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Abstract. An important step in solving a stochastic optimization problem is the search for an
efficient method for discretizing the distribution of the random parameters. This step becomes even
more critical when one works with multistage problems for which the discretization of the underlying
stochastic process leads to a scenario tree of potentially gigantic size. Finding smartly designed
scenario trees is therefore essential to broaden the class of solvable multistage problems. In this
paper, we introduce a new approach for generating scenario trees based on a quality criterion
called the figure of demerit, which takes into account the structure of the optimization problem to
design suitable scenario trees. This approach is versatile as it can be applied to essentially any
problem, regardless of linearity, convexity, etc., and combined with a great deal of discretization
methods used in numerical integration. The way it is implemented, however, depends on the
properties of the problem and the stochastic process, and is explained through examples and
algorithms.
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1 Preliminaries

Multistage stochastic programming provides a mathematical framework for modeling and solving
multistage decision-making problems that involve uncertain parameters. Sources of uncertainty
are numerous in real-word optimization problems: the prices of assets in a portfolio optimization
problem; see, e.g., Ziemba [44] and Yu et al. [43]; the energy demand and price, and the natural
inflows in reservoirs in a hydroelectricity production problem; see, e.g., Wallace and Fleten [42]
and Kovacevic et al. [21]; the number of customers on each route of a transportation network in
a network design problem; see, e.g., Louveaux [24] and Powell and Topaloglu [34]; etc. Provided
a probability distribution is available for the underlying stochastic process —most often inferred
from available data— a multistage stochastic programming problem (MSPP) can be formulated and
addressed using different approaches; see, e.g., Ruszczynski and Shapiro [36], Birge and Louveaux
[1], and King and Wallace [20].

In this paper, we consider a MSPP with discrete stages ¢ = 0,1,...,7T, with T" € N4, and for
which the objective function is given as the expectation of a revenue function. The revenue function
depends on the uncertain parameters, which are modeled at each stage t = 1,...,T by a R%*-valued
random vector &, and on the decisions y; € R* made at ¢t = 0,...,T with the goal to maximize
the objective function while satisfying the constraints; for the sake of clarity and without loss of
generality we assume that s; = s and d; = d for all £. For notational convenience, we add an
artificial random vector €y at stage 0 that takes only one possible value &, with probability one. We
consider, therefore, the following dynamic of actions from stage 0 to 7"

Yo = x0(&0) Rl y1 = 21(yo; &0, 1) Ly yr =27y r-1;€ 7). (1)

This dynamic means that the decision gy is made when only the non-random information & is
available, then a realization £; of &; is revealed and based on it a decision y; is made at stage 1.
The decision y; is therefore a function of yo and (&p,&1), which we denote by y1 = x1(yo; &0, &1)-
Note that we keep the notation with y’s for decision vectors and the notation with x’s for decision
functions; the latter are functions of the y’s and the random parameters £. At each stage t > 2, the
decision y; = x4(y.1—1;&.+) is a function of the previous decisions y_ ;1 := (yo,¥y1,---,yt—1) and the
random information & ; := (&, &1, ..., &) available at this stage.

The MSPP considered in this paper can be formulated recursively by introducing the stage-t
recourse function QQf and the stage-t expected recourse function Q¢, which are linked by the following
set of stochastic dynamic programming equations:

Qi (y.1-1;8.1) = sup Qit(Y.t-1,y:8.0), t=0,...,T, (2)
Y+ €Ye(y..t—1;6..¢+)CRS
Qu(y.:6.4) = E[Qr1(y.1;€ 4+1) €0 = € 1], t=0,... . T—1, 3)

where the set-valued mapping (y.;—1,£.+) = Yi(y.1—1;€.+) € R® models the feasible set at stage t

and, to complete the definition at the first and last stage, the equation (2) is initialized at t = T' by
setting

Qr(y.m:&1) =q(y.7:&.7), (4)

where ¢ : RT+Ds x R4 5 R is the revenue function, and at t = 0 we remove the y_;_j-argument
of the feasible set and recourse function, i.e.,

Yo(y.0-1:6.0) = Yo(&%) and  Qg(y.0-1:€.0) = Qp(&o)- (5)

The quantity Qf(&o), which is no longer a function as y takes only one value, is the optimal-value
of the MSPP. The optimal decision policy of the MSPP is the sequence (zf, 27, . . ., %) where x(&o)
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is a maximizer of Qo(-;&) and x}(y. —1;& +) is a maximizer of Q;(y.¢—1,-;€.+) in (2). We refer to
Keutchayan et al. [19], which provides the ground for our approach, for a complete and rigorous
presentation of the MSPP.

Example 1.1. An important particular case of the above general problem is the semi-linear MSPP
(linear in the constraints, non-linear in the revenue function) for which the following simplifications
occur:

o ¢y & 1) = ZtT:o Qe (ye; &)s
e Yo(60) = {yo € R*: Ao(0)yo = bo(&0), o > 0};
o Yi(y.1-1;64) = {ye € R®: Ay(&)ye + Bi(e)ye—1 = be(&r), ye > 0} for every t = 1,...,T;

where qo(-;&0), bo(&o), Ao(&o) are deterministic function, vector and matrix, respectively, and
qr(-5&), be(&), Au(&), Be(&), for t = 1,...,T, depend on & and hence are realizations of ran-
dom quantities. In a linear MSPP the revenue function is further simplified as g (y¢; &) = ¢ (&) Ty

In this paper, we consider the MSPP in its general form (2)-(3), along with the set of conditions
detailed in Keutchayan et al. [19] ensuring that it is well-defined, as the mathematical developments
below allows to consider essentially any MSPP.

Problems in the form (2)-(3) are generally hard to solve. First, the exact computation of
the expectation (3) cannot be carried out in most applications involving continuous distributions.
Second, even when the distribution sits on finitely many points, the size of the resulting problem
(measured in terms of the number of decision variables and constraints) is generally too large
to be solved exactly by optimization tools. The approach that we follow in this paper to solve
approximately the MSPP consists in building a scenario tree, i.e., a discretized representation of the
stochastic process that involves only a limited number of its scenarios; see, e.g., Dupacové et al. [6]
and Defourny et al. [3].

More explicitly, we call scenario tree a triplet (T,P,V) where

(D1) T = (N,&,ng) is the rooted tree structure with N the finite node set, £ the edge set and ng
the root node;

(D2) P ={¢" € R?:n € N} is the set of discretization points (one point (" for each node and at
the root (" = &y by definition);

(D3) W = {w" € (0,00) : n € N'} is the set of discretization weights (one weight w™ for each node
and at the root w™ =1 by definition).

