain most likely (see again the left plots in Fig-
ure 5), but additionally there is a certain robustness against deviations from that
states. This is natural due to the randomness that is implicitly captured within
the deterministic system of differential equations (36b). Nevertheless, if we are in-
terested in applying one (optimal) control—that is obtained through one specified
initial value zo—for several control problems depending on a whole environment
of initial values around zq, a low chaos approximation is useless. In that case more
information of the stochastic behavior of the system is needed within the deter-
ministic transformation. In particular, the crucial factor of a better approximation
here is the order p rather than the number of incorporated random variables &;,
i =1,...,k. In this first example it is sufficient to apply the following truncation
with £ = 40, p = 2, and an adaptive index r (compare Remark 4) to obtain the
desired robustness property of the optimal control.

Tioo = {a=(a1,...,cu0) |0 <a; <rf Vie {1,....k} VI € {0,1,2}, |a] < 2;

O =0r"=(1,...,1),7”7=(2,...,2,1,...,1,0,...,0)} (37)
5 5 30

Figure 7 validates this. In general, we notice a connection of the behavior of
the control profiles u(t,z), ¢ fixed, shown in Figures 8 and 7 and the new control
functions 4;(t), ¢ = 0,...,q, in Figures 3 and 4. The better those new control
functions coincide with their exact counterparts, the better the state dependent
profiles at fixed time instants fit and the more robust the solutions become.

Altogether, this simple example shows that up to this point the results of our
novel chaos reformulation of a continuous finite-horizon stochastic optimal control
problem as a deterministic optimal control problem are very promising. In the
next section we consider a problem that cannot be solved analytically anymore.
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Fig. 7 Control profiles as in Figure 8 but for an advanced chaos approximation (37).
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Fig. 8 Control profiles of the linear-quadratic stochastic regulator problem (34) computed by
the novel chaos approach in comparison with the exact solutions. Both plots show controls
u(t, z) for fixed time instants ¢ depending on the state . They are calculated with a quadratic
approximation of the Markov control and a low truncation of the index set Z, i.e., k = 10 and
p=1.

One notices that using this truncation the controls at time ¢t = 0 are only accurate for the
initial value zg of the solved deterministic problem. In the course of time this behavior gets
better, which is due to the implicit capture of X;’s variance within the deterministic system.

In fact, the state process {X;} is determined by a stochastic differential equation
with state dependent diffusion term and a drift that is a nonlinear combination of
X and the control.

6.2 A Nonlinear Example

Let us consider a stochastic optimal control problem with the same objective
function as for the stochastic regulator of the previous section, but with a nonlinear
diffusion driving the state process {Xt}¢e[o0,1]-

: e 1
min E {5/0 (X,? +u%) dt + ixf} (38a)
s.t. dX¢ = X¢ue dt + 0 X dBy, (38b)
XO = XQ. (380)

Because of this enhancement, problem (38) cannot be solved analytically. Nev-
ertheless, in [12] it is shown that a solution to (38) exists, even in a more general
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formulation. Therefore we can apply our chaos methodology again to transform
this stochastic control problem into a deterministic one. Then the propagator of
the SDE (38b) reads as follows (with C(«,~, ) and o~ (j) defined as before and
{m;(t)} denoting the basis functions of L([0,77)):

Ia(t) = Zo - ]l{aEO} +/ Z Z C(av’Yv 6) xa*"/-i-ﬁ(s) u’H‘B(S) ds

0 ez 0<v<a

+ J/O Jz::l Vag m;(s) T () (s)ds. (39)

Therein, the control coefficients uq(-) are again defined via their feedback formu-
lation (23) depending on the new control functions 4;(-), ¢ = 0,...,q. The first
integral in (39) follows from the chaos expansion of X u;.

To reformulate the objective function (38a) in terms of the deterministic coef-
ficient functions, we start again by converting the Mayer-type part using Ito’s
formula. Then inserting the chaos expansions of X; and w; yields the desired
form. With Zj  denoting the truncated index set as before and approximating
the Markov control by a quadratic expansion (compare (36d)), we obtain the de-
terministic optimal control problem corresponding to (38),

. 15 1 /1 2y 2 2
min —x5+ = 1+ zo(t) +ug(t 40a,
0 (), ()2 () D) 0 D) 0 Z ( g ) a( ) a( ) ( )

aely

+2 Z Z Clo, 7, B) a—nyt8(t) Tyyg(t) ualt)| dt

BEL , 0<vy<a

sit. Za(t) = Z Z Clo, 7, B) a—nytp(t) uyyp(t)

