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Stochastic' dynamic programming with a linear programming subroutine:

Application to adaptive planning and coordination in
the forest industry enterprise

Abstract

Most economic planning situations in complex enterprises have the following
properties: (1) Many activities must be spatially coordinated, (2) decisions at time t
affect the possible activities in later periods and (3) important information, particularly
concerning future product prices, is not available in advance. Sequential and spatially
coordinated decisions are necessary. This paper includes a review of important
economic principles, observations and methodological progress in this area. Particular
emphasis is directed towards the method of stochastic optimal control in discrete time
with linear programming solutions for each possible stage and state. The intertemporal
coordination problem of the integrated forest industry enterprise in a stochastic
product market is defined.

Analytical and numerical optimization solutions are derived. Variable reduction is used
to simplify the simplex subproblem and the main results of a typical solution are
discussed.

When the future prices of the final products are stochastic;

a. The expected present value of the profit is higher when the suggested method is used
instead of deterministic multi period linear programming.

b. The expected dual variables (shadow prices) associated with the industrial capacity
restrictions are underestimated via deterministic multi period linear programming.

¢. Industrial flexibility is valuable and the optimal levels of maximum production
capacity are higher than in a deterministic world.

A computer program for stochastic dynamic programming with a linear programming
subroutine is designed and included.



1. Introduction

1.1. The issue

This study covers several topics. A combination of these will in this paper be shown to
be very useful in the economic planning of integrated forest industry enterprises.

The ambition is to accept and explicitly make use of the properties of most real world
planning problems: The future can not be perfectly predicted, many activities must be
coordinated already in the present time period and present decisions and activities
influence the planning and activity options in the future.

Clearly, the structure of this problem is the following: Since the future conditions
(parameters) are not yet known, it is generally optimal to have flexibility. Adaptive
optimization is relevant. Coordination of the present activities require efficient
deterministic planning tools. In this paper, the suggestion is to use stochastic dynamic
programming, which serves as the adaptive optimization tool, and linear programming
(possibly quadratic programming) which takes care of the deterministic optimization
and coordination of the decisions at each point in time and for each possible stochastic
state of the system.

1.2. On the relevance of the topic

The methodology created in operations analysis has found many applications in the
forest — forest industry sector. Lofgren (1989) writes that the easily available methods
of operations analysis, such as linear programming, are based on the assumption of
perfect information concerning future prices. He also claims that adaptive optimization
may be useful if the price probability distribution is known but that the common sence
of the forest owner most likely works as well as explicit optimization. Lofgren states
that the forest economic optimization may be performed on the stand level in case the
optimization problem is truely linear (exogenous price and cost parameters in the
objective function) and there are no (arbitrary) "even harvest level" (or similar)
restrictions on the total harvest program.




In the analysis of this paper, we will consider the comments presented by Léfgren
(1989).

~ We will not assume that future conditions (prices etc.) are known.

— We will not, consider problems of low complexity (which make "common sence
solutions" trivial and optimal).

- We will consider economic planning problems where many activities must be
coordinated and explicit use of constrained optimization can not be avoided.

1.3. Past efforts and findings

It is suggested that the following classification is used:

a. Deterministic integrated enterprise economics and planning

Koopmans and Beckman (1957), Andersson (1963), Naslund (1965), von
Malmborg (1967), Lindgren and Nislund (1968), Lonner (1968), Holvid (1970),
Ljungman (1971), Nilsson (1974), Lohmander (1985), Lohmander (1988f)

Koopmans and Beckman (1957) gave the foundations of some of the problems of
interest in the present analysis, particularly those of economic location of activities.
Within the natural resource enterprise, the transportation problem is typically a
subproblem of great importance. However, it is dangerous if the transportation problem
becomes the only area of interest. All possible activities within the firm are of relevance
in the planning situation and suboptimization should be avoided. Andersson (1963)
looks at the district management problem in forestry from a less mathematical but
more operational view. Some effort is directed towards the collection of planning data
and data reliabilty within the enterprise. Nislund (1965) suggests relevant methods
from management theory to be used in the forest sector and von Malmborg (1967)
shows how to use linear programming in the integrated forest — farm enterprise.
Lindgren and Néslund (1968) give a survey of possible planning approaches in the
forest sector based on mathematical optimization, particularly linear programming.
They also report from past application experiences. The option of decomposition and
decentralized decision making is stressed through a detailed example from a forest
enterprise with many departments. Lonner (1968) presents a system for short term
planning of forest district management including harvesting,