On top of the above definition, we introduce the following additional notations and terminology
that will help us describe conveniently a scenario tree:

(N1) [n,m] is the (unique) sequence of nodes from n to m where m is a descendant of n; we write
(n,m] when n is excluding from the sequence;

(N2) t(n) is the stage (or depth) of n, i.e., the number of edges between ng and n, and N; := {n €
N t(n) =t};

(N3) ¢ := (C")meno,n) is the discretization sequence leading to n and W := []
product weight of n;

me[no,n] w™ is the

(N4) C(n) is the set of children nodes of n € N'\ N, i.e., those connected to n at stage t(n) + 1,
and p(n) is the parent node of n € N\ {no}, i.e., that connected to n at stage t(n) — 1;

3 CIRRELT-2017-74
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(N5) P™ (resp. W") is the set of discretization points (resp. weights) at C'(n);

(N6) b := (bo,...,br—1) is the bushiness of T where by(,y := [C(n)| is the branching coefficient at
stage t(n); the concept of bushiness is defined only for symmetrical tree structures, i.e., those
for which |C(n)| = |C(m)| whenever t(n) = t(m);

(N7) W is said to be normalized if 3, e,y w™ = 1 for all n € N'\ N (this also implies that
Zne/\/t Wm=1forallt=0,...,7—1), and W is said to be standardized if it is normalized
and satisfies w" = w™ whenever p(n) = p(m) (standardized weights have a unique form given

by w™ = |C(p(n))|~! for all n € N'\ {no});
(N8) N (n) and £(n) denote the node set and edge set of the sub-scenario tree rooted at n.

To give sense to the scenario tree as a discrete approximation of the stochastic process, we
require that the triplet (7, P, W) satisfies the additional two properties:

(D4) each scenario-tree leaf is at depth T (a leaf is any node n # ng incident to only one edge);

(D5) each discretization sequence (™ for n € Np is a possible realization (or scenario) of the
stochastic process.

Given a scenario tree, the discrete approximation of the MSPP, called the scenario-tree approz-
imate problem (STAP), is defined as follows:

~ ~

Qi (y.t-1;¢") == sup Qi(Yy.+—1,y5;¢C™), t=0,...,T, ne N, (6)
Yyt €Yi(y. t—1;¢ ") CR?
Quy.s;C™) = > w" Qi (y.si¢™. ™), t=0,....,T—1, n €N, (7)
meC(n)

where @Z and @t are the scenario-tree estimators of Qf and @, respectively, and, similarly to (4)
and (5), at t = T the equation (6) is initialized by setting

Qr(y.;¢™) == qly.7;¢™),  for every n € N, (8)

and at t = 0 we remove the y ;_j-argument, i.e.,

Yo(y.0-1:¢™) = Yo (C™)  and  Qf(y.0-13¢™) = Q(C™). (9)

The quantity @S(C”O) is therefore the optimal-value of the STAP, it is the scenario-tree estimator
of Q5(&) and the difference ]@3 — Q| is called the optimal-value error (we drop the arguments
for conciseness). The optimal decision policy of the STAP is the sequence (Z{,27,...,Z5) where
z§(¢") is a maximizer of Qo(-;¢™) and 7} (y.4—1; ™) is a maximizer of Qy(y_4_1,-;¢-™) in (6).
When dealing with a real-word application, the scenario tree must be carefully chosen in order
to provide a good approximation of the original problem. What constitutes a “good approximation”
is an open question and will generally depend on the considered problem; see Kaut and Wallace
[17] and Keutchayan et al. [18]. In this paper, we follow the common guideline that consists in
constructing the scenario tree with the goal to keep the optimal-value error as small as possible for
a given finite computational cost. We emphasize that by “scenario tree” we mean the whole triplet
(T,P,W) described above, and not only the set of discretization points and weights (P, ). In
particular, we want to improve the efficiency of the scenario-tree approach by searching for appro-
priate tree structures 7, which means searching also among structures that are not symmetrical.
We will see that using non-symmetrical structures allows to capitalize on some knowledge that the
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decision-maker may have about the revenue function and the constraints of the problem, which is
not permitted by purely distribution-based scenario-tree generation methods, which focus only on
the stochastic process and are blind to the specific structure of the problem.

Our approach differs from those based on scenario reduction (see Dupacova et al. [7] and Heitsch
and Romisch [14]) also by the fact that we do not reduce a given large set of scenarios so that it
reaches the required size. We rather build the scenario tree directly with the required size; by
“size” we mean the number of scenarios, i.e., |Np|. The way we generate the scenario tree relies
to some extent on pure discretization methods used in numerical integration, such as quasi-Monte
Carlo methods, optimal quantization methods, numerical integration rules, etc.; see, e.g., Sobol
[41], Pages et al. [30], and Davis and Rabinowitz [2]. These methods have already been applied
to scenario-tree generation, for instance in Pflug [31] and Hilli and Pennanen [16], however, they
generally require a predetermined tree structure. The novelty of our work is to provide a systematic
approach for finding suitable tree structures to be used alongside any discretization method to
improve the overall efficiency of the scenario-tree solution approach.

To develop our approach, we use the optimal-value error bound derived in Keutchayan et al. [19]
and derive from it a figure of demerit for scenario trees. The decision-maker shall use this figure as
a quality criterion to find an appropriate scenario tree to solve a given MSPP or a given class of
MSPPs (a class is a set of problems having similar structure).

The remainder of this paper is organized as follows: In Section 2, we introduce the figure
of demerit and explain the general procedure to find scenario trees. In Section 3, we show how
the framework can be simplified and implemented in different settings; in particular, Section 3.1
deals with the case of stagewise independent stochastic processes, while Sections 3.2 and 3.3 deal
with stochastic processes with dependence across stages, the former is specifically on short-range
dependence and the latter is on long-range dependence. In Section 4, we conclude the paper and
discuss the outlook. Along the lines of our development, we illustrate the approach using several
examples; all corresponding figures are gathered in Appendix A.

