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Abstract For a risk-averse multistage stochastic optimization problem with a finite
scenario tree, we introduce a new scenario decomposition method and we prove its
convergence. The main idea of the method is to construct a family of risk-neutral
approximations of the problem. The method is applied to a risk-averse inventory and
assembly problem. In addition, we develop a partially regularized bundle method for
nonsmooth optimization.
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1 Introduction

In the last decade the theory of coherent risk measures established itself as an alterna-
tive to expected utility models of risk averse preferences in stochastic optimization.
This theory was initiated in [1,3] and further developed in numerous publications
(see, e.g., [9,10,21,26,27] and the references therein). Recently, increased attention
is paid to dynamic measures of risk, which allow for risk-averse evaluation of streams
of future costs or rewards (see, e.g., [2,7,11,18,20,26,28,30]).

When used in stochastic optimization models, dynamic risk measures lead to a
new class of problems, which are significantly more complex than their risk-neutral
counterparts (see [27-29,31]). Decomposition, an established and efficient approach
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to risk-neutral multistage stochastic optimization problems (see [6,13,19,23] and the
references therein), cannot be directly applied to risk-averse models. With dynamic
risk measures, the main feature facilitating decomposition, the integral form of the
objective function, is absent. Our main objective is to overcome this difficulty by
exploiting specific structure of dynamic risk measures, and to develop new decom-
position methods that extend the ideas of earlier approaches to risk-neutral problems.
We initiated this research in [16], where we developed risk-averse counterparts of the
primal (Benders-type) decomposition methods.

In this paper we develop generalizations of scenario decomposition methods, in
the spirit of [17]. The key to success is the use of dual properties of dynamic measures
of risk to construct a family of risk-neutral approximations of the problem. In sections
2 and 3 we formally define a multistage risk-averse stochastic optimization problem
and we discuss its properties. Section 4 discusses nonanticipativity constraints. In sec-
tion 5 we advance the duality theory of dynamic measures of risk, by identifying the
properties that are essential for our decomposition approach. In section 6 we present
the main idea of our new decomposition methods. In section 7 we analyze properties
of the master (coordination) problem of the method. Finally, section 8 is devoted to
the application of two versions of our methods, with several coordination algorithms,
to an inventory planning and assembly problem. In the development of efficient mas-
ter algorithms we modify the bundle method, to better exploit the specificity of the
problem at hand. The resulting algorithm, which we call the partial bundle method,
is discussed in the appendix.

2 A Multistage Risk-Averse Problem

Let (2,.%#, P) be a probability space with a sigma algebra .# and probability measure
P. Consider a filtration {0,Q} = %, C %, C --- C %y = Z. A random vector x =

(x1,...,x7), where each x; has values in R™, ¢t =1,...,T, is called a policy. If each
X; is F-measurable, t = 1,..., T, a policy x is called implementable. A policy x is
called feasible, if it satisfies the following conditions:
Ajx = b,
Byx1 + Awxp = by,
B3xy + Asxs = b, )

Brxr_1+ Arxr =br,
x1 €X1, x€Xz, x3€Xj, xr € Xr.

In these equations, for every t = 1,...,T, the matrices A, of dimensions m;, X n,, the
matrices B, of dimensions m; X n;_1, and the vectors b, of dimensions m, are .%;-
measurable data. Each set X; is a random convex and closed polyhedron which is
measurable with respect to .%; (in the sense of measurability of multifunctions; see
[4]).

Suppose ¢;, t = 1,...,T, is an adapted sequence of random cost vectors, that is,
each ¢; is .%;-measurable. A policy x results in a cost sequence

Z[:<C[7xt>, t:17...,T. (2)



Our intention is to formulate and analyze a risk-averse multistage stochastic pro-
gramming problem, to minimize a dynamic measure of risk, p(Z;,...,Zr), over all
implementable and feasible policies x. In order to define the functional p(-), we re-
call some basic concepts of the theory of dynamic measures of risk. We follow the
development given in [27-29,31].

Consider vector spaces % of .%;-measurable random outcomes. As % is trivial,
21 =R. For Z,Z' € 27 we denote by Z < Z' the pointwise partial order meaning
Z(w) < Z/(w) for ae. ® € Q.

Let 1 <t < T — 1. A coherent conditional risk measure is a function p, : 271 —
% satisfying the following axioms:

(A1) Convexity: p;(aZ+(1—a)Z') 2 ap,(Z)+ (1 —a)p:(Z'), forall Z,Z' € 234,
and all o € [0,1];

(A2) Monotonicity: 1t Z,7Z' € %1 and Z < Z, then p,(Z) < p;(Z');

(A3) Predictable Translation Equivariance: f V € %] and Z € %4, then p,(V +
Z) =V +pi(2);

(A4) Positive Homogeneity: If y >0 and Z € 211, then p(yZ) = yp(Z).

We assume that the smaller the realizations of Z, the better; for example Z may rep-
resent a random cost.

An example of coherent conditional risk measure is the conditional mean—upper
semideviation model defined by

p(2) =ElZ| 7]+ K E | (2~ E[Z| 7)), | 7], 3

with an .%;-measurable x; € [0, 1]. See [31, page 277] for the details showing that
the mean upper semideviation is a coherent conditional risk measure, and for other
examples of conditional risk measures.

Suppose we observe a random sequence Z;, t = 1,...,T, adapted to the filtration
{#}. Its risk can be evaluated by using the following dynamic coherent measure of
risk

p1.1(Z1,22,...,Zr) =Z1 +p1 (Zz +P2(Z3+"'+PT71(ZT)---)>7 4)

where each p, : 2711 — Z; is a coherent conditional measure of risk. The structure
(??) was postulated in [28] and derived in [25] from abstract principles of monotonic-
ity and time consistency of dynamic risk measures.