storage and transportation. Clearly, one of the key reasons why short term planning is
applied is the presence of unpredictable situations. Nevertheless, deterministic methods
were used. Also the studies by Holvid (1970) and Ljungman (1971) are based on
deterministic linear programming. Nilsson (1974) attacks one of the very unpredictable
planning siﬁua.tions, namely the windthrow area management. Lohmander (1985)
contains an introduction to the use of deterministic linear programming in the
integrated forest enterprise and Lohmander (1988f) shows how to derive simple harvest
activity selection rules from a formal linear programming model.

b. Stochastic integrated enterprise economics and planning
Bellman and Zadeh (1970), Hakansson (1971), Nilsson (1979), Hof, Robinson and
Betters (1988)

It is difficult to find a representative set of publications in this class. However, some
interesting ideas have been presented by the suggested authors. Note that approaches
consistent with stochastic optimal control theory seldom have been used in the past
applications.

c. Deterministic forest stand economics and planning
Naslund (1969), Heaps (1984), Johansson and Lofgren (1985), Heaps (1986),
Lohmander (1988d), Magnusson (1988), Valsta (1988), Lohmander (1989)

These references are relevant in this paper mainly to show that the forest stand
management problem has gained much attention in the literature. Clearly, in most
cases, the assumptions of "stand separable management" are seldom satisfied. Usually,
there are economies of scale in harvesting operations, technical restrictions etc. that
make separability vanish. Coordination and constrained optimization becomes
important.



d. Stochastic forest stand economics and planning
Norstrom (1975), Risvand (1976), Lohmander (1987a), (1988b), (1988c), (1988e)

Since it has recently been realized that the future is far from predictable, the explicit
treatment of stochastic future events and adaptive optimization have become natural
ingredients in forest economics. This new interest is largely a result of the discoveries in
catastrophe and chaos theory and of course the associated sciences biology and
chemistry. Two recent publications in that area are Puu (1987) and Puu (1989).

e. Deterministic optimization

Bellman (1953), Hallsten (1958), Wolfe (1959), Wolfe and Dantzig (1962), van de
Panne and Whinston (1964), Balinski (1965), van de Panne and Whinston (1966),
Denardo (1970), McCormick (1970), Florian and Robillard (1971), Lemke, Salkin and
Spielberg (1971), Geoffrion and Marsten (1972)

f. Stochastic optimization and estimation

Manne (1960), Breiman (1964), Cocks (1968), Derman and Veinott (1972),
Garstka and Rutenberg (1973), Satia (1973), Smallwood (1973), Kumar and Varaiya
(1986), Lohmander and Helles (1987b), Kurzhanski (1988), Williams (1988)

g. Stochastic optimization with deterministic constrained optimization subproblems

Simon (1956), Breiman (1964), Rockafellar and Wets (1978), Rockafellar and
Wets (1986), Rockafellar (1987), Rockafellar and Wets (1987), Byrnes and Kurzhanski
(1988), Varaiya and Wets (1988)

This field is the one which makes the solution of the problem approached in this paper
possible. The author is convinced that most real world problems in principle should be
solved via methods in this class. The analytical and numerical development of these
methods is of great importance to future decision making in a complex and
unpredictable world.



h. Recent contributions to the general stochastic investment theory
Baldwin (1982), Brennan and Schwartz (1985), McDonald and Siegel (1985),
McDonald and Siegel (1986), Pindyck (1988)

McDonald and Siegel (1985) observe that the profit is a kinked convex function of price
when there is an option to shut down production during low price periods. Hence, it
can be shown that mean preserving increases in price risk (nonstrictly) increase the
expected profit. This paper contains a relaxation of their assumptions: A natural
resource (forest) which can be extracted (harvested) over time in different ways and
alternative processing plants (pulp and paper mills, saw mills etc.) are explicitly
introduced. Hence, it will turn out that product price risk is valuable to the enterprise
since: 1/ There is an option to shut down (or just decrease) total production during low
price periods and 2/ The natural resource may be distributed between the different
processing plants in the most profitable way, depending on the levels of the different
product prices.