2 Definition of the figure of demerit

We recall below the optimal-value error bound that we use to derive the figure of demerit:

Proposition 2.1 (Keutchayan et al. [19]). The optimal-value error between the MSPP and the
STAP for any scenario tree (T, P, W) is bounded as follows:

Qo—Qsl < Y. Wmsup [€"(f)], (10)

neN\Wy €97

where, for every t =0,...,T —1 and n € Ny, E"(f) is the integration error at node n defined as

EM) =Ef(&)l€e=CT— D wmf(C™), (11)

meC(n)

and G" is any set of functions integrable with respect to the conditional distribution of &1 given
£+ = (" that contains the set Q™ of recourse functions defined as

t
Q" ={Qr1(y.t:¢™, ) iy =x.4(C™) with x4 € H{Zﬂj,ff}}- (12)
i—0

5 CIRRELT-2017-74
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In (12), H;:O denotes the (t+1)-fold Cartesian product, hence x_; is any decision policy having
each of its components equal to either z} or ¥, and x_+(¢""™) denotes the decisions made with x ;
when the realization is " in the dynamic of actions (1).

The above result shows that the optimal-value error can be kept small if the discretization at
each node n € N\ Nr is adequate to approximate the expectation of any recourse function in
Q". These functions are not known exactly but we may know some of their properties, such as the
magnitude of their variation with respect to the random parameters, that are useful to forecast the
magnitude of the integration error (11) at node n. Thus, the general idea to adapt the tree structure
to the MSPP is the following: for a given node n € N\ Nr, it may occur that the functions in G"
are easy to integrate numerically, in the sense that £™(f) tends to be small for all f € G™ regardless
of the number of nodes in C(n); in this case it makes sense to have only few nodes in C(n) and to
use the extra nodes in C'(m) where m is such that £™(f) tends to be larger.

A core step in the development of our approach is therefore the search of relevant measures for
assessing the difficulty of numerically integrating the functions f € G™, in order to identify when
E™(f) tends to be large or small. To this end, we introduce the set G;(£ ;) of recourse functions
defined as

Ge(&4) = {Q;Ll(y..t;ﬁ..t, )iy € Zi(Er)} (13)

for every t = 0,...,7 — 1 and & 4, where Z;(£ +) is the set of all feasible decision sequences up to
stage t for the realization & ; defined recursively as Zy(&p) = Yp(&p) and

Zi(&r) ={y.r € R . Yi-1€ Z—1(&4-1), € Vi(y.e—1:€4) }- (14)
We make the two following assumptions regarding G;(§ ;):

Condition 1. For any scenario tree (7,P,W) and node n € N'\ N, the set Gy(,,)(¢") is included
in a function space F for which it holds that

’gn(f” < V]:(f) Df(an Wn)v for every f € Fa (15)

where 0 < Vr(+) < oo depends only on the integrand f and 0 < Dz(-,-) < oo depends only on the
discretization points and weights (P™, W").

It is also possible to assume a weaker form of Condition 1, where the bound (15) does not hold
for any scenario tree but only for points and weights (P, W) that are restricted to some specific
form: normalized and standardized weights (cf. (N7), Section 1), points forming lattices, etc. If
the weaker form is assumed, then the development below holds only for the corresponding subset
of scenario trees. However, for the sake of conciseness, we do not treat this case separately and we
simply assume that Condition 1 holds in its strong form.

Function spaces for which (15) holds (in strong or weak form) are for instance:

(S1) F = WQ(I,lel)Z([O, 1]9) is the weighted tensor product Sobolev space: Vz(f) is the norm of

f in that space and Dx(P™, W") is the so-called weighted discrepancy; see, e.g., Sloan and
Wozniakowski [40], Sloan et al. [39], and Dick and Pillichshammer [5], Chapter 3.

(S2) F is a reproducing kernel Hilbert space of integrable functions for which the functional f —
E™(f) is continuous: Vg(f) is the norm of f and Dx(P™, W) is the norm of the representer of
E™(-) given by Riesz representation theorem; see, e.g., Dick and Pillichshammer [5], Chapter
2, and Dick et al. [4].

CIRRELT-2017-74 6
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(S3) Fqy is the space of integrable Lipschitz continuous functions of order ¢ € [1,00): Vg, (f)
is the order-g Lipschitz constant of f and Dz (P",W") is the order-q Fortet-Mourier dis-
tance between the conditional distribution of &)1 given & ;) = ¢*" and the distribution
Zmec(n) w™d¢m, where d¢m is the Dirac measure at (" and W™ is normalized; see, e.g., Pflug
and Pichler [32].

(S4) F is a Banach space of integrable functions for which the functional f +— £"(f) is continuous:
V£(f) is the norm of f and Dx(P™, W") is the worst-case error of (P™,WW") in F; see, e.g.,
Hickernell et al. [15], Kuo et al. [22], and Novak and Wozniakowski [28].

The setting (S1) is a particular case of (S2), and the settings (S2) and (S3) are particular cases of
(S4). In their recent work on two-stage linear problems, Heitsch et al. [13] showed that the functions
f € Q™ almost belong to the function space of setting (S1) if the effective dimension of f is small;
see also Griebel et al. [11].

What makes Condition 1 useful is the fact that when it holds Vz(f) can be interpreted as
a measure of difficulty for numerically integrating f € F. Indeed, if V£(f) almost equals zero,
then the integration error £"(f) is small regardless of the number of discretization points and
weights. Conversely, if the bound is tight, a large value of Vz(f) means that f is difficult to
integrate numerically. In the latter case, it makes sense to add more nodes in C'(n) and to spend
more computational time searching for (P", W") minimizing Dz(P", W"). We call Dg(P", W")
the demerit of node n and Vz(f) the Vr-variation of f, as the latter is typically linked with the
intuitive sense of how much the values of f vary over its definition domain.

The second condition ensures that Vz(f) does not go to infinity as f varies in Gy(,,)(¢""):

Condition 2. For each t = 0,...,7 — 1 and realization & ;, the recourse functions Qj,(y..;;€.4, )
have uniformly bounded Vr-variation with respect to y.; € Z¢(& 4).

When the set Z;(£ ;) is a compact subset of Rs(t+1) (as holds under the conditions given in
Keutchayan et al. [19]), Condition 2 is satisfied in particular if the mapping Z,({.:) > y.. —
Vr(Qiq(y.4:€.,-)) is upper semi-continuous.