Our problem is to minimize (4) with each Z; given by (2), over all implementable
and feasible policies x. In order to complete the problem formulation, we need to
be more specific about the vector spaces 2, the vector spaces of random vectors in
which the components x; of the policy live, as well as integrability conditions on the
problem data A;, B;, b; and ¢;, so that Z, € Z{ forallt = 1,...,T. In this paper, we
assume that all sigma-algebras are finite and all vector spaces are finite-dimensional.
We discuss it in the next section.



3 Scenario Trees and Recursive Risk Evaluation

In the finite distribution case, possible realizations of data form a scenario tree. It
has nodes organized in levels which correspond to stages 1,...,7. Atlevel t = 1 we
have only one root node v = 1. Nodes at levels t =2, ..., T correspond to elementary
events in .%;. Each node v at level t = 2,...,T is connected to a unique node a(Vv)
at level t — 1, called the ancestor node, which corresponds to the elementary event
in .%,_; that contains the event associated with v. Thus, every node v at levels r =
I,...,T —1is connected to a set C(v) of nodes at level 7 + 1, called children nodes,
which correspond to elementary events in .%; ;| included in the event corresponding
to v. We denote by €2, the set of all nodes at stage r = 1,..., 7. We have the relations
Q11 =Uye,C(v) and C(v) = {n € Q41 : v =a(n)}. The sets C(v) are disjoint,
ie., C(v)NC(V') =0 if v # V. A scenario is a path s from the root to a node at
the last stage T. By construction, there is one-to-one correspondence between the
scenarios and the set Qr = Q. Let #(Vv) be the set of scenarios passing through
node v. These sets satisfy the recursive relation:

L(v)={v}, veQr,

sWv)= | Zm), ve@, t=T-1,..,1
nec(v)

As the nodes of the tree correspond to events defining nested partitions of €2, the
measure P can be specified by conditional probabilities:

pvn=PM|v], ve, necCl), t=1,..T-1

Every node v at level 7 has a history: the path (vy,...,v,_1,V) from the root to v.
The probability of the node v is thus the product of the corresponding conditional
probabilities

Pv =Pviv,Pvov3 Py, yv- &)

In particular, when r = T, formula (5) describes the probability of a scenario v € Q7.

For every node v € ©;, an .%;-measurable random variable Z has identical values
on all scenarios s € .%(Vv). It can, therefore, be equivalently represented as a function
of a node at level £2;, which we write 7%

Consider a conditional measure of risk p,(-). Its value is .%;-measurable, and
thus we can consider its representation as a function of a node at level ¢. It follows
from [28, Thm. 3.2] that for every .%;-measurable nonnegative function I" a stronger
version of (A4) holds:

I'p(Zi1) = pe(TZi11).

Let v € €, and let 1, be the characteristic function of the event v. Setting I’ = 1,
in the last equation, for all Z; |, W; | € 241 we obtain

Lyvpi(IvZipr + (1 = 1y)Wit) = pr(LvZig1) = Lypy (LvZisa).

In the last equation we multiplied both sides by 1,. We see that W, | plays no role
here. The value of p;(Z;;1) at elementary events associated with node v depends only



on the values of Z7! at nodes n € C(v). We denote the vector of these values by

1+1
Z;’lr), and we write the conditional risk measure equivalently as p,” (ZIC Jr(r))
Let us define the random variables
Vi :pt(Zt+1 +pt+1(Zt+2+"'+prl(ZT)'~))v t=1,...,T. (6)

They are .%;-measurable, and thus we only need to consider their values V,¥ associ-
ated with scenarios s € .%(v). It follows that the value of the measure of risk (4) can
be written on the scenario tree in a recursive manner:

p17(Z1,22,..., Zr) = Z1 + V], (7N
v =p/ (Y vV, vea, 1=1,..T. ®)

4 Nonanticipativity Constraints

A standard approach to multistage stochastic programming is based on scenario de-
composition. With every scenario s in the tree, we associate a sequence of decision
vectors

X¥=(0,...,x), s€Q.

Such a collection of sequences forms a policy which is not necessarily implementable,
unless it satisfies a certain linear equation, called the nonanticipativity constraint. It
requires that the process x be adapted to the filtration {.% }. Abstractly, we can write

x,:]E[x,L%], t=1,...,T—1. 9)

For the scenario model, the nonanticipativity constraint can be written as a system of
linear equations at the nodes of the tree. For every node v atlevelt =1,...,T — 1 the
values x; should be identical for all s € .”(Vv). Direct specification of (9) yields

] _ Zwejﬂ(v) Pox

X =E[x|7(v) , seL(v), ve, t=1,... . T—1.

Yocs(v)Po
(10)
Other constraints of problem (1)-(2)-(3) decompose by scenario:
xe%:%IX---xﬁ”'Q‘, (11
where for each s € 2 we have
2P ={xeX{x-xX} :Bx)_|+Ax;=0b},t=1,...,T}. (12)

In (12) the symbols A?, B}, b}, and X;’ denote realizations of problem data at stage ¢
in scenario s, and the term BjxJ_, is omitted for z = 1.
In risk-neutral multistage stochastic programming, we can write the correspond-

ing optimization problem:
T

min Z P’ Z<cts7xts> (13)

seQ =1

s.t. (10) and (12).



Then, Lagrange multipliers A’ are associated with the nonanticipativity constraints
(10), and the following Lagrangian function is constructed:

T T-1
L(x,A) = Z pSZ<cf,xf>—|— Z Z Z ps<lts7xf—]E[x,|5”(v)]>. (14)
seQ =1 t=1 veQ; se.7(v)
The problem
min L(x,A)
xeZ

decomposes into scenario subproblems, one for each s € . We shall not go into
these details here; the reader can find them in [31, Sec. 3.2.4]. The dual problem is to
find the optimal values of Lagrange multipliers associated with (10). It can be solved
by nonsmooth optimization methods or by augmented Lagrangian methods. As the
constraints (10) are redundant, we can restrict the multipliers to the subspace defined
by the equations

E[X| %] =0, t=1,...., T —1. (15)
In the scenario tree case, these conditions translate into
Y PA=0, ve@, t=1,..T-1L (16)
seL(v)

Again, the reader is referred to [31, Ch. 3] for the details.

