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Abstract Mixed Integer Dynamic Approximation Scheme (MIDAS) is a new sampling-based algorithm for
solving finite-horizon stochastic dynamic programs with monotonic Bellman functions. MIDAS approximates
these value functions using step functions, leading to stage problems that are mixed integer programs. We
provide a general description of MIDAS, and prove its almost-sure convergence to a 2Te-optimal policy for
problems with T stages when the Bellman functions are known to be continuous, and the sampling process
satisfies standard assumptions.
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1 Introduction

In general, multistage stochastic programming problems are extremely difficult to solve. If one discretizes the
random variable using a finite set of outcomes in each stage and represents the process as a scenario tree, then
the problem size grows exponentially with the number of stages and outcomes [14]. On the other hand, if the
random variables are stagewise independent then the problem can be formulated as a dynamic programming
recursion, and attacked using an approximate dynamic programming algorithm.

When the Bellman functions (or value-to-go functions) are known to be convex (if minimizing) or concave (if
maximizing) then they can be approximated by cutting planes. This is the basis of the popular Stochastic Dual
Dynamic Programming (SDDP) algorithm originally proposed by Pereira and Pinto [12]. This creates a sequence
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of cutting-plane outer approximations to the Bellman function at each stage by evaluating stage problems on
independently sampled sequences of random outcomes. A comprehensive recent summary of this algorithm and
its properties is provided by [15]. A number of algorithms that are variations of this idea have been proposed
(see e.g. [4,5,10]).

The first formal proof of almost-sure convergence for SDDP-based algorithms applied to problems with polyhe-
dral Bellman functions was provided by Philpott and Guan in [13]. Almost-sure convergence for general convex
Bellman functions was recently proved using a different approach by Girardeau et al. [7], and for risk averse
problems by Guigues [9].

In order to guarantee the validity of the outer approximation of the Bellman functions, SDDP-based methods
require these functions to be convex (if minimizing) or concave (if maximizing). However, there are many
instances of problems when the optimal value of the stage problem is not a convex (or concave) function of the
state variables. For example, if the stage problem involves state variables with components appearing in both
the objective function and the right-hand side of a convex optimization problem then the optimal value function
might have a saddle point (unless this function is jointly convex in both the state and decision). More generally,
if the stage problems are not convex then we cannot guarantee convexity of the optimal value function. This will
happen when stage problems are mixed-integer programs (MIPS), or when they incorporate nonlinear effects,
such as modeling head effects in hydropower production functions [3].

Our interest in problems of this type is motivated by models of hydroelectricity systems in which we seek to
maximize revenue from releasing water through generating stations on a river chain. This can be modeled as a
stochastic decision problem with discrete-time dynamics:

Ti41 = ft(xt,ut,ft), 1=z, t=1,2,...,T, (1)

where f; is an affine function. In this stochastic state equation, x: is an element of the set of feasible states
X, t =1,2,...,T + 1, the initial state T = x1 being given. For t = 1 to T, the & are independent random
variables, elements of £2¢, and u¢, the decision at time ¢, is an element of the set of feasible decisions Uy (x¢,&:).
This means that there is a complete observation of the state, and that we are in a hazard-decision setting. Also,
for each z; € Xy and uy € U(wt,&t), fe(xe,us, &) is an element of X¢y1. The decision us generates a reward
re(zt, ut, &) in each stage; there is also a terminal reward R(zr41). Under technical hypotheses, the Bellman
values Vi(x) (maximum expected reward from the beginning of stage ¢ onwards with state z) are well-defined
and satisfy the dynamic programming principle

V;:(Z‘) :Eﬁt Uy(m.t0)
u (2,8t

Vrii(z) = R(x). (3)

sup  {r¢(z,u, &) +V;5+1(ft(x7uv£t))}:| ) (2)

We are interested in the case when the X; are subsets of R, and the Bellman values are nondecreasing functions
of x. For example, in a single-reservoir hydro-scheduling problem, x = (s, p) might represent both the reservoir
stock variable s and a price variable p, and u = (v, 1) represents the reservoir release v through a generator and
reservoir spill /. In this case, the dynamics might be represented by

St41 | st — vt — It +wi

D41 arpe + (1 —ae)be +1m¢ |’
where a; € (0,1) and bt is a time-varying average price towards which p; is mean reverting. Here w; is (random)
reservoir inflow, and 7, is the error term for the mean-reverting price model, so & = [w¢ ¢ ]T. Here we might
define

Tt(S,p,’U, lawt7nt) = pg('l}),

giving the revenue earned by released energy g(v) sold at price p, and

U(we, &) = {(v,1):v €U, 1 >0, 0< —v—1+z +w <al,
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where a is the capacity of the reservoir, and U is the set of feasible water releases through the generating
station. For such a model, it is easy to show (under the assumption that we can spill energy without penalty)
that Vi (s, p) is continuous and monotonic increasing in s and p. On the other hand V;(s, p) is not always concave
which makes the application of standard SDDP invalid.

In this paper we propose a new extension of SDDP called Mixed Integer Dynamic Approximation Scheme
(MIDAS). MIDAS uses the same algorithmic framework as SDDP but, instead of using cutting planes, MIDAS
uses step functions to approximate the value function. The approximation requires an assumption that the value
function is monotonic (or close to monotonic in a precise sense) in the state variables. Each approximating stage
problem can be solved to global optimality as a MIP. The approximating stage problems are discretizations
of the true stage problems that become more accurate as the discretizations become finer. This enables us to
obtain approximate solutions of the stochastic decision problem.

A number of authors have looked to extend SDDP methods to deal with non-convex stage problems. The first
approach replaces the non-convex components of the problem with convex approximations, for example using
McCormick envelopes to approximate the production function of hydro plants as in [3]. The second approach
convexifies the value function, e.g. using Lagrangian relaxation techniques. A recent paper [17] by Thomé et al.
proposes a Lagrangian relaxation of the SDDP subproblem, and then uses the Lagrange multipliers to produce
valid Benders cuts. A similar approach is adopted by Steeger and Rebennack in [16]. Abgottspon et al [1]
introduce a heuristic to add locally valid cuts that enhance a convexified approximation of the value function.
More recently Zou et al [19] prove the almost sure convergence of their SDDiP algorithm, which extends SDDP
to problems with binary state variables. This method has recently been applied to a version of the river-chain
optimization problem by Hjelmeland et al [11].

When the non-convexity in the Bellman function arises from state variables appearing in the stage objective
function, as prices do in the reservoir optimization above, it is common to represent the price dynamics by
a Markov chain in which each price state has its own separate cutting plane approximation for the Bellman
function with price fixed (see e.g. [2] and [8]). MIDAS provides a different approximation to this discretization of
the Bellman function. We should also note that the linear price dynamics in the reservoir optimization problem
yields a value function that is concave in storage and convex in price, which enables one to linearly interpolate
the Bellman function in the price dimension. This approach is investigated by Downward et al in a recent
paper [6]. Since it exploits the specific strucure of the Bellman function, the performance of this method on
single reservoir problems is better than MIDAS (as reported in the thesis of Wahid [18]). This is not surprising
given that MIDAS is a general approach to solving these problems that does not exploit the saddle form of the
Bellman function.