We define now two new concepts of prime importance in the development of our scenario-tree
generation approach:

Definition 2.2. We call set of guidance functions the setT' := {~(-) : t =0,...,T — 1}, where each
Y(+) is a R>gp-valued function defined on the set of all realizations & ;. We call figure of demerit of
the scenario tree (T, P, W) for the set of guidance functions I' the quantity

M(T,PWT) i= Y Wy (¢™) DE(P™, W), (16)
TLGN\NT

The guidance functions yo(-),v1(+),...,yr—1(-) are specified externally to the problem by the
decision-maker with the goal to match the Vz-variability of the recourse functions at each stage and
for each value of the random realizations. Thus, these guidance functions carry information about
the structure of the MSPP related to its stochastic process, revenue function and constraints. For
a suitable choice of I', the figure of demerit plays the role of a measure of quality for the scenario
tree, as shown by the following theorem:

Theorem 2.3. Under Conditions 1 and 2, there exists a set of quidance functions [ = {M():t=

0,...,T—1} such that for every scenario tree (T, P, W) the figure of demerit M(T,P,W;T) is an
upper bound on the optimal-value error, i.e,

Qs — Qs < D W™y (C™DE(PT, V™). (17)
nGN\NT

7 CIRRELT-2017-74
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Proof. We show that the guidance functions defined as

Y(&.4) == sup Vr(f), foreveryt=0,...,7—1and¢,, (18)
fE€GL(&.t)
are a possible choice for (17) to hold. Such 7y(-),...,y7r—1(:) are well-defined since the supremum

is finite by Condition 2. Let (7,P,W) be any scenario tree. Taking G" := Gy(,)(¢"") for every
n € N\ Nr in Proposition 2.1 ensures that Q™ C G" and allows to write by Condition 1:

Q—Qsl< . W sup [£"(f) (19)
neN\Wyp €97
< > WrDE(P",W") sup Vr(/f). (20)
neN\Wir fegr
The last term is precisely the right-hand side of (17) for this choice of guidance functions. O

The above theorem provides the theoretical justification of our approach to generate scenario
trees. This approach is in two steps: first, a set of guidance functions I is specified by the decision-
maker with the goal to match the Vg-variability of the recourse functions with respect to the
random parameters; second, the scenario tree with the lowest figure of demerit M(T,P, W;T) is
chosen among all scenario trees (7,P,WW) of a given size. This last step amounts to finding a
suitable tree structure along with the corresponding discretization points and weights.

We make now several remarks about the first step of the approach: The choice of guidance
functions is not unique. Not only any functions larger than the ones used in the proof will keep the
inequality valid, but more importantly, more suitable functions can be chosen (at least theoretically)
by considering functions sets that are strictly smaller than G;(£ ¢) (in the sense of inclusion) but
still include Q™ for each possible scenario tree. Finding such sets is however difficult since we face
the problem that we do not know x* and that T* depends on the scenario tree. On the practical
side, though, the choice of guidance functions is much more flexible that it can appear at first in
the theorem. Indeed, even if the figure of demerit is not a valid bound on the optimal-value error
for the chosen functions, we argue that minimizing the figure of demerit still provides a suitable
scenario tree if the guidance functions single out the “easy” scenarios (those with low variability)
from the “difficult” ones (those with high variability). Therefore, in practice, the guidance functions
are scale-free, in the sense that multiplying each function by the same constant essentially scales
up or down the figure of demerit but does not change the minimizing scenario tree.

We also make several remarks about the second step of the approach: Minimizing the figure of
demerit in the general form above turns out to be a difficult task in itself. It requires to optimize
simultaneously over the Cartesian product of the discrete set of all tree structures 7 and the
continuous set of all discretization points and weights (P, ). One way to tackle this issue is to
decouple the minimization, i.e., iterate over the structures and minimize in (P, ) at each iteration.
However, the minimization in (P,W) at fixed T remains difficult as it is highly non-linear. A way
to go around this difficulty is to restrict our attention to points and weights (P™, W") of some
specific forms that are designed to keep the node-n demerit as small as possible. This is where
discretization methods used in numerical integration are useful, because they provide the theory
and the algorithmic tools to find (P, W™) that minimizes Dx(P", W") for each node n € N'\ Np;
see, e.g., L'Ecuyer and Munger [23]. Thus, by employing the previous simplification, we essentially
reduce the minimization of M(7,P,W;T) in (P,W) at fixed T to the following two steps: (i) the
minimization of Dx(P", W") at each node, and (ii) the right assignment of the discretization points
and weights to the appropriate nodes. The importance of the latter step will become clear in the
next section.
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We end this section by showing in the example below, which we purposely simplify, how a tree
structure can be found by minimizing the figure of demerit:

Example 2.1. Consider that we want to build a scenario tree for the following problem: At the
beginning of the year (stage 0) a humanitarian organization chooses the different locations of its
facilities in some part of the world that faces natural disasters on a yearly basis. In spring (stage 1),
the organization observes the risk forecast for the year and, based on it, assigns the equipment to
the different facilities accordingly. The risk forecast is represented by a random variable &; taking
four different values: & (low risk) to & (extreme risk) with probability p! to p* inferred from
historical data. In summer and fall (stage 2), the natural disasters may occur, their intensities and
locations are represented by a random vector £ having continuous distribution correlated to &1,
and the organization responds to them in a way to maximize the rescue efficiency.

We consider a scenario tree with four stage-1 nodes N7 = {ny,ng, n3,ns} having discretization
points (" = & and weights w™ = p® and we want to find the number of children nodes M; := |C(n;)|
for each stage-1 node n; that minimizes the figure of demerit among all tree structures having less
than N scenarios. Since the scenario-tree discretization at stage 1 is exact, the integration error
E™(f) is zero regardless of f and hence we can set Dx(P"0, W) = 0. The figure of demerit of the
scenario tree is therefore

4
M(T, P,WiT) = pin(§)De(P™, W™, (21)

=1

where the guidance function v;(¢%) has the following interpretation: it measures the variability
of the rescue efficiency at stage 2 given the realization &. For more clarity, let us assume that
(€D < (€2 < 7(&) < m(&f). Such a difference in the variability may come from the fact
that the conditional variance of &, given &! increases with 4, i.e., years of extreme risk coincide with
natural disasters of highly variable intensities and locations.

If we assume that the optimal points and weights (P™, /") minimizing the node-n; demerit
satisfy Dr(P™, W) = A/|C(n;)|* = A/M{ for each ¢ = 1,...,4, with a and A two positive
constants, then the distribution of children nodes at stage 2 that minimizes the figure of demerit is
given by the optimal solution of

4 i 4
w= o et nyy\lf(;ﬁ ubject to ;Mi =4 #2)

+i=1
As a result, the optimal M; tends to be large if the product piy; (£%) is large. Conversely, if piy; (€1)
is close to zero (i.e., if & almost never occurs or if the conditional future given & is almost not
uncertain), then the optimal M; equals one, which means that only one node is necessary in C(n;)
to reduce the discretization error, the remaining nodes being more useful elsewhere. We show in
Figure 1, Appendix A, the optimal tree structures obtained for a = 1 and different choices of p

and yl(fi).