The difficulty with the scenario decomposition in the risk-averse setting is the
definition and nonlinear character of the dynamic risk measure (4). If a policy x is not
implementable, the sequence {Z} is not adapted to the filtration {.%;} and formula
(4) makes no sense, because of the definition of p; as a function acting on .%; |-
measurable random variables. We cannot just substitute the dynamic risk measure for
the objective function in (13).

5 Transition Multikernels and Their Compositions

We first recall the dual representation of conditional measures of risk. Let &2(C)
denote the set of probability distributions on a set of nodes C C €2;. By [28, Remark
4.3], foreveryt =1,...,T — 1 and every node v € €, there exists a convex closed set
o (v) C Z(C(v)) such that

ALY = man (w10 a
In fact, < (v) = dp} (0).

We shall call a mapping % : Q, = (1) a transition multikernel. It is convex,
if for all v € Q, the set % (V) is convex. It is closed, if for all v € €, the set 7 (V) is
closed. The transition multikernels .7 associated with the conditional risk measures
p:(+) are convex and closed, as subdifferentials of convex functions p,” (-) at0, v € Q.
They also satisfy the conditions

(V) C P(C(v)), VveL. (18)



For t = 1 there is only one node v = 1 € Q,, and thus .27 is simply a set probability
distributions on ;. If a kernel y, is a selection of o, that is, i, (v) € <7 (v) for all
v € ,, we shall simply write 1, € 7. The value of p(v) at an node 1 € C(v) will
be written as (v, n).

Compositions of transition multikernels are germane for our analysis. Let us start
from a composition of a measure g, € 2(£;) with a kernel y, € <7 It is a measure
on £, given by the following relations:

(eogr)(n) = qr(a(n))w(a(n),n), N € Qry1; (19)

recall that a(n) is the ancestor of 7. If we have a set of probability distributions
9, C P(£) and a transition multikernel 7 satisfying (18), we can define their
composition o7 o Q; as the following set of probability distributions on £, :

JZ{tOQt:{.UrOQrWItEQt’ﬂtEﬂft} (20)

Lemma 1 Suppose Q; is a convex and compact set of probability measures on £,
and a transition multikernel <7, satisfies (18) and is convex and compact. Then the set
Qi1+1 = ;0 Q; is convex and compact.

Proof To prove convexity, let ¢¥, (1) = ¢f (a(n))uf (n), with uf € o, ¢f € Q1. k=
1,2, and consider their convex combination,

G =g +(1—a)gty, ac(01).

Define ¢; = g} + (1 — &0)g?. By the convexity of Q,, we have ¢, € Q;, and thus the
set o7 0{q, } is included in Q, 1. To show that g, € Oy, it is sufficient to prove that
Gr+1 € 4 0 {q;}. This amounts to verifying for all n € £, the following relation:

aq; (a(m))p (M) + (1= a)g; (a(m)u? (M) € g:(a(m)H(a(m)). (21

Letn € 2,41 and v = a(n). Observe that g (v) > 0 and ¢?(v) > 0.If ¢,(v) = 0, we
must have ¢! (v) = ¢>(v) = 0 and (21) is trivial. It remains to consider the case of
g:(v) > 0. Define

_agl(v)
hlvi= a(v)

By the definition of ¢,, B(v) € [0,1]. The left hand side of (21) can be written as
follows

aq (V)i () + (1= a)g; (V) () = (V) (BV)u (1) + (1= B(V))uf (1))

Due to the convexity of 7, the right hand side is an element of <7 o {¢;}, which
proves (21).
The compactness of Q, follows from the compactness of Q; and .«7. O

We can now prove a useful dual representation of a dynamic measure of risk.



Theorem 1 Suppose a dynamic risk measure p(-) is given by (4) with conditional
risk measures py(-) satisfying conditions (A1)—(A4). Then for every adapted sequence
Z1,...,Z1 we have the relation

P(Zi,....Zr) = max (qr,Z1+Za+---+Zr), (22)
qr€0r
where
Or =r_10...9h04 (23)

is a convex and closed set of probability measures on £2.

Proof Recursive composition of transition multikernels u, yields a sequence of sets
of measures:

Orr1=40Q;, t=1,....,T—1, (24)
with Q1 = {1}. Each Q; is a set of probability measures on £2,. Lemma 1 implies that
they are all convex and compact.

The multikernel representation (17) allows us to rewrite the definition of a dy-
namic risk measure (4) as follows:

_ Q) Q3
p(Z17-~~aZT)—Zl+”11n€a;;l (<,u1,22 >+#12n€a;;2(<li20ﬂ1,z3 PR

"'+”T_r|n£;;T_l<.uT—1O"'ON20N17ZT>"'))~ (25)

All the maximum operations can be put at the beginning, and we obtain:

p(Zis.. .\ Zr)=Zi + max (<#1’ZZQZ>+<Hzou1,Z3Q3>+,,,
T-1

<t (i yo oo, Zr)). (26)

Let g = Ww—10---olpouy,t =2,...,T. Each of them is an element of the corre-
sponding set Q;. Consider the product

(41,2) = Z;,z @(V)Z* (V).

Suppose 1, € o and v € ;. Then 1, (V) is a probability distribution on C(V). Since
Z; is #;-measurable, ZtQ "+! has identical values on the nodes 1 € C(Vv). Therefore,

Z2(v) = ((v), 2.

Recalling the definition (19), we conclude that

Q Q Q,
<qtaZt > = <l’l'toqut M> = <61t+1aZt o >
Applying this relation recursively to all terms of (26), we obtain the identity
p(Zi,...,Zr) = max <IJT71 o--+olhpoly,Z +Zz+“'+ZT>

W ED
t=1,...,T—1 (27)
= max (qr,.Z1+Z+ - +Zr),
qr€Qr

as postulated. O



6 Duality and Decomposition

An advantage of formula (22) is that its right hand side remains well-defined also
for sequences {Z; }, which are not adapted to the filtration {.%; }. This allows for the
development of the corresponding duality theory and decomposition.