BeT; , 0<y<a

+o > yagmi(t)za- () (40b)
j=1
To (0) =20 - ]]-{aEO}' (40C)

As the solution of problem (38) cannot be deduced analytically, we have to
compare the results of our chaos approach with other numerical methods. It is in-
tricate to solve the partial differential HJB equation induced by (38) numerically
because we have no information about appropriate boundary conditions for the
region of interest. In financial problems this can often be overcome by economic
argumentation, however, in this case it is not possible. Therefore, we use the soft-
ware package SOCSol/L [3,19] for obtaining reference solutions. It transforms the
original continuous stochastic control problem into a Markov decision chain by
utilizing the weak FEuler-Maruyama approzimation scheme of the SDE on a prede-
fined time and space grid for the region G of interest. Afterwards, this Markov
decision chain problem can be solved by a dynamic programming technique. Ta-
ble 2 gives an overview of optimal values obtained with that software and the
computational effort needed therefor. Note that while our new chaos methodology
provides the expectation of the process {X;} and the optimal cost automatically,
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within SOCSol4L these quantities have to be approximated by using a Monte
Carlo simulation.

Table 2 Optimal values of problem (38) calculated with the software package SOCSol4L. The
problem was solved in the state space G = [—0.7, 1.2] for different space and time discretizations
Ay and A¢. After calculating optimal policies, the optimal values have been approximated by a
Monte Carlo simulation with 100000 and 1 million sample paths and different simulation step
sizes Agim for the weak approximation scheme of the SDE. Each simulation therefore gives a
different result. The runtimes (in min) include both solving the Markov decision process by
a dynamic programming technique and performing the Monte Carlo simulation to eventually
obtain the desired result.

discretization  # simulations  Agim optimal value runtime in min
0.2113440
Az = 0.005 100000 0.01 0.2117336 100
Ay = 0.001 ’ 0.2115376
1000000 0.2115948 925
Az = 0.002 100000 0.001 0.2112635 1000
Ay = 0.001 1000000 ’ 0.2114620 9200
Control profile u(t, E [X (t)]) for zg = 0.5 Expectation of X; with zp = 0.5 Variance of X; with zo = 0.5
0 T T T T 0.6 T T T T 0.01 T T T T
E[X,] (SOCSoldL) —— _
k=10, p=1
0.0075 | B
02 / I 1
— 0.005 | 1
04 T 4
0.0025 + 4
S04 b 4
u(t, E[X,]) (SOCSolL) —— Var[X¢] (SOCSolL) ——
k=10, p=1 k=10, p=1
L L I I 0.3 L L L L 0 L L I I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time t Time t Time t

Fig. 9 Solution paths of the stochastic optimal control problem (38) with initial value zg =
0.5. All plots show a comparison of paths obtained by the introduced chaos approach, i.e., a
solution to the transformed deterministic optimal control problem (40) with k& = 10 included
random variables and approximation order p = 1, and a reference solution obtained with
SOCSol4L (G = [-0.7,1.2], Az = 0.002, A; = 0.001 and a Monte Carlo simulation with
300000 samples).

The first plot depicts the control profile u(t, E [X¢]), the second one the expectation of the
state process E [X¢], and the third figure its variance Var[X;].

The reference solution that is used within the following figures is obtained
with a state discretization step size A; = 0.002 and a time discretization step
Ay = 0.001. All expectations and variances are simulated with 300000 sample
paths.

Figure 9 shows solution paths of the deterministic optimal control problem
(40) in comparison with this reference solution for the initial value zo = 0.5 and
a diffusion parameter o = 0.3. These solutions are again obtained with a simple
truncation and £ = 10 random variables and order p = 1 for constructing the chaos
basis polynomials ¥ (¢). The order of the plots within is as in Figures 5-6, i. e., the
left plot depicting the control u(¢,E[X;]), the middle one the expectation E [X{]
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Absolute error in u(t, E[X¢]) with zo = 0.5 Absolute error in E[X;] with zo = 0.5 Absolute error in Var [X¢] with zg = 0.5
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Fig. 10 Absolute errors of the solutions of the stochastic control problem (38) computed by
the novel chaos approach for different numbers k of involved random variables and orders p
to construct the basis polynomials ¥ (£) (in comparison to the reference solutions calculated
with SOCSol4L). The sequence of plots is as in Figure 5, i. e., the first showing the errors within
the control profile u(t, E [X¢]), the second errors in the expectation E [X¢], and the third errors
in the variance Var[X¢].