3 Simplifications and implementation

The computation of the node-n demerit is a core step in the application of our approach. A general
formula for it that would cover all possible types of scenario trees does not exist, it can only be
derived in some particular cases after having specified the function space F and the discretization
points and weights (P™, W") (cf. the settings (S1) to (S4) in Section 2). It is however possible to
work with a simplified form, while keeping some generality, by merely assuming the following:
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Condition 3. We know a discretization method that generates points and weights, denoted specif-
ically by (Ps, Ws) throughout this section, that satisfy

Dr(PI WD) = fum (IC))),  for every n € N7\ N, (23)
where fo,..., fr—1 : N; — [0,00) are monotonically decreasing functions.

This condition allows to consider a great deal of discretization methods, each having its specific
speed of convergence toward zero for the node demerit given by fo,..., fr_1, while providing a
more practical formula. The interest of a decision-maker should obviously go toward methods such
that each f; decreases to zero sufficiently fast. A typical family of decreasing function is given by
fi(xz) = A/z® with a > 0 the rate of convergence of the discretization method and A > 0 a constant,
both a and A may depend on t and d.

We show now how Condition 3 allows us to find the scenario tree of lowest figure of demerit
given some decreasing functions fy,..., fr—1 and a set of guidance functions I'.  The way this is
done depends on the range of dependence of the guidance functions.

3.1 Constant guidance functions

We consider the semi-linear MSPP described in Example 1.1 with the additional assumption that
the stochastic process (€, ..., &) is stagewise independent, i.e., for each t = 1,...,T the random
vector &; is independent of (&o,...,&—1). In this setting, the variability with respect to &; of the
stage-t recourse function does not depend on the realization (&,...,&—1), hence it is relevant to
consider guidance functions I';,q that do not depend on past realizations:

Lind :== {70,715+ --s 771} (24)

We restrict our attention to scenario trees with symmetrical tree structures, which are characterized
by the bushiness b = (bg,...,br_1); cf. (N6), Section 1. As for the discretization points and weights
(P, W), it is fruitful to differentiate two ways of generating them: in the first way, for any two nodes
n,m such that ¢(n) = t(m), the points and weights (P™, W") and (P™,W™) need not be equal.
This leads to a scenario tree with a number of scenarios that typically grows exponentially with
increase of the number of stages; specifically the number of scenarios equals H?Z_OI b¢. In the second
way, (P",W") and (P™, W™) are equal whenever t(n) = t(m). This leads to a scenario tree with
many redundant nodes, i.e., nodes being the roots of identical sub-scenario trees, and hence the tree
structure can be recombined without loss of information so that its number of nodes only grows
linearly with increase of the number of stages; specifically the number of nodes equals 1 + ZtT;()l by.
Scenario trees of the second kind generally provide a less accurate optimal-value @6 (see Shapiro
et al. [38], Section 5.8.1, where this conclusion is reached for scenario trees filled with Monte Carlo
sampling points), but they improve the computational efficiency of the nested cutting plane method
since they allow cut sharing (see Ruszczyniski [35], Section 5.3). The latter property is also key in
the stochastic dual dynamic programming (SDDP) method, which has proved to be very efficient
for solving linear MSPP with long time horizon using recombined scenario trees; see, e.g., Shapiro
[37]. Whichever the type of scenario tree considered, standard or recombined, the tree structures
minimizing the figure of demerit are given by the following proposition:

Proposition 3.1. Consider a semi-linear MSPP with a stagewise independent stochastic process
and a set of guidance functions I'ing. If Wy is normalized, then:
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(a) the symmetrical tree structure of lowest figure of demerit having at most N scenarios is the
one with the bushiness given by the optimal solution of

min Z fe(b)ve  subject to H by < N. (25)
b= (b01 )bT 1 €N+ t=0 _

(b) the recombined tree structure of lowest figure of demerit having at most N nodes is the one
with the bushiness given by the optimal solution of

T
min Z fi(b)ye  subject to Z by <N —1. (26)
b=(bo,....br—1)ENT 15

Proof. Tt follows directly from the equality (23) and the fact that the structure 7 is symmetrical
that

MTPoWaTad) = 3 Wy frm (100 (27)
TLGN\NT
= Z fe(b)ne Z wn (28)
neNy
T—1
=D fie(be)n, (29)
=0

where at the last equality we use the fact that W, is normalized, ie., > . N, W' =1 for any

t=0,...,T—1. This proves the objective function in (a) and (b). The two constraints follow from
the discussion above about the number of scenarios and nodes of standard and recombined scenario
trees. O

We show in Figures 2 and 3, Appendix A, the tree structures of lowest figure of demerit in
their standard and recombined forms for different choices of f; and I'jhq (because of the exponential
growth of the number of scenarios, standard tree structures are displayed with less stages than
recombined structures).

3.2 Current-stage dependent guidance functions

We consider the semi-linear MSPP described in Example 1.1 with the additional assumption that
the stochastic process (€o,...,&r) is modeled as

&o=€ and & =i(€e—1,€), foreveryt=1,...,T, (30)
where € is deterministic and €y, ..., €r are independent random vectors of arbitrary dimensions. It
is convenient to work with the stochastic process (€, ..., er) instead of (&o,...,&r) as the former
is stagewise independent. Note, however, that the MSPP modeled with (€o,...,€r) is no longer

written in the form of a semi-linear problem, hence the results of the previous section do not apply
here. In particular, the recourse function at stage ¢ is now composed with ¢;, and hence the
variability with respect to €; of the composite function depends on the realization €;,_1. Thus, it is
relevant to consider guidance functions I'cs that depend only on the current-stage realization:

Les := {70(e0), v1(€1), - -, yrler)}. (31)
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The figure of demerit of the scenario tree takes the simplified form

M(T, PeWiiTes) = Y Wy (€M) DE(PE, WY, (32)
nEN\NT

where P, = {€" : n € N} and W, = {w" : n € N} are the sets of discretization points and
weights of (e, ..., €r) generated by the discretization method of Condition 3. Unlike the setting
of the previous section, it is not straightforward to find the tree structure minimizing (32). An
algorithmic approach to do so is to enumerate tree structures, minimize the figure of demerit with
respect to (P«, Wy) for each one and retain the one with the lowest figure. The following result
provides a necessary and sufficient condition for (P, W) to be a minimizer of (32) at fixed T