Consider the extended problem formulation corresponding to to the risk-neutral
formulation (13). The nonanticipativity constraints (10) can be compactly written as
a system of linear equations x = Ilx, where IT is the projection on the implementable
subspace:

O(xy,...,xr) = (Ex1,E[x2| %), ..., Elxr 1| Fr_1],x1).

Employing the dual representation of the dynamic measure of risk p(-), we obtain
the following problem:

min max St Xt 28
X geQ0r Sg’zq < ) %)
st.x—IIx=0, (29)

X*eZ’ seQ. (30)

We write (c¢®,x*) for the sum Y’ (¢!, x). By Theorem 1, this problem is equivalent
to the problem of minimizing (4), subject to (2) and (1).

We now develop duality relations for problem (28)—(30), extending to the risk-
averse case the approach outlined in [31, Sec. 3.2.4]. After associating Lagrange
multipliers A with the nonanticipativity constraints (29), we obtain the following La-
grangian function:

L 2) = max Y (q(c' ) + pH (A2 — 1),
7€Qr SEQ

It is sufficient to consider A such that I[TA = 0, because any shift of A by by a vector
in the range of IT does not affect the last term. More specifically, we require that

Y A =0, veQ, t=1..T-1 (31)
seL(v)

Under this condition, the Lagrangian simplifies:

L(x,A) = max Y (@) A X). (32)
TseQ

The dual function is defined as follows:

Lp(A) = inf L(x,A),

xex
and the dual problem is to find
max inf max Y (¢*(c’,x*) + p*(A°,x*)). (33)

MIA=0xe2 q€Qr e
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The function under the “max —inf — max” operations is bilinear in x and g, the set Q7
is convex and compact, and the set .2~ is convex. Therefore, we can interchange the
inner “inf” and “max” operations to write the dual problem as follows:

inf et Xy + p (A5, x| 34
maps [ S o) -

It is convenient to replace the measure ¢ with its density § with respect to p. Clearly,
0 lives in a convex compact set

A= {5 eR: ('8, € QT}. (35)

The dual problem takes on the form:

max max | inf Zps(5S<cs,xy>+<ls,xs>)

: : (36)
A=08cA |xe2” 55

The problem in brackets has the same structure as in the risk-neutral case, but with
scenario costs re-scaled by 7.

Theorem 2 If Problem (28)-(30) has an optimal solution then the dual problem (36)
has an optimal solution, and the optimal values of both problems coincide.

The theorem follows from the duality theory in convex programming (see, e.g., [24,
Thms. 4.7 and 4.8]). No constraint qualification is needed, because the constraints
(29) are linear and the sets 2%, s € Q, are convex closed polyhedra.

Observe that the inner problem (in brackets) in (36) decomposes into individual
scenario subproblems

min (6°c¢’+ A% x%), s€Q. 37
e
These subproblems can be readily solved by specialized techniques, exploiting the
structure of the deterministic version of the dynamic problem in question.
Our approach can be interpreted as a construction of a family of risk-neutral ap-
proximations of the problem, one for each 6 € A.

7 Master Problem

Let us denote by ¥* (A7, 0%) the optimal value of problem (37). The main difficulty is
to solve the dual problem:

SPS (A5, 8%). 38
nax max }, p (4", 8) (8

As each L*(-,-) is concave and piecewise-linear, problem (38) is a convex program-
ming problem.
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The optimal value of the scenario subproblem (37) is a composition of the linear
map (A°%,0%) — 6°c* + A with the support function of the set Z;. Using rules of
subdifferential calculus we obtain

dP*(A°,8%) = {(+*,(c’,x")) : x* is a solution of (37)} . (39)
As the objective of (38),
D(A,0) = Z P'P(A5,6%),

SEQ

is a sum of terms that have no variables in common, we get
OD(A,8) = dW (A1, 8") x - x awI?l (2121 5121, (40)

Therefore, to calculate a subgradient at a point (1,0) we need to solve subprob-
lems (37) and apply formula (40). In principle, problem (38) can be solved by any
nonsmooth optimization method. One simple possibility would be the cutting plane
method (see, e.g., [12,24]); another choice is the bundle method (see [12, 14,15,24]).

The essence of the bundle method is the application of regularization with respect
to the decision variables, which are in our case A and &, similarly to the proximal
point method. This allows to localize the iterations and makes the bundle method
more reliable for problems of higher dimension, where the cutting plane method be-
comes very slow.

Here, the specificity of problem (38) is that regularization is mainly needed for the
nonanticipativity multipliers A. The densities & are restricted to live in a compact set
A; in the extreme case of the risk-neutral problem we simply have A = {(1,1,...,1)}.
We therefore propose a partial bundle method, which employs regularization with
respect to the variables A only. Exactly as the bundle method, it collects for every
scenario s optimal solutions x*/ of the scenario subproblems and corresponding solu-
tions (A*/, 8% of the master problem at iterations j € J;. The set J; may be the set of
all previous iterations, or its subset determined by the cut selection rules of the bundle
method. The method also has the regularization center A, which is updated depending
on the success of the current iteration, and uses a regularization coefficient r > 0.

The master problem of the partial bundle method has the following form

max Y p* (vrgnzu,‘vnz)

Vsiti0 5eQ
s.tvg < <6”-"c“' + l”-",x“"> + < (x“‘-f, <c“‘,x“'f>) ,(A5,8%) — (AY, 6‘”)} , @
seQ, jel,
I\ =0,
deA.