Table 3 Optimal values and numerical expenses for solving the stochastic optimal control
problem (38) with the chaos methodology, i.e., solving the deterministic problem (40) with
MUSCOD-II. We use the initial values zop = 0.5 (columns 5-7) and zg = 1 (columns 8-10),
the diffusion parameter o = 0.3, and different types and accuracies of truncating the index
set Z. The accuracy of the objective function values does not only depend on the number k of
incorporated random variables, but as well on the approximation order p.

The dagger symbol T denotes again the adaptive index sets that are used in Figure 10. The
symbol “—” in the r-column indicates that the simple truncation (27) was used, “sp” marks
the use of a sparse index (4), and “ad” of an adaptive index (compare Tables 1 and 4).

k p T # coeff.  objective time # SQP objective time # SQP

To value in s value in s
xg = 0.5 xg = 1.0

5 2 — 21 0.211509 42.2 234 0.620330 46.7 224
5 3 — 56 0.211502 476.0 215 0.620325 330.6 143
5 3 spt 42 0.211503 170.2 156 0.620326 190.8 163
10 1 — 11 0.211733 6.9 90 0.620489 3.6 46
10 2 — 66 0.211458 759.6 212 0.619768 740.1 192
10 2 sp? 61 0.211458 631.2 202 0.619769 544.8 161
10 3 — 286 0.211451 27311.5 144 0.619761 25650.7 123
10 3 ad! 42 0.211462 233.3 165 0.619799 189.2 120
20 1 — 21 0.211714 14.0 42 0.620214 19.0 53
20 2 — 231 0.211432 18293.5 179 0.619469 11484.4 79
20 2 sp? 216 0.211432 13557.4 121 0.619470 22281.2 179
20 2 ad? 71 0.211439 1557.2 241 0.619498 1337.0 187
20 3 ad3 125 0.211433 7041.0 254 0.619493 5933.2 196
40 2t adt 91 0.211430 2256.8 139 0.619359 2813.2 156
40 3 ad® 145 0.211423 9300.2 118 0.619353 13341.8 153
100 1 — 101 0.211698 1962.9 79 0.619986 3389.7 125
100 2t adS 151 0.211424 12985.6 145 0.619273 14423.5 149
approx. (300000 sim.) 0.211707  169159.0 0.619434 168315.7

and the right one the variance Var[X¢]. And again these paths show that by this low
approximation we obtain very good results if we are interested in the optimal value,
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expectation, and related quantities, even as the state equation (38b) is much more
complex than in the regulator problem and, hence, the deterministic system (40b)
much more coupled. This quality of the solution is confirmed by the corresponding
error plots in Figure 10 and the optimal values stated in Table 3. The very noisy
shape of the absolute errors is caused by the Monte Carlo approximation—even
with the large amount of 300000 sample simulations the values deviate notably
(compare Table 2).

Like for the regulator problem we notice from Figure 10 that especially in-
creasing the approximation order p leads to a decrease of the absolute errors in
the control profile u(¢, E[X;]) and the variance Var[X;], while the expectation is
already very accurately approximated with order p = 1. If we compare the optimal
objective values in Table 3 we see that for this nonlinear example it is not sufficient
to increase the number of incorporated random variables &;, i = 1, ..., k, to obtain
better results; here increasing the order p is important as well.

From a computational point of view Table 3 shows that the deterministic op-
timal control problem (40) is much more challenging than (36). While the number
of SQP iterations needed to solve the problems remains at a comparable level, the
runtime for (40) is notably higher. This results from a distinctive coupling of the
deterministic state functions z, within the ODE system (40b) and, therefore, a
higher expense for calculating their derivatives.

Finally, let us take a look on the control profiles for fixed times ¢ depending on
the state. As in the previous section, the control obtained via the low truncation
(k =10, p = 1) does not allow its application to initial values deviating from =z,
see Figure 11. If we want to guarantee a certain robustness of the validity of a
control u (calculated with initial value zg) for applying it to initial values in an
environment of xo, we have to enhance the accuracy of the chaos approximation.
Figure 12 shows the control profiles u(t, z) calculated for the adaptive truncation
(37), i.e., k=40, p =2, r given by ad*. However, in comparison to the quadratic
regulator problem the impact of this enhancement turns out lower. This might
originate from the fact that the variance of the process {X;} in the actual example
is generally smaller than the variance of the regulator process, hence the process
will not deviate that heavily from its expectation. Nevertheless, qualitatively better
approximations can be obtained by increasing k and p or the order ¢ of the Markov
control expansion further—at the cost of higher computation times.