The rest of the paper is laid out as follows. We begin by outlining the approximation of V;(z) that is used by
MIDAS. In section 3 we prove the convergence of MIDAS to a 2Te-optimal solution of a multistage deterministic
optimization problem. Lastly, in section 4, we extend our proof to a sampling-based algorithm applied to the
multistage stochastic optimization problem with T stages, and demonstrate its almost-sure convergence to a
2Te-optimal solution. A simple hydro-electric scheduling example illustrating the algorithm is presented in
section 5. We conclude the paper in section 6 by summarizing the main contributions of the paper.

2 Static problem

Consider first the case of a static problem: T'= 1, in a deterministic setting. The problem can then be written
in the form

gleal)](r(u) + R(f(u)). (4)

where r is an immediate reward and R can be interpreted as a terminal value function (as in the previous
section). Here the decision set U is a compact (possibly discrete) subset of RM. With u € U is associated the
“state” f(u), f: U — X, where X is the set of feasible states, a compact subset of RY. The cost functions are
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r:U —Rand R: X — R, with r and R o f upper semicontinuous, Denote by 1 a vector with all components
equal to 1. We assume the existence of § > 0, € > 0, such that

R(z) < R(y)+e, ifx <y+01, forallz yin X. (5)

Remark 1 (i) If R is nondecreasing then (5) implies that R does not increase by more than ¢ for any change in
x with foo norm smaller than §. We need not assume that R is nondecreasing, as long as ¢ takes a sufficiently
large value to satisfy (5). So we call the above condition an approzimate nondecreasing condition.

(ii) If U (and hence X) is a discrete set, and R is nondecreasing, then (5) is satisfied by taking § less than the
distance between two distinct points of X, and € = 0.

(iii) Since X is compact, if R is continuous and nondecreasing, since R is uniformly continuous, for any £ > 0,
we can find § > 0 such that (5) holds.

(iv) The parameter ¢ will play an important role in the MIDAS algorithm. As shown in Figure 1 and Figure 2
it gives a measure of how far a step function that approximates R from above is permitted to deviate below R.
This then determines the accuracy of an approximate upper bound for the optimal value of the problem we are
solving.

Before stating an algorithm, let us explain how to compute an upper-bound approximation of the function R(x).
Let R > max{R(z); = € X}. Given a sequence z* in X, with k = 1 to H, set
k k
q = R(z"). (6)

Define the set
Q" ={@a" ") h=1,2,... k—1}. (7)

The set of supporting indices (at step k) of x € X is defined as
Hox):={h:1<h<k z;<al+6 i=1,..., N} (8)

Consider also the following function, that may be viewed as an approximation of the function R (see the lemma
below):
koy_ {1 if #*(x) is empty,
Q@) = {min {qh che ’Hk(a:)} otherwise. (9)

Note the strict inequality in (8); by virtue of this, the function Q¥ (z) is upper semicontinuous.

Lemma 1 (i) The function QF is nondecreasing and upper semicontinuous in x, and nonincreasing in k:

Q*(x) < Q%), zeX. (10)
(i) We have that
R(z) < Q*(z)+¢, foranyzeX, (11)
ke ’HkJrl(y), for any y with y; < ¥ +46, i=1,...,N, (12)
Q"' (") <q", foramyl1 <k <H. (13)

Proof (i) That Q* is nondecreasing as a function of x, follows from the fact that H* (z) is itself nonincreasing as a
function of z. That Q* is nonincreasing as a function of k follows from the fact that ’Hk(m) is itself nondecreasing
as a function of k. Upper semicontinuity of QF follows directly from its definition.

(ii) If H*(z) is empty, (11) obviously holds, since then Q¥(z) = R > R(z). Assume now that H"(z) is not
empty. Let € X and h € H¥(x). By (5) and the definition of H*(x), we get

R(z) —e < R(z") = ¢". (14)

Minimizing over k € H”*(z) and using (9) yields (11). If y; < =¥ + 6, i = 1,..., N, then (12) follows directly
from (8), and applying (9) then gives (13). O
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Two examples of the approximation of R(z) by Q*(x) are given in Figure 1 and Figure 2.

Q(x)
1.0

0.8 4 :
0.6 4

0.4 +

0.2 +

0.0 T

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 1 Approximation of R(x) = x 4 0.1sin(10x) shown in grey, by piecewise constant Q¥ (z), shown in black. Here § = 0.05
and z" = 0.2,0.4,0.6,0.8.

T

Fig. 2 Contour plot of Qk(m) when k = 4. The circled points are =", h = 1,2,3,4. The darker shading indicates increasing
values of Q¥ (x) (which equals R(z") in the region containing z".)

The definition of Q¥ in terms of supporting indices is made for notational convenience. In practice Q" (z) is
computed using mixed integer programming (hence the name MIDAS). We propose one possible formulation
for doing this in the Appendix.
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We propose the following algorithm:

Algorithm 1 Static MIDAS
1. Set k=1, 2% =, and QF(z) = R.
2. Forward pass:
(a) Solve max {'r(u) +Q* (f(u))} to give u¥;
(b) If || f(uk) — zhHoo < § for some 1 < h < k, then set z¥ := 2", else set z¥ := f(u”).
3. Backward pass: 281 := 2k U {(z*,¢")}, where ¢* := R(z*).

. Stopping test: Set e, := QF(f(u*)) — QFF1(f(uF)). If ey < &, set H := k, and stop.
. Increase k by 1 and go to step 2.

[S2 0NN

Remark 2 (i) The maximum in step 2(a) is attained if U is a discrete set, and more generally if f is continuous,
since r and Q" are upper semicontinuous, the latter as a consequence of lemma 1.

(ii) In general, f is an arbitrary continuous function, so step 2(a) requires the solution of a global optimization
problem. In practice Q* is defined by a MIP (as defined in the Appendix). If r and f are affine functions of
z and u then the optimization in step 2(a) also becomes a MIP. This makes the practical application of the
algorithm straightforward.

(ii) Note that 5 > 0.

Theorem 1 (i) At any iteration k, u” is a (2¢ + e)-solution of problem (4).
(i) The stopping test is activated after finitely many iterations.

Proof (i) Denote by V the value of problem (4). Since ||z* — f(u")||oc < J, (12) implies that

ke H (fF(ub)). (15)
Therefore
V= max (r(u) + R(f(w))) definition of V'
k
< max (r(w) + Q" (f(w) += by (11)
=r(u®) + QF(f(u*)) + ¢ definition of u”
=r@W®) + QT (f(u")) + & + e definition of ¢j, in the algorithm
<rWF)+¢" +e+ep consequence of (15) and (9)
< r(W®) + R(f(u™)) + 26 + e consequence of (5) and ||z" — f(u")|le < 6.
(ii) Since the algorithm generates finitely many points, after finitely many iterations, QFt!t = @, and conse-
quently € = 0. The conclusion follows. a

Remark 8 (i) Once convergence of the algorithm is obtained, so that a 2e + £ g-solution has been found, one can
choose to continue the computations with a smaller value of €. This may be efficient for avoiding small steps
that would occur when taking a small value of € at first.