After its solution, the regularization center A, the regularization coefficient r, and the
sets of cuts are updated in exactly the same way as in the bundle method (see [15,
24]). Convergence analysis of the partial bundle method is nontrivial and lengthy.
As these details would take us far away from the main topic of our presentation; we
outline the analysis in the Appendix, for the basic problem of minimizing a convex
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function of two decision vectors, without the complications of dealing with the sum
of functions, over s € €. Our master problem (41) uses disaggregated subgradients,
as in [5,22]: each vy is an upper bound on the corresponding function ¥*(A*, §*). The
interested readers are referred to [8].

8 Numerical Illustration
8.1 The Model

Our aim is to illustrate the scenario decomposition approach and the methods dis-
cussed in previous sections on the following inventory and assembly problem. A
product line consists of several different models. Each model has its own list of parts,
but different models may have some parts in common. At the first stage, we decide
how many units of each part will be bought. After the purchase is done, the actual
demand for the different models is revealed. Then we decide how many units of each
model will be produced, while keeping within the constraints defined by the numbers
of parts available.

There is a penalty for each unit of unsatisfied demand and there is a “storage cost”
associated to each unit that is produced over the demand. The storage cost involves
product depreciation and is a random variable which will become known only after
the second stage decisions have been made. It is assumed that all the products will
eventually be sold and the storage cost is paid only once.

Let z; be the number of parts of type i that will be purchased and let u; be the
number of units of model j that will be produced. Let M be the integer nonnegative
matrix that describes the parts needed to assemble each different model, i.e. Mu is
the vector of parts necessary to assemble the vector of models u. Random demand
for product j is denoted by D; and random unit storage cost is denoted by H;. Other
problem parameters, which are deterministic, are: r; - selling price of product j, ¢; -
cost of part 7, /; - penalty for uncovered demand of product ;.

Our goal is to minimize the negative of the profit, which is composed of three
parts: Zy = Y, ¢izi, Zo = — Y ;jrjuj, and Z3 = Y [1;(Dj —u;j) + + H;j(u; — D;)]. Since
the components Z, and Z3 are random, and our decisions u depend on the demand
vector observed, we express the production problem as a three stage risk-averse opti-
mization problem. In fact, there are no third stage decisions: only random cost evalu-
ation.

At stages 1 and 2 we use the conditional mean—semideviation risk measures of
the first order of the form (3) with coefficients k; € [0, 1] and K € [0, 1], respectively

Assume that there are N possible demand realizations each occurring with cor-
responding probability p,. Moreover, suppose that each demand realization s there
are Ny possible storage cost realizations each occurring with probability psy, 1 =
1,...,N;. For given decisions u* at node s, the cost equals:

75+ 75 = —{r,u’) + {I,w*) + (H*T V'),

where w' and V* are the under and over production due to decision y* at node s.
In this case a straightforward linear programming formulation of the problem is the



following:
N N
min (¢,2)+ ¥ psp"+ 1 Y peo’
p.0.L.y s=1 s=1

Ny Ny
s.t.p' = Z psngm + K Z psn'}’ma
n=1 n=1

o' >p'— Y pp*, o'>0,
ke,

gsn = _<r7 us> + <laws> + <HS7]’VS>7 (42)
Ns

P12y pudt, yT 20,
k=1

Mu* —z<0, >0,

w' > D — I/lS, WS > 07

VvVi>u—-D v >0,

foralls=1,...,Nandn =1,...,N;.
In the problem above, D° := (Dj,...,D3,) is the sth realization of product demands,
and an is the storage cost of product i under demand realization s and storage
realization 7). The variable p® represents the value of the conditional risk measure
P2(Z> 4+ Z3) at node s, and the value of the risk measure p; (-) is calculated directly in
the objective function. The variables { represent cost realizations in the correspond-
ing scenarios. The variables ¢ and Y represent the upper semideviations of the costs
at stage 1 and 2, respectively.

The size of the linear programming representation of the production problem
shows the importance of developing efficient methods to solve multi stage risk-averse
problems. We applied to our problem the cutting plane, the classical bundle, and the
partial bundle method. Whenever possible, we compared the results obtained by these
methods with the result of solving the linear programming problem (42) directly by a
simplex algorithm. For the scenario decomposition methods, we considered two ver-
sions. One was the full three-stage version, which is most general and applies also to
problems involving decisions at the last stage and general non-polyhedral measures
of risk. Another version was a model with a truncated two-stage tree, in which the
problems at the second stage are risk-averse problems themselves. This was possible
due to the polyhedral structure of the mean—semideviation risk measure and to the
absence of third stage decisions.

8.2 The Partial Bundle Method

To obtain explicitly the master problem of the partial bundle method for our applica-
tion we need to calculate the set A appearing in (41). The structure of the subdiffer-
ential of the mean upper semideviation is well known (see [31] page 278), namely,
N
PsTs + 7T

8p1(0){]l]l

7= (7)Y, and 0 < 7, < K } (43)

s=1
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and

Ny

dp3(0) = {]1 1) potsn +1°
n=1

= (tm)],;{;l and 0 < 15y < Kz}, (44

where 1 is the vector with all entries equal to 1. Let dp,(0) := dpJ (0) x --- x dpL (0)
aMﬂ:QMMQmwamQra%oM:am@owmmmﬂA:{&

(ps o° )?]:1 € Qg}. Thanks to the structure of the subdifferentials (43) and (44) the

set A is polyhedral, and so, A = {(STSI) } such that

s=1,...,Nn=1,....Ns
N Ny

Oy =psn |1— Z Dk + Ts — Z Dsk€sk + Esn
k=1 k=1

0< <k, i=1,...,N,

Ns

kak+Ti>, i=1,...,N, j=1,...,N;.
=1

OSE,‘]'SKQ(I
k=

The master problem of the partial bundle method for our application is:

max ips (vs - %Hls - 15||2>

vs,A,8
sty < (8 + A% XY 4+ (2 (f,x)) (A%, 8°) — (A, 8%)),
IIA =0,
N NY NY
8 =pm [1=Y pkt+1— Y Pk + & , (45)
k=1 k=1 n=1
0 S Ts S K1,
Ny
OSESTISKZ l_zkak+TS ) 7721»---7NS7
k=1

forall jeJ;, s=1,...,N.