7 Results

In this paper we developed a novel generic methodology to solve finite horizon
stochastic optimal control problems. Using Wiener’s chaos expansion and Malli-
avin calculus we are able to transform the underlying stochastic differential equa-
tions driving the state process into a system of ordinary differential equations.
Additionally, we ensure the feedback character of the Markov control process by
expanding it in a Taylor-like fashion. Hence, after reformulating the original objec-
tive function in terms of the chaos expansion coefficients, we obtain a deterministic
optimal control problem that implicitly contains all the random information of the
original stochastic problem. This resulting problem then can be solved efficiently
by sophisticated methods of deterministic control.
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Control profile u(t, z) at time t = 0 Control profile u(t, ) at time ¢ = 0.5
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Fig. 11 Control profiles of the control problem (38) computed by the novel chaos approach in
comparison with the reference solutions. Both plots show controls u (¢, z) for fixed time instants
t depending on the state x. They are calculated with a quadratic approximation of the Markov
control and a low truncation of the index set Z, i.e., kK = 10 and p = 1.

One notices again that using this truncation the controls at time ¢ = 0 are only accurate for
the initial value xg of the solved deterministic problem.

Control profile u(t, z) at time t = 0 Control profile u(t, ) at time t = 0.5

. ; .
u(t = 0.5,2) (SOCSoML) —
20 =05

z0=10 —

u(t = 0,x) (SOCSOML) —
20 =05

x0=10 ——
L L L

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

State @ State x

Fig. 12 Control profiles as in Figure 11 but for the advanced chaos approximation (37) with
k = 40 included random variables and approximation order p = 2, using an adaptive index r.

Two numerical examples show that our approach yields very promising results.
If one is mainly interested in the optimal objective value, the expectation of the
optimally controlled state process, and corresponding higher moments for only one
or a small number of initial values, one can obtain fast and reliable results with
quite low approximations of the chaos space. At that, making use of sparse and
adaptive truncation schemes is beneficial to reduce the overall computational effort
without impairing the obtained solution. If the optimizer instead emphasizes the
control profile calculated for a fixed initial value to be robust against deviations in
the initial values to some extent, he has to apply more accurate approximations
of the chaos with more incorporated random variables and a higher order.

However, for more general problems including higher non-linearities or long-
time integration intervals [0, T], higher numerical effort may become necessary [2,
15]. Approaches to overcome this issue are, e. g., partitioning of the random space
or combinations of the Wiener chaos idea with targeted Monte Carlo corrections
[26].

A very important feature of the introduced chaos approach is that we obtain
the objective value, expectations, variances, and all higher moments as a byproduct
of solving the resulting deterministic control problem. Hence we do not need any
simulation to deduce these quantities.
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Therefore, we get an efficient alternative in solving this challenging class of
problems, apart from the Hamilton-Jacobi-Bellman theory and dynamic program-
ming approaches based on Markov chain approximations or quantization of the
stochastic processes. Furthermore, we open the field of applying state-of-the-art
methods of deterministic optimization and control in the broad context of random
processes and stochastic differential equations.

Acknowledgements

The authors like to express their gratitude to Prof. M. Podolskij from the University
of Heidelberg for his helpful comments and suggestions.

This research was supported by the Heidelberg Graduate School Mathematical
and Computational Methods for the Sciences and by the Furopean Union Seventh
Framework Programme FP7/2007-2018 under grant agreement n°® FP7-I1CT-2009-/
248940.

References

1. F. Augustin, A. Gilg, M. Paffrath, P. Rentrop, and U. Wever. Polynomial chaos for
the approximation of uncertainties: Chances and limits. FEuropean Journal of Applied
Mathematics, 19:149-190, 2008.

2. F. Augustin and P. Rentrop. Stochastic Galerkin Techniques for Random Ordinary Dif-
ferential Equations. Numerische Mathematik, 122:399-419, 2012.

3. J.D. Azzato and J.B. Krawczyk. SOCSol4L: An Improved MATLAB Package For Ap-
proximating The Solution To A Continuous-Time Stochastic Optimal Control Problem.
Working Paper of the Victoria University of Wellington, 2006.