(ii) If the set X is discrete and if R is nondecreasing, taking § > 0 less than the £°° distance between two
distinct points in X, we can take ¢ = 0. The output of the above algorithm is then a solution of (4).



MIDAS: A Mixed Integer Dynamic Approximation Scheme 7

3 Multistage optimization problems

In this section we describe the MIDAS algorithm for a deterministic multistage optimization problem, and prove
its convergence. Given an initial state Z, we consider a deterministic optimization problem of the form:

T

MP: max Zrt(xt,m) + R(zr4+1)
©u t=T1

s.t. i1 = fe(ze,ue), t=7,...,T,

r1 =,
ur € Ug(me), 20 € Xy, t=m,...,T.

Here 1 < 7 < T + 1. We have the state constraint x; € X, where X; is a compact subset of ]RN, and for each
x¢ € X, Us(x) is a compact subset of R . The multimapping from X; to the set of subsets of R™, z — Uy(x)
is assumed to be compatible with the state constraint, in the sense that f:(z¢,ut) € X¢41, whenever z: € Xz
and u¢ € Uy(z¢). We denote by Vi (x-) the value of the above problem with initial value of the state equal to
x-. It is well known that V; satisfies the dynamic programming principle

{ Vi(z) = sup,ep, @) {re(@u) + Vi (fe(z,u)}, t=1,...,T,

Vi (z) = R(z). (16)

Let V be an upper bound on Vi(x), t = 1,2,...,T + 1. We assume that there exist § > 0 and € > 0 such that
the following approximate nondecreasing condition holds:
Vi(z) <Vi(y)+e, ifx<y+0l, forallz, yin Xy, t=2to T + 1. 17

Note that for t = 1 we need no such condition, since we need to estimate V1 only at the point Z. In the multistage
case, we approximate each stage value function V;(z) with a piecewise constant function Qf(m) At each stage
t we have a sequence azf € X¢, k=1,..., H. We will define the associated numbers qf later, and set

QF ={(z}, ) :h=1,...,k—1}, forallt=1,...,T+1.
Given these we now define the set of supporting indices
Hi(z) ={1<h<k;zu<al+0, i=1,...,N}, (18)
as well as the following approximations of the Bellman functions:

N 6% if H(z) is empty,
Qt (z) = {min {qf ‘he ’Hf(x)} otherwise. (1)

We will make use of the following simple result.

Lemma 2 If h < k and ||x — P < 8 then QF (z) < ¢l

Proof We have x; < 2 + 6, i=1,...,N , s0o h € HF(z). Thus QF(z) < q}' as required. O
The deterministic MIDAS algorithm (Algorithm 2) generates a sequence of functions Qf (z), t = 1,...,T + 1.

For each k we define:

the forward-step decision:

uf € arg max {Tt(mf, u) + Qerl(ft(xf, u))} ; (20)
uw€eU; (zF)
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the backward-step decision:

ik carg max {ru(ok,u) + QU (et )}
uGUt(:cf)

the optimal decision:
if arg max {ro(ef,w) + Vi (el u)

u€Uy (zf

the stage error:
ere = Qi (filaf, ui)) — Qi (fulaf up)), t=1,...,T.

Note that e, > 0. Given £ > 0, the stopping test is

We can now write down the steps of the algorithm as follows.

(21)

(22)

(23)

(24)

Algorithm 2 Deterministic MIDAS

1. Choose € > 0, and set k =1, .Qf =, and Qf(az) =V an upper bound on Vi(z), t =1,2,..., T+ 1.

2. Forward pass: Set zf =Z. Fort =1 to T,

(a) Solve max {Tt(z,’f,u) + Qerl(ft(:vf,u))} to give uf;
u€Ut (x3)

(b) If || fe (xF, uf) — mil_HHOO < 6 for h < k then set xf_H = m?_H, else set rf_H = fe(zh uk).

3. Backward pass: Set Q?‘ill = Qé“url u {(x’%+1, q]:furl)} where q’furl = R(IIICUA)'
For every t =T down to 1,
(a) Compute gf = max {ri(af,u) + Q! (fi(ak,w) }s
uEUt(zf)
(b) Set 2FFT1 = QF U {(zF,qf)}.
4. Stopping test: if (24) holds, set H := k, and stop.
5. Increase k by 1 and go to step 2.

Observe that step 2 of Algorithm 2 does not typically generate a feasible state trajectory since step 2(b) can
jump to a nearby state 37?-1—1 in Qf_H. We call the resulting sequence of states {x,’f_,_l,t =1...,T} a pseudo

trajectory.

Lemma 3 For all iterations k,

() QF(z) > Vi(x) — (T+2—1t)e, forallz e Xy, t=2,...,T+1,
(i) ¢f > Vi(z) — Te.

(25)

Proof (i) We prove (25)(i) by backward induction. For ¢ = T + 1, the result follows from Lemma 1 since
Vrti(x) = R(zx) for all z € X741. Now let (25) hold for some 2 < ¢ < T + 1. It follows that for every k

(26)

g1 =  max {Tt—l(xf_l,U) + Qf-i_l(ft*l(xf—lau))} definition of gy,
uGUt,l(xfil)
> reoq(ao g ab )+ QF T (fea (af_y, afy)) definition of a maximum
>y (zfoy,af ) + Vi(femr(xf_q, @ 1)) — (T + 2 —t)e  induction hypothesis

Vici(zf_y) — (T +2 — t)e. definition of uf_;
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Now let = € X;—1. If HF_1(z) is empty then QF_;(z) = V, so (25) holds trivially. Otherwise suppose h €
HE_ (), s0 i < 90?—1,1' +4d,i=1to N.If t >3, by (17) and (26), we get that

Vic1(z) < Vic1(zf_1) +e < gty + (T +3—t)e. (27)

Minimizing over h € HF_;(x) and using (9) we obtain that (25) holds for ¢ — 1. Point (i) follows.
(ii) In step (a) of this proof, we have obtained (26) also when ¢ = 2, which upon setting =5 = # becomes

gt > Vi(z) - Te, (28)
o (25)(ii) follows. O
Lemma 4 (i) For each iteration k,
T T
Vi(z) < Z re(@t, up) + R(ais) + Te + ) epr. (29)
t=1 t=1

(i) The algorithm terminates after finitely many iterations at iteration k = H, and the resulting pseudo trajec-
tory satisfies

Vi(

| N

T
Z :ct L ull —I—R(azt_,_l )+ Te +E. (30)

Proof (i) After step 2(b) of iteration k& we have, for t =1 to T"

‘ 9054-1 - ft(ﬂﬁfyuf) ‘ <.
So, fo(zf,uf) < xt+1 + §1. This implies
ke Hi (fulaf ut)). (31)
We also have that, for t =1 to T
qF = r(af,af) + ﬁ_‘ll (fe(zF, ak)) by (21) and the definition of ¢F
< ek, al) + Qt_,_l(ft(wt L)) by the monotonicity of k — Q,’f_H
< ek uf) + Qt_,_l(ft(mt L uf)) by the definition of uf in (20)
= ro(zf, uf) + ij_'ll (fe(z¥, uf)) + exc by the definition of e ;
< re(f, uf) + qir + ke by (31).
Also,
¢ri1 = R(2741). (32)
Summing the previous inequalities and equality, we get that
T T
P <> ri@r ug) + R@hp) + ) ek (33)
t=1 t=1
By Lemma 3 for t = 1, we have that
Vi(z) < gf + Te. (34)

The result follows by combining (33) and (34).