At every iteration j of the partial bundle method the obtained subgradient have the
following form

[(pm”)T,...,(pNzNj)T,p1<cl,Z”>,~quv(chZN")» (mGly”)T,..-,(pNGNyN")T} :

where x*/ := (z*/,y*/) is the optimal solution of subproblem (37) for scenario s at
iteration j with z*/ corresponding to the first stage components of x*/, and y*/ corre-
sponding to the second and third stage components of x*/. Also, ¢* is the cost vector
of the first stage scenario s, and G* is the matrix of second stage scenario costs cor-
responding to the first stage scenario s. In our example ¢® = ¢ and the rows of G* are

(gxn)T = (rT,lT,(Hm)T>, foreverys=1,...,N,n=1,...,N;.
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After a few algebraic simplifications we derive from (52) the individual scenario
subproblems for each scenario s =1,...,N,

min_a’(c*,z) + (B*, ) + (A%,2)

Z,U,W,V,
st. &M= —(ru)+{{,w)+(HTv), n=1,...,N;,
Mu—2z<0, u>0, (46)
w>D'—u, w>0,
v>u—D, v>0,

where each y*/ component of x*/ in (45) has been subdivided according to (42), i.e.,
x:=(z,y) :=(z,u,v,w). Similarly, o*, B* are the corresponding z, y components of §°.
8.3 The Truncated Tree Method

In order to obtain the truncated two-stage tree method we need to find an efficient
way of evaluating the second stage upper semideviation risk measure. Applying (17),
we obtain for every s =1,...,N,

N
5(G’y) = max 1) Ty, 47
p>(Gy) 52903 (0) n; nPsn8snY (47)

where dp3(0) is obtained from (44). Substituting (44) into (47) gives

N N Ns
P3(Gy) = max Y panghy+ Y thpen [g;y Yy pxggf;y] . @8
)% 2 n=1 £=1

Therefore p5(G*y) can be obtained by solving the following linear program

Ny Ny
min Y pagiy+ Y, dy
n=1 n=1

(49)
s.t. dy > Kopsy

Ny
gsTny_ Zpsgg;ré‘y‘| ) n:lv"'7Nsv
=

dT[ZO? nzla"'aN\“
The main idea of the truncated tree method is that instead of minimizing (4)
subject to (1) and (2), we minimize
pis=z+p1 (%), (50)
subject to (1) and (2), and B
L =7+p2(2Z3). (51)

We consider the truncated problem as a two-stage problem and apply to it the same
dual analysis that we did before. At the end we obtain formulation (38) with a few
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key differences. First, A and & refer to the random variables Z; and Z~2 and have
no components directly relating to either Z, or Z3. More importantly, the individual
scenario subproblems should take into consideration the cost of new random variable
7, and thus (37) is replaced by

min (8¢ +4°,2)+8p3(a]y), s=1,....N, (52)
(B Y)exs

where z° and y* are the decision variables corresponding to the first and second stage
scenarios. By substituting (49) and (52) into (38) we obtain the following problem
formulation for our application

N
SPS(A5,8%), 53
RSB L8 o

where Y* (A7, 8%) is the optimal value of the following problem

Ny Ny
min & |(c*) z+ ) P.sng;er Y dy +(AN) "z
zy,d n=1 Tl=1
T o T
s.t. dy > K2psy 8y — Z Ps¢8eY|s M= 1,...,Ng, (54)
=

32 +A3y = b3,
Z€X,y>0,d>0.

At every iteration j of the truncated tree partial bundle method, the subgradient has
the following form

[(mz”)tm,(pNzN")T,m(bx(z”?y”}d”),...,pzv¢s(zN’f,yN",dN’)}7 (55)

where forevery s =1,...,N,

N Ng
0s(z,3,d) = () 'z+ Y pnginy+ Y. dn,
=1 ]

and x% := (z%,y*/ d*/) is the optimal solution of subproblem (54) for scenario s at
iteration j.

By construction, we only consider the first scenarios for the decomposition in (53)
and so A = {5 : (pSSS)]sV:l €dpi (O)}, where dp; (0) was shown in (43). Therefore
the master problem of partial bundle method for the truncated tree method has the



following form:

N
max ). ' (=3I =22)
s.vy < (896 + A7 06T + (27, (c5, ), (A8, 8%) — (A, 8%))
A =0,
N

6" = ps [1 — Y ATt (56)

)

k=1

ngqul,
forall jeJ;, s=1,...,N.

After a few algebraic simplifications we derive from (52) the individual truncated tree
scenario subproblems for each scenario s = 1,...,N,

min_ 6%t + (A°,z)

W, g

s.t. Cn - 7<r,u> +<Z,W>+ <Hsnvv>a
t= <cs7Z> + <(psk)]]y;17 ¢+ K'25>

S 2 8= (P £), Sy 20, (57)
Mu—z<0, u>0,
w>D —u, w>0,
v>u—D', v>0,
forallp =1,...,Nj,

where each decision variable y*/ from (52) has been subdivided according to (42), i.e.
x:=(z,y) = (zu,v,w).

Following this we compared the total running time, total number of iterations,
and the average time per iteration of each method. Table 1 shows the comparison of
all the methods on a problem with 10 parts and 5 products, for different numbers of
first-stage and second-stage scenarios.