4. M. Barczy and E. Igléi. Karhunen-Loéve expansions of a-Wiener bridges. Central Euro-
pean Journal of Mathematics, 9(1):65-84, 2011.

5. G. Blatman and B. Sudret. Sparse Polynomial Chaos Expansions Based on an Adaptive
Least Angle Regression Algorithm. In 19éme Congrés Frangais de Mécanique, Marseille,
2009.

6. H.G. Bock and K.J. Plitt. A Multiple Shooting algorithm for direct solution
of optimal control problems. In Proceedings of the 9th IFAC World Congress,
pages 242-247, Budapest, 1984. Pergamon Press. Available at http://www.iwr.uni-
heidelberg.de/groups/agbock/FILES/Bock1984.pdf.

7. R. Bulirsch. Die Mehrzielmethode zur numerischen Lésung von nichtlinearen Randw-
ertproblemen und Aufgaben der optimalen Steuerung. Technical report, Carl-Cranz-
Gesellschaft, Oberpfaffenhofen, 1971.

8. R.H. Cameron and W.T. Martin. The Orthogonal Development of Non-Linear Functionals
in Series of Fourier-Hermite Functionals. Annals of Mathematics, 48(2):385-392, April
1947.

9. W.H. Fleming and R.W. Rishel. Deterministic and Stochastic Optimal Control. Springer
New York, 1982.

10. Philipp Frauenfelder, Christoph Schwab, and Radu Alexandru Todor. Finite elements
for elliptic problems with stochastic coefficients. Comput. Methods Appl. Mech. Engrg.,
194:205-228, 2005.

11. R.G. Ghanem and P.D. Spanos. Stochastic Finite Elements. Springer, Heidelberg, 1991.

12. Floyd B. Hanson. Stochastic Digital Control System Techniques, volume 76 of Control and
Dynamic Systems: Advances in Theory and Applications, chapter Techniques in Compu-
tational Stochastic Dynamic Programming, pages 103-162. Academic Press, New York,
1996.

13. S. Janson. Gaussian-Hilbert Spaces. Cambridge University Press, 1997.

14. K. Karhunen. Uber lineare Methoden in der Wahrscheinlichkeitsrechnung, volume 37.
Annales Academiz Scientiarum Fennicae, Series A.I, 1947.



Solving Stochastic Optimal Control Problems by a Wiener Chaos Approach 29

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

G. E. Karniadikis, C.-H. Su, D. Xiu, D. Lucor, C. Schwab, and R. A. Todor. Generalized
Polynomial Chaos Solution for Differential Equations with Random Inputs. Report Nr.
2005-01, ETH Ziirich, 2005.

A. Keese and H. G. Matthies. Numerical methods and Smolyak quadrature for nonlinear
stochastic partial differential equations. Informatikbericht Nr.: 2003-5, TU Braunschweig,
2003.

P.E. Kloeden and E. Platen. Numerical Solution of Stochastic Differential Equations.
Springer, Berlin, 3rd edition, 1999.

R. Korn and E. Korn. Option Pricing and Portfolio Optimization. Graduate Studies in
Mathematics Volume 31. Oxford University Press, 2001.

J.B. Krawczyk. A Markovian Approximated Solution To A Portfolio Management Prob-
lem. ITEM, 1(1), 2001.

H.J. Kushner. Numerical Methods for Stochastic Control Problems in Continuous Time.
SIAM Journal on Control & Optimization, 28(5):999-1048, 1990.

H.J. Kushner and P. Dupuis. Numerical Methods for Stochastic Control Problems in
Continuous Time. Springer, 2001.

D.B. Leineweber. Analyse und Restrukturierung eines Verfahrens zur direkten Losung von
Optimal-Steuerungsproblemen. Diploma thesis, Ruprecht-Karls-Universitdt Heidelberg,
1995.

D.B. Leineweber, 1. Bauer, H.G. Bock, and J.P. Schléder. An Efficient Multiple Shooting
Based Reduced SQP Strategy for Large-Scale Dynamic Process Optimization. Part I:
Theoretical Aspects. Computers & Chemical Engineering, 27:157-166, 2003.

M. Loéve. Probability Theory II. Springer, 4th edition, 1978.

Sergey Lototsky and Boris Rozovskii. From Stochastic Calculus to Mathematical Finance,
chapter Stochastic Differential Equations: A Wiener Chaos Approach, pages 433-506.
Springer, Berlin, Heidelberg, 2006.