(ii) The algorithm visits finitely many points. So, by backward induction over ¢, we get that the pairs (azf, qf)
also take finitely many values. So, for large enough k, if the algorithm does not stop, the functions QF do not
depend on k, and therefore all €5+ = 0. But this contradicts the fact that the stopping test is never satisfied. O
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The previous result applies to the sequence (xfl ,ull ) which satisfies
zet1 = fr(@e, ue)lloo <6, t=1,...,T. (35)

Assume that with any such pseudo trajectory, we can associate a true trajectory by increasing the cost by some
nonnegative amount cs. Denote by (Zf,4{?), for t = 1 to T + 1, such a trajectory associated with (z u®).
We get then the following corollary:

Corollary 1 Set éyg :=Te + 231:1 eH,t +¢5. We have that, at each iteration 1 < k < M : of the algorithm:

T
<Y (@ ul) + R(@4) + én (36)

In particular, the output trajectory (2, @) is Te + & + c5 optimal.

The previous result is rather weak in that it gives no bounds of the size of ¢s. If we set £ = 0, then we can obtain
a bound on optimality for the trajectory obtained when the algorithm terminates. This will occur at iteration
k = H when for every t =1,2,...,T,

Qe (fr(x ul)) = QP (fe(af wi) =0, t=1,...,T. (37)

This means that the forward pass in iteration H + 1 will visit the same points as in iteration H, so

(T = (@ ufl), t=1,2,..., T +1,

and so the functions Q7 ; and Qg‘*{l will be identical for all t = 1,2,...,T + 1. It follows that in the forward
pass, vl will maximize r¢(zf, ufl) + Qﬂtl(ft(:cfl,ufl)) giving

rt(‘z‘tliauthr) + Qg:tl(ft(‘rt}[aut[{)) > Tt(x{{,’ljbf) gl:"il(ft(xt , U )):
and (21) implies

reet’ ul') + QAN (el ui')) < me(ad’ 4y + Q7 (felai' ")),
SO

re(ai ui') + Qi (felar’ ui')) = re(ai’, a7) + QAT (fe(a' ") (38)

We now can establish the following result.

Lemma 5 For everyt=1,2,...,T,

QU (felwi ui)) < Ve (fe(wd' ui')) + (T — t+ D)e.

Proof We proceed by backwards induction on ¢. When ¢t = T, after step 2(b) of iteration H we have for some
h<H

H$}%+1 - fT(xﬂf“I»Uﬂ}“I)Hoo <46
so by Lemma 2

qui}(fT(xZ}!auT)) < CIT+1

= VT+1($§“+1)

< Vegi(f(af ufh)) +e

by (17).
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Assume as an inductive hypothesis that

QEA (fulat!,ull)) < Vi1 (i, ul')) + (T —t + 1)e

We show that
TP Fema (et uit ) < Vi(femr (et g uil ) + (T — t 4 2)e.

Since at termination of the algorithm
H H H
||xt —ft—l(l'tfl,Utfl)“oo < 55

it follows that

fl+1(ft—1(9€fl—1yuf—1)) <qf . by Lemma 2
=T xt]{yut )"‘Qt:i (fe( ='17t 71;; )) by (21)
=r(zi,u) + Qi (filzt  ufl)) by (38)

< vz uf) + Vi1 (fi (2, uf’)) + (T — t + 1) induction hypothesis
< r(faf) + Vg (felaf @) + (T —t + 1)e  optimality of @f
=Vi(z{ )+ (T —t+1)e definition of V;

< V%(ft—l(iﬂf_hutH_ﬂ) + (T —t+2)e

where the last inequality follows from ||zf — fi—1(2fL1,uf"1)|lcc < & and (17). This establishes the result for
t — 1 and hence all ¢ by induction. a

Using Lemma 5, we can show that the first-stage decision uf! obtained when Algorithm 2 terminates (at iteration
H where e = 0) is 2Te-optimal.

Theorem 2 Suppose & = 0. Upon termination of the algorithm the first-stage decision uil satisfies

r(z,ull) + Va(f1(z,ul’)) > Vi(Z) — 2Te.

Proof For the optimal first stage decision uy, (25)(ii) gives
r1(Z,u1) + Q2 (f1(&,ul)) > r(Z,ui) + Va(f1 (7, ui)) — Te

and by (20)
ri(z,ut) + Q5 (f1(Z,ut)) > r1(@,ui) + QY (f1(Z,ul))

SO
(@, ur’) + Q3 (f(&,ui') 2 r1(2,ul) + Va(fr(@,u])) - Te. (39)

Now upon termination of the algorithm (38) gives

Q3 (fi(@,ui")) = QT (f1(z, ")), (40)

and Lemma 5 implies
2 THA(@ ul)) < Va(fi(@,ur')) + Te, (41)

0 (39), (40), and (41) yield
r(Z,ull) + Va(fr(z,ull)) > (2, ul) + Va(f1(Z, u})) — 2T,

giving the result. a
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4 Multistage stochastic optimization problems
4.1 Setting

We extend model MP, described in Section 3, to include random noise on the state transition function. We
model the realizations of the noise in the form of a scenario tree with nodes n € N and leaves in £, where n
represents different future states of the world. Each node n has a probability p(n). By convention we number
the root node n = 0 (with p(0) = 1). The unique predecessor of node n # 0 is denoted by n—. We denote the
set of children of node n € N'\ £ by n+, and let M, = |(n+)|. The depth d(n) of node n is the number of nodes
on the path from node n to node 0, so d(0) = 1 and we assume that every leaf node has the same depth, say
dr. The depth of a node can be interpreted as a time index, so we can identify ds with time T + 1 as defined
in section 3. Set N, := N\ {0}. The formulation of MSP in the scenario tree is

MSPT: max Z p(n)rp(Tn—,un) + Z p(n)R (zn)

neNN\L neL

st. Tn = fa(Tn—,un), n € N,
Tro =17,
Un € Un(@n-), n e N,

The above probabilities must satisfy

p) =0, neN; S pm)=1; p)= 3 plm), neN\L. (42)

neLl men+

Observe in MSPT that we have a choice between hazard-decision and decision-hazard formulations that was not
relevant in the deterministic problem. To be consistent with most implementations of SDDP, we have chosen a
hazard-decision setting. This means that u is chosen in node n after the information from node n is revealed.
The dynamic programming principle for MSPT can be expressed as

Vi(2n) = z+ B maxyeu,, (@) {Tm (@, 1) + Vin (fm(@n,w)}, n €N\ L,
men

Va(xn) = R(xy), n e L.