The classical cutting plane method was inefficient and failed to converge in a rea-
sonable time on most instances, while being outperformed by all the other methods
when it converged. For this reason we omitted it from Table 1. Clearly, small prob-
lems are best solved directly by linear programming in formulation (42). The useful-
ness of decomposition is shown when we consider large problems. For example on
the instance with 200 first-stage scenarios, with each followed by 200 second-stage
scenarios, the general bundle and the partial truncated tree methods outperformed
the linear programming formulation. More important is the case with 300 first-stage
scenarios, with 300 second-stage scenarios after each of them, where the linear pro-
gramming approach failed, but the truncated tree and partial truncated tree methods



Size LP Truncated Tree Partial Truncated Tree General Bundle
N X N; Time Time Iter. T Time Iter. T Time Iter. TN
6x3 0 106 476  0.223 15 97 0.155 84 492 0.171
5x5 0 95 451  0.211 36 194 0.186 61 419  0.146
5%x6 0 75 388  0.193 13 86 0.151 48 270 0.178
6x6 0 134 574 0.233 133 441 0.302 109 521 0.209
10x 10 0 313 435  0.720 287 419 0.685 309 501  0.617
50 x 50 5 1381 510  2.708 1652 485 3.406 3283 414 7.930
100 x 100 98 5570 660  8.439 1547 300 5.157 28316 579 48091
200 x 200 | 5767 5975 240  24.89 4722 200 23.61 54336 291 186.7
300 x 300 - 19910 255 78.08 | 20622 255 80.87 - - -

Table 1 Performance of decomposition methods. Tests were performed for N first-stage scenarios, and N
second-stage scenarios following each first-stage scenario.

were able to find a solution. In this case the meager memory requirements of these
methods allowed us to obtain a solution even when the linear programming formula-
tion was too large for our computer memory. In general, we saw the partial truncated
tree method outperforming the truncated tree method but this might be problem spe-
cific.

Notice that the truncated tree method moves the calculation of the second stage
risk measure from the master problem to the subproblems resulting in a smaller mas-
ter problem but larger subproblems. This is the main difference between the truncated
tree and general bundle methods. In larger instances, the dimension of the master
problem affects the number of iterations necessary to find a solution, as well as time
to solve the master problem at each iteration. For these reason, the truncated tree
method with its simpler master problem outperforms the general bundle method on
the largest instances.
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A The Partial Bundle Method

A.1 The Method

We consider the problem

minimize f(x,y), (58)

(xy)€

in which the set A C R" x R™ is closed convex and the function f : R” x R™ — IR is convex, proper, and
lower semicontinuous. We assume that the set A is x-bounded in the sense that for every bounded subset
Y C R™ the intersection A N (R" x Y) is bounded.

We define the following regularized master problem:

minimizezHyfWk\|2+fk(x>Y)7 (9
(x,y)€A 2
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where the model f* is defined by:

ﬁmﬂé%$UUMﬁ+@MLw*WJWL (60)

with g/ € df(x/,y/), j € Jy. The set J; is a subset of {1,...,k} determined by a procedure for selecting
cuts. At this moment we may think of Ji as being equal to {1,...,k}.

In the proximal term (r/2)||y — w¥||2, where r > 0, the center (v*,w¥) is updated depending on the re-
lations between the value of f(x**1,y**1) at the mater’s solution, (x**!,y**1), and its prediction provided
be the current model, £*(x¥*1, y¥+1)_If these values are equal or close, we set (Vi1 wht1) 1= (xk+1 yk+1)
(descent step); otherwise (Vi1 wkt1) := (VK wk) (null step). In any case, the collectlon of cuts is updated,
and the iteration continues.

The regularized master problem can be equivalently written as a problem with a quadratic objective
function and linear constraints:

minimize z+ g“)’* wh|)?

SUbjeCt to z2> f(xjvyj) + <gl7 (xsy) - (xjvyj)> 3 J € Jk7 (61)
(x,y) €A.

If the set A is a convex polyhedron, the master problem can be readily solved by specialized techniques,
enjoying the finite termination property.

Let us observe that problem (61) satisfies Slater’s constraint qualification condition. Indeed, for every
(xs,ys) € A we can choose z, so large that all constraints are satisfied as strict inequalities. Therefore the
optimal solution of the master problem satisfies the necessary and sufficient conditions of optimality with
Lagrange multipliers (see [24, Thm. 3.34]). We denote by ljl‘-' € Ji, the Lagrange multipliers associated
with the constraints of problem (61).

The detailed algorithm is stated below. The parameter y € (0, 1) is a fixed constant used to compare
the observed improvement in the objective value to the predicted improvement.

Step 0. Setk:=1,Jy:=0,andz! := —co.

Step 1. Calculate f(x*,y*) and gF € 9 f(xk,y%). If f(x*,y%) > Z* then set J; := J;_; U {k}; otherwise set
Jk = Jk,1 .

Step 2. Ifk=1orif

FOE) < Q=R WD) 1 D),

then set (v, wk) := (x¥,y%); otherwise Step 2 is a null step and we set (v€, wk) :=

Step CZ 5 Solve the master problem (61). Denote by (x¥+!,y**1) and z¢* its solution and set f* (x* 1, yk+1) :=
s

Step 4. If fEOAT1 5+ = F(vk,wk) then stop (the point (K, wk) is an optimal solution); otherwise
continue.

Step 5. If Step 2 was a null step then go to Step 6. Else (Step 2 was a descent step) remove from the set
of cuts J; some (or all) cuts whose Lagrange multipliers /l}-" at the solution of (61) are 0.

Step 6. Increase k by one, and go to Step 1.

(klkl

A.2 Convergence

First we prove that if the algorithm gets stuck at a w-center then it will approximate an optimal solution.

Lemma 2 Let f* be an optimal solution to (58) and suppose that the sequence, {(xk, yk)}, obtained by
the partial bundle method consists of only null steps from iteration t on. Then

Jim ) = £ = lim 7).
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Proof Forany € >0, let #; := {k: k> and Fld ) +e< f(xk,yk)} and let kj,ky € e with r <
ki < kp.