W. Luo. Wiener Chaos Ezxpansion and Numerical Solutions of Stochastic Partial Difer-
ential Equations. Caltech, 2006.

Harald Luschgy and Gilles Pages. Functional quantization of Gaussian processes. Journal
of Functional Analysis, 196:486-531, 2002.

Harald Luschgy and Gilles Pages. Functional quantization of a class of Brownian diffusions:
A constructive approach. Stochastic Processes and their Applications, 116:310-336, 2006.
L. Mathelin and K. A. Gallivan. A Compressed Sensing Approach for Partial Differential
Equations with Random Data Input. Communications in Computational Physics, 12:919—
954, 2012.

Ivan Nourdin and Giovanni Peccati. Normal Approximations with Malliavin Calculus:
From Stein’s Method to Universality. Cambridge University Press, 2012.

David Nualart. The Malliavin Calculus and Related Topics. Springer, Berlin, Heidelberg,
New York, second edition, 2006.

H. Ogura. Orthogonal functionals of the Poisson process. IEEE Transactions on Infor-
mation Theory, 18(4):473-481, 1972.

B. Qksendal. Stochastic Differential Equations. Springer, Berlin, Heidelberg, 6th edition,
2007.

M.R. Osborne. On shooting methods for boundary value problems. Journal of Mathe-
matical Analysis and Applications, 27:417-433, 1969.

Gilles Pages and Huyén Pham. A Quantization Algorithm for Multidimensional Stochas-
tic Control Problems. Pre-print 697, Laboratoire de Probabilités & Modeles Aléatoires,
Universités de Paris 6/7, 2001.

Gilles Pages and Jacques Printems. Optimal quadratic quantization for numerics: the
Gaussian case. Monte Carlo Methods and Appl., 9(2):135-165, 2003.

A. Potschka. Handling Path Constraints in a Direct Multiple Shooting Method for Optimal
Control Problems. Diploma thesis, Universitat Heidelberg, 2006.

M.J.D. Powell. A fast algorithm for nonlinearly constrained optimization calculations. In
G.A. Watson, editor, Numerical Analysis, Dundee 1977, volume 630 of Lecture Notes in
Mathematics, Berlin, 1978. Springer.

Claudia Schillings and Volker Schulz. On the influence of robustness measures on shape
optimization with stochastic uncertainties. Technical report, Universitat Trier, 2012.

A. Segall and T. Kailath. Orthogonal functionals of independent-increment processes.
IEEE Transactions on Information Theory, 22(3):287-298, 1976.

SA. Smolyak. Quadrature and interpolation formulas for tensor products of certain classes
of functions. Soviet Math. Dokl., 4:240-243, 1963.



30

Tony Huschto, Sebastian Sager

42.

43.

44.

N. Wiener. The Homogeneous Chaos. American Journal of Mathematics, 60:897-936,
1938.

N. Wiener. Nonlinear Problems in Random Theory. Technology Press of the Massachus-
sets Institute of Technology and John Wiley & Sons Inc., New York, 1958.

R.B. Wilson. A simplictal algorithm for concave programming. PhD thesis, Harvard
University, 1963.

A Sparse and Adaptive Indices

Table 4 List of (sp)arse and (ad)aptive indices used for the numerical examples in Section 6.
The reference numbers coincide with those in Tables 1 and 3, the dagger symbol T denotes the
combinations used in the figures.

symbol k p index r

spt 5 3 r=(3,3,2,1,1)

sp? 10 2 r=(2,2,2,2,21,1,1,1,1)

sp? 20 2 r=(2,2,2,22,1,...,1)

ad! 0 3 rl=(,...,1
r? =(2,2,2,2,2,2,0,0,0,0)
r3 =(3,3,3,0,...,0)

ad? 20 2 rl=(1,...,1)
r?=(2,2,2,2,2,1,1,1,1,1,0,...,0)

ad3 20 3 rl=(,...,1)
r? =(2,2,2,2,2,2,1,1,1,1,0,...,0)
¥ =(3,3,3,2,2,2,0,...,0)

ad* 40 2 rl=(,...1
r?=(2,2,2,2,2,1,1,1,1,1,0,...,0)

ad® 40 3 rl=(@,...,1
r?=(2,2,2,2,2,2,1,1,1,1,0,...,0)
¥ =(3,3,3,2,2,2,0,...,0)

ad® 100 2t rl=(1,...,1)
r?=(2,2,2,2,2,1,1,1,1,1,0,...,0)