We seek a policy that maximizes Vo (Z). Below we give two different extensions of the MIDAS algorithm of the
deterministic setting; Full-tree MIDAS goes over every node at each iteration; and Sampled MIDAS computes
only one pseudo trajectory at each iteration.

Now given a scenario tree, we approximate each node value function V,(z), n € N, with a piecewise constant

function QX (), where k = 1,2,..., H is the algorithm iteration. We have a sequence z¥ in X,,. Associated with
each x’fL is a value qfl. For leaf nodes we have that
k k
an = R(zy), neL. (43)

As before we define
QF ={(zF,qf) h=1,... k—1}, forallneN.:\L

We now define the supporting indices of x € X,, as
HE(e) ={1<h<k z<al,+06 i=1,...,N}, (44)
as well as the following function:

R if H% () is empty,
Onla) = {min {qii :he Hﬁ(m)} otherwise. (45)
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and as before we suppress the dependence of ’Hfl(sc) and Q'fb(x) on the parameter §. The following result is
immediate.

Lemma 6 Ifh < k and H:v - xﬁ”oo < 6 then Q’fL(x) < gh.

4.2 Full-tree MIDAS algorithm

The stopping test is based on the following amounts:

ekom = Qm(fm (@3, uf)) — QR (fm (2, ), for alln € N\ £ and m € n+,

e = Z p(M)ek,m.- (46)

meN,

Algorithm 3 Full tree MIDAS
Set k=1, and 2F =0, for all n € N.

1. Forward pass: Set aclg =7, and n = 0. While n ¢ £, for each m € n+:

(a) Solve max {rm(acf“ u) + an(fm(;rﬁ, u))} to give uk ;
uEUm (zk)

(b) If || fn (zk, uk)) — :pﬁfn”oo < § for some h < k then set 2, = z¥, .
Otherwise, set 2F, = fm(xF,uk)).
(c) Set n=m.
2. Backward pass:
(a) For every n € L, set
Qi = 25 U{(ar, ap)}, where gy = R(z7,). (47)

(b) ‘In order of decreasing depth’, for each node n
i. Compute

n = TN
men+ p(n)

R S i [ max  {ro(ahu) + Qﬁl(fm(xﬁ,u))}} . (48)
u€Um, (zﬁ)
with maxima in computation of qfl attained at ﬁfn, for each m € n+.
ii. Set QKT = 0k U {(zk, ¢5)}.
3. If €, defined in (46), satisfies ¢ < &, set H := k and stop.
4. Increase k by 1 and go to step 1.

We assume that there exist § > 0 and € > 0 such that, for any n € N, the following approximate nondecreasing
condition holds:
Va(z) < Va(y)+e, ife<y+01, forallz, yin X,. (49)

Lemma 7 For every n € Nx, and for all iterations k
Qn(@) = V() = (de + 1~ d(n))e. (50)

Proof For a leaf node m in £, with depth d(m) = d, (50) follows from Lemma 1. Now let n € N, \ £ have
depth d(n), and suppose as an inductive hypothesis that (50) holds for all nodes with depth greater than d(n).
Let © € X,,, and (h € HE(x), for some h < k. Let

@l € arg maz( " {rm(mfb,u) + Vi (fm(mﬁl,u))} , for any m € n+.
w€EU, (z]
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Then
Sy {rm(@hw) + Q@ (Fmlalw) |

TL) w€U,, (zh)

men+ P
p(m) h ~h h41 h ~h
m§+ (rm(ﬂcn,um) +Q (fm(xn,um))) .

Applying (50) now yields

itz 3 P el ah) + Vi (el @h)) = (de + 1= d(m)e)
men+
= Va(zp) — (de + 1 — d(m))e,
= Va(eh) — (dc — d(n)e,

since d(n) = d(m) — 1. Now for h € HE(x), z; < zF;, +6,i=1,2,...,N. By (49) and the above inequality, we
get that
V(@) < Vi(zl) 46 < ¢ + (de + 1 — d(n))e. (51)

The conclusion follows by minimizing over h € HE (z). O

We next analyze the convergence of the Full-tree MIDAS algorithm. As in the deterministic case, we define

uk, € arg max {rm(azf“u) + Q,’;(fm(a:ﬁ,u))} , mEn+t, (52)
UEU, (z)
@¥ € arg max {rm(mﬁ,u) QB (fom (2, ))}, men+. (53)
UEU,, (z4)
ik, € arg ma)i) {Tm(:vn, u) + Vm(fm(a:n,u))} m € n+, (54)
m € arg n[}a)% {rm(Z,u) + Vi (fm(Z,w))}, m € n+, (55)
uecUp, .’I)

Theorem 3 i) We have, at each iteration k of the algorithm:

Vo@ < S p)ra(ah_ub) + 3 pn)R (zﬁ) +(dz — Ve + ey (56)

neN,\L neL

it) The stopping test is satisfied after a finite value number of steps (when k = H ), and then, the current policy
is such that

Vo(@) < Y pmralell ull) + Y p)R (o) + (de = e +2. (57)

neNN\L neL

Proof (i) Adapting the arguments for the deterministic case, we can write
k ok k kE ok
p(n)gy = > p(m) (Tm(xmum) +Qm+1(fm(wmum)))
men+

< Y plm) (rmlek, @h) + Qb (fn (a8, 350)) )
men—+

IN

(
p(m) (rm (ah, uhy) + @ (fn (k) )) (58)
= 3 pm) (rm(ah,ub) + QK (b)) + )

(

IN

p(m) rm(wn,um) + qm + €k m) .
men+
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As a special case

%< Y. p(m) (rm(a‘f,ulﬁn) +qfn+€k,m),
me0+

so substituting for p(m)gk, recursively throughout the tree and using (58) and
p(n)g; = p(n)R(zy;), foralln e L, (59)

yields

a5 < > p)ra(@as,ul) + > p)R (2h) + D pn)ern (60)

neN, nel neN,

On the other hand, Lemma 7 gives

Vo(@) = Y p(m) (rm(@,up) + Vi (fm (2, urn)))

me0+
< 32 pm) (ra(@ ul) + Qi (@, i) ) + (de = Ve

me0+ (61)
< 3" pm) (ra(@dh) + Qi (fn(@, 1)) ) + (de — Ve

me0+

=q5 + (dc — 1)e.

The result follows from combining (60) and (61).
(ii) The result is a consequence of (i) and the fact that, as in the deterministic case, after finitely many iterations,
we will have ¢y ,, = 0 for each node n. O

As before, if we set € = 0, then at some iteration k = H the forward pass in every iteration k > H will visit the
H

same points x;, as in iteration H, so for every t =1,2,...,T,
Qn (falwn— un)) = Qu ™ (fulwn uy)) (62)
This means that the functions Q2 and QH+! will be identical for all n € N.. It follows that
rn(@n— iy ) + Qn (Fa (@ url)) = ra(ar—,a) + Qu ™ (falan—, 4n) (63)

We now can establish the following result.