Since we only have null steps we get that for every k > 7, (v}, w¥) = (x¥',)') and the cutting plane
generated at k will remain on the master problem from & on. This implies that the sequence { FELk Y0 }

is non-decreasing from ¢ + 1 on. Also, since the cutting plane generated at (x*1,y*1) will remain in the
master problem at iteration k, — 1, we get:

PO 4 (g, (2, 52) = (1,30 ) < I (2 ).
On the other hand, & < f(x*2,y¥2) — fl2=1(x*2 yk2) which combined with the last inequality yields
£ < F(2,52) = M) 4 (g1, (1,30 = (2,5 ).

Since all the steps made are null, the points yk, with k > ¢, are contained in a bounded neighborhood of
wX = y'. This and the x-boundedness of f guarantee us that B := Conv{(xj ) | j€ %/E} is bounded.
The function f is subdifferentiable in B, so there exists a constant C such that f(x;,y1) — f(x2,y2) <
C||(x1,y1) — (x2,2)|], for all x1,x, € B. Subgradients on bounded sets are bounded, and thus we can
choose C large enough so that ||g/|| < C, for all j € #z. It follows from the last displayed inequality that

€ < 20| (M1 Y1) — (62 ,yR2) || forall ky,ky € He, ki # k.

As the set B is compact, there can exist only finitely many points in .#¢ C B having distance at least £/(2C)
from each other. Thus the last inequality implies that the set 7% is finite for each £ > 0. This means that

lim f(x*) — fA1 (%) = 0. (62)

k—roo
By construction the sequences { et (x")} and {f (xk)} satisfy the relation
FENRY < < F (xR, forevery k e N.

Therefore the eventual monotonicity of { f*~!(x*)} and (62) imply that

klgn fk—l()nyk) :f* :klgn f()/‘,yk).

Next we prove another intermediate step towards convergence.

Lemma 3 Assume that problem (58) has an optimal solution and suppose that the sequence, {(xk ok )},
obtained by the partial bundle method has infinitely many descent steps. Then the following holds.

1. The sequence {(vV*,wX)} approximates an optimal solution of (58).
2. The sequence {wk converges to a point ¥ such that there is an optimal solution of (58) of the form

(%3
Proof Let us denote by . the set of iterations at which descent steps occur. If (Vi1 wht1) = (k1 yk+1)
is the optimal solution of the master problem (59), we have the necessary condition of optimality

0ed E\Iy—wk\|2+f-k(x,y)] +Na(x,y) at (x,y) = (vk+17wk+1)'

Hence
_ {O’F(Wkﬂ 7wk)} c afk(vkﬂ7wk+l)+NA(vk+llrwk+l)_

Let (x*,y*) be an optimal solution of (58). By the subgradient inequality for f* we get (for some i €
Ny (V¥ wkt 1)) the estimate

PO,y = RO Wk - < {O7r(wk+l 7Wk)] () 7(Vk+17wk+1)>
7<h, (x*,y*)i(vk+1’wk+l)> (63)

> pRRFT kT _r<wk+1 —wh _Wk+1>.
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A descent step from (V€,w¥) to (vE+1,wk+1) occurs, so the test of Step 2 is satisfied (for k+ 1):

k+1 ket ko k k(| kel
SOEWED < L=y 05 wh) + 0wt
After elementary manipulations we can rewrite it as

1— .
FRORTL W) > pAFL ety - TY {f(vk7wk) _f(vk+l7wk+l)] ) (64)
Combining the last inequality with (63) and using the relation f(x*,y*) > f*(x*,y*) we obtain
1— ¢ "
. Y [f(vk-H D) 7f(vk7wk)] _ r<WA+1 k] >

This can be substituted to the identity:

Oy > R W 4

It =y I = [k =y 42 (WA kT =y ) T wk
After skipping the last term we get
It =y |2 <t =y

2(1—
+( Y)
yr

I~

2l — )]

(65)
[f(vk,wk)—f(vk+l7wk+l)] forall ke 7.

The series Yo [f (5, wk) — f(V*+1,wk1)] is convergent, because { f(v%, w¥)} is nonincreasing and bounded
from below by f(x*,y*). Therefore we obtain from (65) that the distance |w*™! —y*|| is uniformly
bounded, and so {w*} must have accumulation points. This and the x-boundedness of f imply that the
sequence {vk,w¥} has accumulation points.

Summing up (65) for k € Z we get

L (A0 wA ) = 0 5)) < It =5 T 6t fim 705,

ket Y

so f(VFHT Wkt = f(x*,y*), k € . Consequently, at every accumulation point (%,7) of {(v,w*)} one
has f(%,7) = f(x*,y*). Since (¥,7) is optimal, we can substitute it for (x*,y*) in (65). Skipping the negative
term we get

et 512 <t =512+ 2 [t ) = o4t ].

It is true not only for k € J#" but for all k, because at k ¢ .#” we have a trivial equality here. Summing these
inequalities from k =1 to k = g > [ we get
2(1

7*?’) [f(vlvwl) _f(vq+l7wq+l)] )

At _ 512 < i — 512
WA =317 < I =37 =

Since 7 is an accumulation point, for € > 0 we can find / such that |w! — || < &. Also, if / is large
enough, f(v/,wh) — F(vIT1 wi1) < g forall ¢ > I, because { f(v¥,w*)} is convergent. Then ||w9+! —3||> <
€2 4+2¢&(1—7y)/(yr) for all g > I, so the sequence {w*} is convergent to J. O

Now we are ready to prove convergence of the partial bundle method.

Theorem 3 Assume that problem (58) has an optimal solution, f*, and let {(xk yk)} be the sequence
obtained by the partial bundle method. Then

lim inf £(x¥ y5) = f*.

Proof 1f there are only finitely many descent steps then Lemma 2 gives the desired result. Thus we assume
that the number of descent steps is infinite and by Lemma 3, limkﬁmf(vk,wk) = f*. Clearly, the sequence
{f(W*,wK)} is an infinite subsequence of { f(x*,y*)}. Then, since f(x¥,y¥) > f* for every k, we obtain that
liminfy_., f(x%,y%) = f*. ]