Proposition 3.2. Consider a semi-linear MSPP with a stochastic process modeled as (30) and a
set of guidance functions Tcs. If Wiy is standardized, then (P«, Wy) minimize the figure of demerit
(32) at fized structure T if and only if:

[C(m)| < |C(n)| <= Yim) (€™") < Ya(n)(€"),  whenever p(n) = p(m) & Np—_1. (33)
Proof. Under Condition 3, the figure of demerit is simplified as
M(T, P, Wi Tes) = Z wr 'Yt(n €") fi n)(|C( n)l). (34)
nGN\NT

The equality (23) holds regardless of the way we assign the points P = {¢"™ : m € C(n)} to the
nodes in C'(n), hence (34) is minimized by finding at each node n € N'\ (Np UNp_1) the optimal
permutation of the points {€”(™) : m € C(n)} with o : C(n) — C(n). Using the decomposition

N\NT = {nO} U (U?:?)2 Unen; UmGC(n) {m})7 (35)

and the equality W™ = W"/|C(n)| for all m € C(n) (cf. (N3) and (N7), Section 1), we can write
the above sum as

M(T, Pe; Wii Tes) = 70(€"°) fo(IC(n0)]) (36)

T—

+32 3 o 2 () @)

Thus, for any n € N\ (N7 U Nr_1), the optimal permutation o* : C(n) — C(n) is the one that

minimizes
D> A (€™ fipmy (IC (). (38)
meC(n)

l\?

It is easy to show that for any x;,7; > 0, ¢ =1,..., N, the sum Zf\;l Ty(;)Yi 18 minimized by the
permutation o* : {1,..., N} — {1,..., N} such that x,.;) < T,y <= y; > y; for every i,j =
L,...,N. The assertion (33) follows directly from this and the fact that fy,)(-) is monotonically
decreasing. O

The necessary and sufficient condition (33) is quite intuitive: a node n that has a larger value of
'yt(n)(e”) leads to a larger variability of the recourse function at stage ¢t(n) + 1, and therefore should
have more children nodes to reduce the integration error at this stage.

The implementation of Proposition 3.2 to find the scenario tree of lowest figure of demerit is
done as follows :
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Inputs.

— Discretization method such that (23) holds.

— Guidance functions I'cs in the form (31).
Step 1. Pick a tree structure 7 and set €™ := ¢y and w™ := 1.
Step 2. For each stage t =0,...,T — 2 and node n € N;:

Step 2.1. Set N :=|C(n)| and index the nodes C(n) = {my,...,my} such that
[C(ma)] < |C(ma)] < --- <[C(my)]. (39)

Step 2.2. Generate N discretization points {€" : i =1,..., N} of €1 and index the
elements such that:

Y1 (€M) <y (€M) < oo Sy (€M), (40)

Step 2.3. Compute (38) for the optimal permutation:

| N
NZ Ver1(€™) fer1(|C(mg)]). (41)

Step 3. Compute the figure of demerit using (36):

M(T, P, Wi Tes) = 70(€™) fo(|C(no)]) + Z > W, (42)
t=0 neN;

Step 4. If some stopping criteria is fulfilled: go to Step 5; otherwise: go to Step 1.
Step 5. Set ("0 := €™ and for each node n € N'\ Np:

—if t(n) < T —2: set (™ 1= pyn)41(€", €™) for each m € C(n);

— otherwise: generate |C'(n)| discretization points {€™ : m € C(n)} of er and set (™ :=
or(e”, e™) for each m € C(n).

The algorithm starts in Step 1 by picking a tree structure. An exhaustive iteration over all
structures is computationally impossible unless the MSPP has a small number of stages and the
structure is restricted to a fairly small number of scenarios. A more reasonable approach may
consist in exploring the space of tree structures using an heuristic method such as the wariable
neighborhood search; see Mladenovi¢ and Hansen [26] and Gendreau and Potvin [8]. In Step 2, the
algorithm assigns the discretization points to the appropriate nodes in accordance with Proposition
3.2 to minimize the figure of demerit at fixed structure. The figure of demerit is computed in Step
3 and a stopping criteria is met in Step 4. The algorithm may stop if the improvement of the
figure of demerit over the k previous iterations is smaller than a certain threshold or if a maximum
number of iterations is reached. In step 5, the discretization points of the original stochastic process
(&o, ..., &r) are computed from those of (€, ..., er) using (30).
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Example 3.1. The stochastic modeling (30) can be seen as a first step in generalizing the stagewise
independent setting of the previous section. This generalization allows the realization at the previous
stage (and only this one) to influence the realization at the current stage. A simple example of such
influence is when the previous-stage realization alters the degree of uncertainty of the current-
stage random vector, i.e., when it alters the dispersion of the distribution (e.g., the variance) while
keeping the location of the distribution the same (e.g., the mean). Consider for example the following
stochastic process:

€t if e,-1 € Oy,

) for every t =1,...,T, (43)
Ai(€) otherwise,

& =€ and EtZ{

where O;_; is a subset of possible realizations of €;_; and the function A\¢(-) is such that

Var[A(€;)]

E[Xi(e)] = E[e;]  and Var|e]

_ g (44)
Let us derive the form of guidance functions that is relevant for such stochastic modeling. Suppose
that we want to build a scenario tree that provides a suitable discretization of (&, ..., &) for the
approximation of E[Zfzo &] by a finite sum. By the law of total expectation, this means that
the scenario tree must approximate at each stage t = 1,...,7T the conditional expectations defined
recursively as

gi-1(60, -, &—1) == E[gi(&o,- .-, &) [0, §—1)s (45)

where gr(&o, ..., &) == ZtT:O &. The functions gg, g1, - - -, gr—1 have a closed-form given by

T

9e(&0,- - &) = D&+ El&l&]+ > E[&], (46)
i=0

=142

which shows that the difficulty in approximating the right-hand side of (45) lies in the conditional
variability of & + E[&:.+1|&:] given &_1. A simple measure of variability is given by the standard
deviation Var(-)'/2, hence we may define the guidance functions as

Yie1(er—1) = Var(& + E[€er1]&]|er—1)"/? (47)

_ Var(e)'/?  if -1 € O4_1, (48)
B Var(e)/?  otherwise.
3.3 Long-range dependent guidance functions
We consider the general MSPP with a stochastic process (€, ..., &r) modeled as
=€ and & =(e,...,€), foreveryt=1,...,T, (49)
where €( is deterministic and €1, ..., er are independent random vectors of arbitrary dimensions.
As in the previous section, it is convenient to work with the stochastic process (e, ..., €r) instead
of (&o, ..., &r) since the former is stagewise independent. Under the above stochastic modeling, the
recourse function at stage ¢, which in the general MSPP depends on (o, ...,&;), is now composed
with (¢1,...,%;), and hence the variability with respect to €; of the composite function depends on
all the realizations €, ..., €_1. Thus, the guidance functions I' must take into account all previous
realizations and the figure of demerit has the general form:
M(T,PeWasT) = Y Wy (e ™")DE(PLIVE), (50)

nEN\NT
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where P, = {€" : n € N} and W, = {w" : n € N} are the points and weights of (eo,...,€r)
generated by the discretization method of Condition 3.