Lemma 8 For every n € N,

W (faan ) < Valfalan—,un) + (de — d(n) + 1)e.
Proof We proceed by induction on n. When n € L, after step 2(b) of iteration H we have for some h < H
Hwﬁ—fn(ﬂffﬂug)H <9d
o0

so by Lemma 6

TR (ol ull)) < b
= Va(ay)
< QI (falah ulh) +e.

by (49).
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Assume as an inductive hypothesis that for every m with d,, = d we have
T (@l ul)) < QI (frn (@l _ ull)) + (de — d + 1)e.
We show that for every node n with dn, =d —1
w0 (a(aneun)) S Q1T (Faan— un)) + (de — d + 2)e.
Since at termination of the algorithm
s = fa(@n—,un)lloo <6,

it follows that

W (e ul) < g by Lemma 6
= > pm) (rnarl alh) + QI (fnat s ilh)) by (52)
men+
= > pm) (ran(@ll uit) + Qi (fn @l uih)) by (63)
< m§+ p(m) (rm(:cn Y + Vi (fon (@l ull) + (de — dm + 1)5) induction hypothesis
< m§+ p(m) (rm(xn LAY A+ Vi (fon (2 ,um)) + (dz —d+1)e  optimality of @l
_ Tx;e(n o )+ (e~ d+ 1) definition of V;,

< Vol fn(zt ulh)) + (de — d 4 2)e
where the last inequality follows from ||z — f, (25, ufl)|l < & and (49). This establishes the result for nodes
with depth d — 1 and hence all n € N, by induction. |

Theorem 4 Suppose & = 0. Upon termination of the algorithm, the first-stage decisions ull satisfy

>~ p(m) (1@, ult) + Vin (i@, ulh)) ) 2 Vo(@) — 2(de = Ve

me0+

Proof For every m € 0+, d(m) = 2. So for the optimal first stage decisions u,, Lemma 7 gives
P (%, uin) + Qi (fin (B, 1)) > 7 (%, i) + Vi (fon (%, i) = (die = 1)e,

and by (52)
T'm (CL‘ um) + Qm(fm(-r um)) > TM(‘T um) + Qm(fm(x um))

P (2, 1) + Qo (fin (B, u3n)) = 7 (2, 0) + Vi (fon (@, u)) = (e — 1)e. (64)

Now upon termination of the algorithm (62) gives
Qg(fm(jaufz) = VIjLJrl(fm(f:“ﬁw)v (65)
and Lemma 8 implies
m (i (@ ) < Vin(Fn (2, u1)) + (de = 1)e (66)
o (64), (65), and (66) yield
Tm (Z, )+Vm(fm(x um))—i—(dg—l)a
> rm (T, m) + Vm(fm(xaum)) —(dg —1)e
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> p(m)(rm (@, ugm) + Vin(fn (%, ur,)))
me0+
> Y p(m)(rm (@, up) + Vin(fn(2,u3))) = 2(de = 1)e
me0+
giving the result. a

4.3 Sampled MIDAS algorithm

We consider next a variant where, in the forward step, only one trajectory is explored, and no stopping test is
given.

Algorithm 4 Sampled MIDAS
Set k=1, and 2F =0, for all n € N.

1. Forward pass: Set zf = 7, and n = 0. While n ¢ £:
(a) Sample m € n+;
(b) Solve  max {rm(xﬁ, u) + QE, (fm (zF, u))} to give uk;
uGUm(zig)
(c) If Hfm(ccﬁ,ufn) — xﬁnHoo < § for some h < k then set 2k, = zl,.
Otherwise, set zF, = fm (xF,uk).
(d) Set n=m.
2. Leaf node update: Set Q,kl“ =0k foralln e N.
For the particular leaf node n € £ at the end of step 1:
(a) Set gk = R(zk) and Q5+ = QEHL U {(ak, gk )}
3. Backward pass: While n > 0:
(a) Set n=n—;
(b) Compute

an =
men-+ p(n)

k p(m) max T xk u k+1 Z‘k u
[ {rm(ahw) + @ (Um el ))}}

UEUm (zk

attained at

Um € arg  max {rm (J:Z, u) + Qf,fl(fm(mf“ u))} .
UEUWL(xﬁ)

(c) Set QFT .= QU {(zk,¢k)}.
4. Increase k by 1 and go to step 1.

Following [13] we assume that sample paths satisfy the Forward Pass Sampling Property.
Forward Pass Sampling Property (FPSP):

Each node is visited infinitely many times with probability 1. (67)

There are many sampling methods satisfying this property. For example, one method is to select a child node
at each node n in the forward pass, by independently sampling with a positive probability for each outcome
m € n+. This meets FPSP by the Borel-Cantelli lemma. Another sampling method that satisfies FPSP is to
repeat an exhaustive enumeration of each scenario in the forward pass.

Recall that d(n) is the depth of node n. The following result ensures that Q¥ is a (dz + 1 — d(n))e-upper bound
on Vi,. Its proof is identical to the one in the case of the full tree algorithm.
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Lemma 9 For every n € N, and for all iterations k, (50) holds.

We can now state a convergence result for MIDAS.

Theorem 5 Suppose the approzimate non-decreasing assumption (49) and FPSP (67) hold. Almost surely,
after finitely many (say H) iterations, the functions QX remain constant. Then, any policy is such that

Vo@) < Y pyralel ull) + 3 pm)R (2) + dee, (68)
neN\L neLl

and the first-stage decisions satisfy

>~ p(m) (1@, ult) + Vin (i (@, uih)) ) 2 Vo(@) — 2(dz = Ve (69)
me0+

Proof Since the algorithm generates finitely many points, it is clear that the functions Q% remain constant after
finitely many iterations. Since the FPSP is satisfied, each node is a.s. visited infinitely many times. We easily
see that the estimates of the full tree algorithm are then valid. The conclusion follows. a

In practical implementations of MIDAS, we choose to stop after a fixed number Hp,q, of iterations. Since
Qéq’"'” gives a 2(dz — 1)e-upper bound on any optimal policy, we can estimate an optimality gap by simulating
the candidate policy and comparing the resulting estimate of its expected value (and its standard error) with
QFmer 4 2(dg — 1)e.

We also remark that Algorithm 4 simplifies when the random variables are stagewise independent. In this case,
the points (xfb,qﬁ) can be shared across all nodes having the same depth. This means that there is a single
approximation Qﬁ shared by all these nodes and updated once for all in each backward pass. The almost-sure
convergence result for MIDAS applies in this special case, but one might expect the number of iterations needed
to decrease dramatically in comparison with the general case.

4.4 Multistage stochastic integer programming

The MIDAS algorithm described above can be applied to any multistage optimization problem with value func-
tions that can be approximated by monotonic piecewise constant functions. The accuracy of the approximation
relies on the approximate non-decreasing assumption (49), namely

Va(z) < Valy) +e, ifx <y+4601, forallz, yin X,. (70)

We can apply the algorithm to a problem in which x is required to be integer so V,,(z) is defined only at integer
points. In the formulation MSPT, define Up (2n—) C ZM | and define dynamics so that X, C Z" . Now observe
that if V},(z) is known to be nondecreasing in z and we choose ¢ < 1 then (70) holds with € = 0. We then have
that MIDAS converges almost surely to an optimal solution in a finite number of iterations.

Theorem 6 Suppose MIDAS with § € (0,1) and FPSP is applied to a problem in which x is required to be
integer and the Bellman functions V,(z), n € N are known to be mnondecreasing in x. Almost surely, after
finitely many (say H) iterations, the functions Qfl remain constant. Then, any policy is such that

Vo(z) < Z p(n)rn(al_ ull) + Z p(n)R (an) . (71)
neNN\L neLl
and the first-stage decisions satisfy

>~ pm) (roa(@,ult) + Vin (fon (@, ulh)) ) = Vo(@): (72)
me0+



MIDAS: A Mixed Integer Dynamic Approximation Scheme 19

Proof If x is integer then V,,(z) jumps only at integer points. Since § < 1 and Vj,(x) is nondecreasing in z, the
approximate non-decreasing assumption (49) is true with € = 0. Since, in addition, FPSP holds, Theorem 5
yields termination after H iterations almost surely and (68) and (69) with e = 0. This gives (71) and (72) as
required. a

In practical implementations of MIDAS applied to multistage stochastic integer programs, the choice of § < 1
might lead to only incremental changes in un,, at each iteration, resulting in slow convergence. It is possible that
choosing ¢ larger than 1 would lead to faster convergence to good policies, albeit with a weaker bound on their
distance from optimality. In the next section we illustrate this phenomenon on a simple example.

5 Numerical examples

To illustrate MIDAS we apply it to an example problem with a continuous state variable. This problem is
an instance of a single-reservoir hydroelectric scheduling problem, as described in section 1. In the model we
consider, the state * = (s¢,p¢) represents both a reservoir stock variable s¢ and a price variable p; with the
following dynamics

St+1
DPt+1

_ st —ve — g +wy
apr + (1 —au)be +me |’

where v; is reservoir release, I+ is reservoir spill, w; is (random) reservoir inflow, and 7 is the error term for
an autoregressive model of price that reverts to a mean price b;. This means that & = [wt 1t ]T. We define the
reward function as the revenue earned by the released energy g(v) sold at price p,

rt(s7p7v7wt7nt) = pg(’l))

We approximate the value function by piecewise constant functions in two dimensions, where qh represents the
expected value function estimate at s" and ph . Following the formulation in the Appendix, the approximate
value function Q,’f(st, pe) for storage s; and price p; is defined as:

QF(st,pt) = max ¢ (73)
s.t.
¥ ngL+(V_q?)(1_wh)a hzla"-aH7
St >shzh+6,, h=1,...,H,
Pt > phat 46, h=1,...,H,
z?—i—zg =1—wy, h=1,...,H,
wy, 20 2h e {01}, h=1,... H.

Figure 3 illustrates an example of how the value function is approximated. At (s¢,p:) = (175, 17.5), the expected
value function estimate is 4000.
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Fig. 3 Value function approximation for k = 4. Q¥ (z) at the point 2 = (s¢,p) shown by the cross equals ¢* = 4000.

We applied Algorithm 4 to problems ranging from 7' = 5 to T' = 12 stages. The reservoir has capacity 100. The
generation function g(v) is a convex piecewise linear function of the turbine flow v, which is at most 70 units
unless the reservoir contents are smaller than this. So the stage problem (apart from the Bellman function) can
be modeled as a linear program. Table 1 summarizes the values of the parameters chosen.

Parameter Value
T 5,...,12
ap fort =1,2,...,T 0.5
ne fort=1,2,...,T Normal(0, 1)
[61.261, 56.716, 59.159, 66.080,
bt 72.131, 76.708, 76.665, 76.071,
76.832, 69.970, 69.132, 67.176]
Xs [05,100] x [0p, 85]
[fort=1,2,...,T 0
wt fort =1,2,...,T 0
U(st) v € [[0,70] N [0, s¢]
1.1v if v € [0, 50],
(v) v+5 if v € (50, 60],
g 0.5(v — 60) + 65 if v € (60, 70],
0 otherwise.
Initial s 100
Initial p 61.261

Table 1 Model parameters for single-reservoir, twelve-stage hydroscheduling problem.

The price was modelled as an autoregressive lag 1 process that reverts to a mean defined by b; where the noise
term 7, is assumed to have a standard normal distribution that is discretized into 5 outcomes. The approximated
price process is illustrated by Figure 4.
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85 Price scenarios sampled from the scenario tree
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Fig. 4 Sampled price scenarios from a 12 stage price process with 5 discrete n: values. The full tree has 48,828,125 scenarios.

MIDAS was coded in Python on a Dell XPS 18 with an Intel Core i5 processor and 8GB of RAM. All MIP
problems in MIDAS were solved using CPLEX 12.6 under default settings. The first set of results illustrates the
performance of MIDAS with §; = d, = 1 on problems with an increasing number of stages. MIDAS was run for
20 hours on each problem instance, and the 27e-upper bounds recorded at each iteration. These are plotted in
Figure 5. The bounds decrease and converge after about 1500 iterations. Occasionally a big decrease in bound
is obtained. This occurs when MIDAS adds a new point z¥ to 2% that is some distance away from the points
already in 02F . In most of the other iterations the new state added is at £oo distance § = 1 from the set 2%, so
the upper bound decreases slowly.
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Fig. 5 2Te-upper bounds of MIDAS for different stage lengths. Here UBT denotes the upper bound for a T-stage problem.
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For comparison, we constructed the deterministic equivalent linear programming problem corresponding to the
full scenario tree and solved this on a 20 CPU virtual machine with 64 GB of RAM using Gurobi 7.5.2. The
results for T'=5 to T = 10 are shown in Table 2.

Deterministic equivalent tree MIDAS (6s =1, 0, = 1)
Stages| Nodes Rows Columns | Objective | Time Lower Standard| 2eT- Upper
(sec) bound error Upper bound
bound

5 781 19530 31248 6593.14 0.27 6194.30 141.02 6089.45 7939.45
6 3906 97655 156248 7062.79 1.26 6532.16 226.77 6332.73 8552.73
7 19531 488280 781248 7365.29 6.16 6782.94 266.79 6622.91 9212.91
8 97656 2441405 3906248 7495.75 32.60 7010.64 313.75 6876.08 9836.08
9 488281 12207030 19531248 7579.33 197.41 7038.11 258.76 7050.20 10380.20
10 | 2441406 | 61035155 | 97656248 - - 7101.84 247.58 7164.96 10864.96

Table 2 MIDAS performance with increasing number of stages

For instances with 9 or fewer stages the deterministic equivalent tree formulation solves very fast to give the
true optimal objective value for these models. However, as the number of stages increases the size of the model
grows exponentially, so when applied to the instance with 10 stages, Gurobi runs out of memory on the 64GB
virtual machine. Similar memory limits were encountered earlier (at 8 stages) on the 8 GB machine.