Finding the scenario tree that minimizes the figure of demerit (50) for general I" is computation-
ally cumbersome, even under the simplification (23), since each (€, w™) for t(n) < T — 2 appears
in exponentially many terms of the sum. However, a systematic and computationally less costly
approach to minimizing (16) exists if we consider guidance functions I'poq of the product form:

t

Y(eo) =1 and  y(eo,..., ) = H pi(€i), foreveryt=1,...,T—1, (51)
i=1
for some functions py,...,pr—1 : R% — [0,00). With the above guidance functions, the figure of
demerit takes the form
M(T Py W 1—\prod Z wn ( H Pt(m >D.7:(,P>:L7 Wf) (52)
TLGN\NT mG(no, }

This form can be minimized recursively from the tree leaves to the root node, as shown by the
following proposition:

Proposition 3.3. Consider a general MSPP with a stochastic process modeled as (49) and a set
of guidance functions I'proq. The discretization points and weights (Py, Wy) minimize the figure of
demerit (52) at fixed structure T if and only if:

Mm(T7 P*, W*; 1—‘prod) 2 Mn(T7 P*a W*; 1—‘prod) (53)
= WPy (™) < Wy (€), whenever p(n) = p(m) & Nr_1,
where M™ (T, Pyx, Ws;Tprod) is the figure of demerit of the sub-scenario tree rooted at node n €
N\ Nr defined as
1
MUT P WaiTood) = 70 > W TT oo () figm (ICm))). (54)
meN (n)\Nr o€(n,m]

Proof. Tt follows from Lemma 3.4(a) in Keutchayan et al. [19] that the figures of demerit of the
sub-scenario trees can be written recursively (from the tree leaves to the root node) as

M (T, P, W*§Fprod) = ft(n)(|c(n)|)a for all n € Np_1, (55)
and, for all n € N'\ (Np_1 UN7):
Mn(Ta Py W 11prod) = ft(n) (|C(n) |) (56)
+ > WPy (€)M ™ (T, Poy Wi Tproa). (57)
meC(n)

Thus, the figure of demerit of the whole scenario tree, which corresponds to M™ (T, Py, Wy; T'prod),
is minimized by finding for each n € N\ (Np UN7p_1) the permutation of the points and weights
{(e70™) (™) m € C(n)}, with o : C(n) — C(n), that minimizes

Z w’? G(m )Mm(T 7)*7 W*, prod) (58)

meC(n)

Using the same argument as in the proof of Proposition 3.2, we conclude that the optimal rear-
rangement of the nodes is the one that satisfies (53). O

15 CIRRELT-2017-74



A New Scenario-Tree Generation Approach for Multistage Stochastic Programming Problems Based on a Demerit Criterion

The necessary and sufficient condition (53) has an intuitive meaning similar to that of (33): a
node n that has a larger value of w”pt(n)(e”) leads to a larger variability of the recourse functions
at stage t(n) + 1 and at all stages afterwards, as the term p;(,)(€") appears also in the guidance
function () (e™) for every node m in the sub-scenario tree rooted at n. Therefore, the node n
should be associated with the sub-scenario tree of lower figure of demerit to reduce the integration
error at all subsequent stages.

The implementation of Proposition 3.3 to find the scenario tree of lowest figure of demerit is done
as follows (for conciseness we write M™ as a shorthand of M"(T, Py, Wx;'poa) in the algorithm
below):

Inputs.

— Discretization method such that (23) holds.

— Guidance functions I'j;q in the form (51).
Step 1. Pick a tree structure 7 and set €™ := ¢y and w™ := 1.
Step 2. For each node n € N7p_q:

Step 2.1. Generate |C(n)| discretization points and weights {(¢",w™) : m € C(n)} of
ET.
Step 2.2. Set M" := f,,)(|C(n)]).

Step 3. For each stage t =T — 2,...,0 (backward iteration) and node n € N;:

Step 3.1. Set N :=|C(n)| and index the nodes C(n) = {my,...,my} such that
M > M2 > > MO (59)

Step 3.2. Generate N discretization points and weights {(¢™,w™i) : i =1,..., N} of
€:+1 and index the elements such that:

W™ pryr (€M) S W pppa (€M) <o SwWTN pp (€M), (60)

Step 3.3. Compute the figure of demerit M™ for the optimal permutation using (56):

N
M= Fimy(ICM)) + Y w™ praa (™) M™. (61)

i=1
Step 4. If some stopping criteria is fulfilled: go to Step 5; otherwise: go to Step 1.

Step 5. Set (" := €™ and (" := Yy, (") for each node n € N\ {no}.

Steps 1, 4, and 5 are identical to the corresponding steps in the algorithm of Section 3.2. In
Step 2, the algorithm initializes the figures of demerit of the sub-scenario trees rooted at node
n € Np_1 using the relation (55). In Step 3, it assigns the discretization points and weights to
the appropriate nodes according to Proposition 3.3 and compute recursively the figure of demerit
of each sub-scenario tree. The last figure computed is M™, which is the figure of demerit of the
whole scenario tree.
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Example 3.2. Consider a stochastic process (&p,...,&r) that models a discrete-time geometric
Brownian motion GBM(u, o, T):

o2
& =1 and &4 =& T oW =Wo o forevery t =0,...,T — 1, (62)

where (W3)i>0 is a Wiener process, and g (drift) and ¢ > 0 (volatility) are constant; see, e.g.,
Glasserman [9]. This process can be written in the form (49):

t 2
Eh=¢€ and & = Hei, with € =1 and ¢ = et THo(WimWi1), (63)
=0

Let us show that guidance functions of the product form naturally arise for such stochastic process.
Although to specify the set of guidance functions we would need to specify the MSPP we are deal-
ing with, in this example we simply assume that the variability of the recourse functions exactly
matches the variability of the stochastic process, and we consider that the latter is measured by the

standard deviation. We denote by hi(&) := E[€r|&] the function whose conditional expectation
given (eq,...,€—1) needs to be computed at each stage t = 0,...,T — 1. The difficulty in approxi-
mating E[h:(&;)]€o, ..., €—1] by a finite sum is directly given by the conditional standard deviation
of hi(&:) given (eq,...,€—1), hence we define the guidance functions accordingly:
Vi—1(€0y ..., €—1) 1= Var(ht(ﬁtﬂeo,...,et_1)1/2, forevery t =1,...,T. (64)
Using the fact that for a GBM we have that E[¢7|&] = &eT D and Var(e;) = e2#(e” — 1) for all
t=1,...,T, we deduce the following closed-form formula:
t—1
2
Yee1(€0s- - e—1) = TR —1)1/2 H €, foreveryt=1,...,T. (65)
i=0