MIDAS gives solutions after 20 hours of computation that have 2¢T-upper bounds that are below the true
optimal value. We can estimate ¢ for this single reservoir problem as 185 = 8548 + 1004,, since the maximum
price over the planning horizon is no more than 85 (see Figure 4), and the maximum we can store is 100, since
we assume zero inflows. This results in adjusted values in the column denoted “Upper bound” in Table 2.

Simulation of the MIDAS policies obtained in each instance (with 100 simulations) gives estimated revenues
shown in the column “Lower bound” in Table 2. These have standard errors of the order of 250 as shown, so 95%
confidence intervals of the MIDAS policy values are quite wide. In all cases these do not cover the upper bound,
so we cannot claim that the policies are close to optimal. The true optimal policies have objectives shown in the
fifth column of Table 2. These are reasonably close to the upper 95% confidence bound of the MIDAS policies
(although we could not tell this without the true optimal values).

Figures 6 and 7 show the results from applying MIDAS to the same problem with 12 stages, setting d, = 5
and choosing various s values (denoted d in the figures). For é;, = 50, one can see from Figure 6 that the
2¢T-upper bound (shown in red) converges rapidly to a low value. Recall that this choice of d, results in € being
potentially as large as 4750 = 85 % 50 + 100 * 5, which provides little confidence in the solution. For d, = 10,
the 2eT-upper bound (shown in purple) converges more slowly. Here ¢ < 1350, so one might expect a more
profitable policy. This is confirmed in Figure 7, which shows the results of simulating the policies obtained at
each iteration of MIDAS using different . values.
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Fig. 6 Comparison of upper bound for various d; values of the MIDAS algorithm for a single reservoir hydro scheme.
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Fig. 7 Comparison of lower bound for various d, values of the MIDAS algorithm for a single reservoir hydro scheme.

Finally in Figure 8 we show the storage trajectories that are obtained in the forward pass of MIDAS when
applied to the 12-stage problem with §; = 10 and 6, = 5. One can see from this figure that the algorithm visits
high storage states more often in periods 1 through 8, as the policy converges towards one that will retain water
for the highest price periods 6 to 10 (see Figure 4).
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200 Generated state trajectory by iteration: MIDAS

100

Storage level (cubic meters)

Fig. 8 Generated state trajectories for each iteration of the MIDAS algorithm (§s = 10). The coloring shows how many
simulations visit the state, where red indicates many visits, and blue infrequent visits.

6 Conclusion

In this paper, we have proposed a method called MIDAS for solving multistage stochastic dynamic programming
problems with nondecreasing Bellman functions. For a problem with T stages, we have demonstrated the almost-
sure convergence of MIDAS to a 2Te-optimal policy in a finite number of steps. Based on the numerical example
in section 5, we may expect that the number of iterations will decrease as § increases. Increasing ¢ increases
the distance between distinct states that are visited, hence reducing the number of piecewise constant functions
needed to cover the domain of the value function. However, the quality of the optimal policy will depend on
the value of §, since a smaller § will give a lower €. Furthermore, since the current formulation treats each stage
problem as a MIP, the stage problems will increase in size with each iteration. Therefore it is important to
choose an appropriate § to produce good optimum policies within reasonable computation time.

MIDAS can be extended in several ways. Currently, we approximate the stage problems using a MIP formulation
that treats the Bellman functions as piecewise constant. One formulation of such a MIP is given in the Appendix.
A more accurate approximation might be achieved using a stronger MIP formulation that combines piecewise
constant functions with cutting planes. As long as this provides an e-outer approximation of the Bellman
function, we can incorporate it into a MIDAS scheme, which will converge almost surely by the same arguments
above.

The application motivating this paper yields nonconcave Bellman functions by virtue of the mean-reverting price
process. MIDAS can compute approximate solutions to instances of this problem that defeat state-of-the-art
LP solvers when applied to a scenario-tree version of the model.

Although our theoretical analysis has focused on problems with continuous Bellman functions, MIDAS can be
applied to multistage stochastic integer programming (MSIP) problems. Indeed as Theorem 6 demonstrates,
MIDAS with § < 1 will converge almost surely to an optimal solution to a MSIP. Solving a deterministic
equivalent of a MSIP can be difficult, as the scenario tree grows exponentially with the number of stages and
the number of outcomes, and MIP algorithms generally scale poorly. However, since solving many small MIPs
will be faster than solving a single large MIP, we might expect MIDAS to produce good candidate solutions to
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MSIP problems with less computational effort. Our hope is that MIDAS will provide a practical computational
approach to solving these difficult multistage stochastic integer programming problems.

Appendix: A MIP representation of Q%+ (x)

Assume that X = {z : 0 < 2; < K, i = 1,2,..., N}, and let V(x) be any upper semi-continuous function
defined on X. Suppose for some points 2", h = 1,2,...,k, we have V(z") = ¢". Recall V = max,cx V(z),

’Hk+1(m) ={1<h< kial >z —6,i= 1,2,...,N},
QkJrl(a:) = min{fﬂmin {qh che ’HkJrl(x)}}.

For 6 > 0, and for any z € X5 = {z: 6 < x; < K;, i = 1,2,...,n}, define Q"1 (z) to be the optimal value of
the mixed integer program

MIP(z): max @
s.t. <"+ (V-g"A-wp),h=1,2,... K,
mizgc?zf—l—é, i=1,2,...,N,
moEh =1y, h=1,2,...,k,
wp, € {0,1}, h=1,2,...,k,
2P e {0,1}, i=1,2,...,N,
h=1,2 k

Proposition 1 For every x € X5,

Q" (@) = Q" (a).

Proof For a given point z € Xs, consider wp, 2P i=1,2,...,N, h= 1,2,...,k that are feasible for MIP(z). If
wp, =0, h=1,2,...,k, then ¢ < V is the only constraint on ¢ and so Q*(z) = V. But w, =0, h=1,2,...,k
means that for every such h, z = 1 for some component i giving
T > m? + 4.

Thus

H N 2) = {h: z; < 2l + 6 for every i} = 0.
Thus Q"' (z) = V which is the same value as Q" (z).
Now assume that the optimal solution to MIP(z) has wj, = 1 for some h. It suffices to show that

Qk+1(a:) = min{qh che H’Hl(m)}.

First if h € Hk+1(x) then wyp, = 1. This is because choosing w;, = 0 implies zlh = 1 for some i, so for at least
one 1
so h ¢ H*(z).
Now if h ¢ H*T1(z) then any feasible solution to MIP(z) can have either wy, = 0 or w;, = 1. Observe however
that if

" < min{qh, th' € 'Hk+1(x)}
for any such h then choosing wp = 1 for any of these would yield a value of ¢ strictly lower than the value
obtained by choosing wy, = 0 for all of them. So wy, = 0 is optimal for h ¢ H*T!(z). It follows that H*T!(z) =
{h : wp, = 1}. Thus the optimal value of MIP(z) is

Q" (z) = min{¢" : wp, = 1} = min{¢" : h e H* ' (2)} = Q"' (a).
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