The product form (51) requires that the guidance function at stage 0 equals one. Since, in practice,
the guidance functions are scale-free (cf. discussion after Theorem 2.3), this requirement can be
fulfilled by dividing each v¢(-) by vo(€o) = eT“(e"2 —1)!/2¢y. This finally gives the required product
form:

Yo(eo) =1 and ~y(eg,...,€) :H—;, for every t =1,...,T — 1. (66)

We show in Figures 4 and 5, Appendix A, two scenario trees of low figure of demerit obtained by
employing a rank-1 lattice rule and an optimal quantization method, respectively; see, e.g., L'Ecuyer
and Munger [23] for the former and Pflug and Pichler [33] for the latter. Each scenario tree is
computed by the algorithmic procedure described above where the iteration over the tree structures
is done heuristically by variable neighborhood search (for this reason the scenario tree obtained
may not be the one of lowest figure of demerit) and where the neighborhood of a tree structure
T is defined as all the structures that can be obtained from 7 by splitting a node or merging two
nodes. The overall computation takes about two minutes on a Linux machine (Intel Xeon X5472
@ 3.00GHz) with the algorithm implemented in Python 3.6.2. For both discretization methods, we
see that the scenario trees have denser branching at nodes where the geometric Brownian motion
takes higher values, as it is where the future of the process has more variability.
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4 Conclusion

Building on the results derived in Keutchayan et al. [19], we have developed a new framework for
generating scenario trees that takes into account the structure of the multistage stochastic problem,
specifically, the variability of the recourse functions with respect to the random parameters. Vari-
ability of the recourse functions is indeed what should drive the generation of efficient scenario trees,
as it is where the recourse functions have larger variability that the approximation error tends to
be larger. To measure this variability, we have introduced the concept of guidance functions, which
summarize the relevant information about the problem for the generation of suitable scenario trees.
Problems with similar guidance functions are therefore essentially identical as far as scenario-tree
generation is concerned. Based on these functions, we have introduced the figure of demerit as a
general quality criterion for scenario trees. The versatility of this criterion is demonstrated by ap-
plying it to different settings of problems. Firstly, in the setting of stagewise independent stochastic
processes, where it leads to symmetrical tree structures of suitable bushinesses. Secondly, in the
setting of stagewise dependent stochastic processes, where it leads to mon-symmetrical structures
having denser branching where the conditional variability of the recourse functions is higher. The
latter was illustrated by the discretization of a geometric Brownian motion.

Future works building on the present paper may address, for instance, the following topics: (i)
The introduction of randomization techniques, i.e., the use of random discretization points instead
of deterministic ones. Besides other benefits related to the improvement of the convergence rate of
the discretization method, randomization in scenario-tree generation allows to derive a confidence
interval for the optimality gap; see, e.g., Mak et al. [25] and Shapiro et al. [38], Section 5.6. (ii)
The search for appropriate function spaces F used in Condition 1. Quasi-Monte Carlo methods
consider mainly spaces of smooth functions defined on the hypercube [0,1]¢, but we know that
recourse functions usually have “kinks” and are often defined over the whole space R%. Recent
works are going toward the generalization of quasi-Monte Carlo methods to non-smooth functions
over general domains; see, e.g., Owen [29], Hartinger and Kainhofer [12], Griebel et al. [11], Griebel
et al. [10], and Novak et al. [27]. (iii) The development of exact or heuristic techniques to explore
efficiently the space of tree structures in the two algorithms described in Sections 3.2 and 3.3. (iv)
The application of the method on real-word problems and the comparison with other scenario-tree
generation methods.
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A Figures

(d) M = (12,10,8,6)
(ngfi) 13

P3:1;0 p —@7

P =15 P :T))

Figure 1: Tree structures given by (22) for N =36 and a = 1 (cf. Example 2.1).

(a) b= (6,5,2) (b) b= (12,5,1) (©) b=(6,5,2) (d) b= (10,3,2)
(fe(z) =27, (fe(z) =271/, (fo(z) =a~", (fe(z) =212,
Ye=T-1) Ye=T-1) = (t+1)7") = (t+1)7")

Figure 2: Tree structures given by (25) for N = 60 and T' = 3 (cf. the stagewise independent
setting of Section 3.1).
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Figure 3: Recombined tree structures given by (26) for N = 57 and T' = 8 (cf. the stagewise
independent setting of Section 3.1).
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(b) Trajectories of the above scenario tree (y-axis is in log-scale)

Figure 4: Scenario tree discretization of GBM(y = 1,0 = /2, T = 5) (cf. Example 3.2) by a
quasi-Monte Carlo method, specifically, a rank-1 lattice rule in one dimension. Each couple
(¢"™,w™) is displayed next to the corresponding node. The discretization of the standard normal
distribution is done by transforming the low discrepancy set of N points
{H#92:4=0,...,N —1} C [0,1] through the inverse normal cumulative ¢~ ':

{71 (H22) :i=0,...,N — 1} C R. The weights are standardized (cf. (N7), Section 1) as it is
customary in quasi-Monte Carlo methods.
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Figure 5: Scenario tree discretization of GBM(u = 1,0 = /2, T = 5) (cf. Example 3.2) by an
optimal quantization method. Each couple (¢", w™) is displayed next to the corresponding node.
The discretization of the standard normal distribution is done by minimizing the Wasserstein
distance of order 2 between the standard normal distribution and its approximation sitting on
finitely many points; see Algorithm 2 in Pflug and Pichler [33]. This provides the points as well as
the normalized weights (cf. (N7), Section 1).
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