Pindyck (1988) presents a continuous time model with irreversible investments and
stochastic prices. He finds, as in this paper, that the marginal capacity values (shadow
prices) are increasing functions of price variability. Pindyck makes the special
assumption that there is an option to add capital continuously and incrementally.
Hence, there is little reason to invest before the high prices have been observed. The
conclusion is that firms should hold less capacity than if prices were predictable and
investments were reversible. Finally, Pindyck stresses that the result partly is a
function of the particular assumptions and that more generalized models should be
studied. He suggests that numerical methods should be used to solve these more
complex problems. The authour of this paper is convinced that the main result (less
capacity) derived by Pindyck would have been different (more capacity) in a model
where investments take time. It generally takes many years to construct a pulp mill,
not to mention the time it takes in Sweden to get a building and capacity expansion
permission ! Hence, if demand rapidly increases, there is no time available to build a
new factory. It is already too late.



1.4. The deterministic problem

A simplified "standard" formulation of the integrated forest industry enterprise
problem, different versions of which can be found in Lohmander (1985) and in many of
the earlier publications, is the following:
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The objective function (1) is the total present value of all future activities, II.

ITis a function of the harvest area levels, H, the transport levels, S, and the industrial
production levels, x. t, 1, i and j denote time period, rate of interest, stand index and

production plant index. Ai denotes the initial area in stand class i, It‘ is the production
capacity in plant j at time t, Y is the stand density (volume per area unit) in stand
class i at time t and ﬁtj is the input coefficient in plant j at time t.




Figure 1.
The "traditional" integrated forest industry enterprise problem.
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¢, g and p are the harvest cost per area unit, the transportation cost per volume unit

and the final product net price (price minus variable costs). p (and the transformed
price p, compare the mathematical appendix) are in the rest of the analysis called
"product price". (2) represents the intertemporal harvest area restriction for each stand
class, (3) is the production capacity restriction for each plant and time period, (4) are
the transport balance equations in the different forest areas and (5) expresses the
transport balances in the different plant nodes.

There exist practical problems in the application of the model (1) - (5). Some of these
are:

a. The size of the simplex matrix increases rapidly with the number of periods, the
number of stand classes, the number of plants etc.. Hence, at least the number of
periods has to be restricted and the solution in the final periods can not be regarded as
relevant to the real world decision problem. (In the final model period, there is no
reason to save any forest resources for future periods.)

b. Nonlinearities may exist in the real world decision problem. Some of these may be
taken care of by quadratic programming (as long as the objective function is concave
and the feasible region is a convex set).

c. Particularly if we make the plant capacity investments (and hence the plant
capacities in future periods) endogenous, economies of scale may exist that make the
objective function strictly convex. Then, linear programming becomes irrelevant.

d. Integer programming may be necessary when investment activities are endogenous.

e. The coefficients of the "real world" objective function are stochastic (or at least very
expensive to predict perfectly for t > 1).
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Figure 2.
A typical sample path of a product price process according to the numerical analysis in

this paper. The net price is represented by a first order discrete time autoregressive
process defined via the transition probability matrix given in the numerical appendix.
The discreté state space contains 9 states, which makes the transition probability
matrix contain only (9 X 9 =) 81 elements. This makes it possible to use the dynamic
programming method with limited execution time. The discrete state process
"approximates" a stationary continuous state discrete time process:

Pii1 =A +BP, + ctsuchthatA>0,[]<B< 1, € € N(0,0)

In the illustration, A = 50, B = .5, ¢ = 10.
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f. Clearly, all coefficients in the simplex problem are difficult (or expensive) to predict
fort > 1.

The ambition of the analysis presented in this paper is mainly to treat the problem e.:
stochastic objective function coefficients. The reason is that the other simplex problem
coefficients frequently are much easier, much less expensive, to predict. More
specifically, the main effort will be directed towards the problem where the product

prices, Etj’ can be described as a stochastic Markov process. The decisions are taken

sequentially when the prices p, . have been observed (without noise).
t)

The essential questions that should be possible to answer via the presented approach
are the following:

— How should the activities within the integrated forest industry enterprise be
coordinated in order to satisfy the balance equations ?

— How sensitive are the optimal activity levels in different parts of the enterprise to the
states of the product markets ?

— What is the total effect of stochastic product prices on the expected profitability of
the integrated enterprise 7

— Are the optimal investment program and the optimal plant capacities functions of the
stochastic properties of product prices ?

— What is the value of flexibility in the stochastic environment ?

2. Analysis
2.1. Analytical investigation

This section contains the definition of a simplified linear programming problem which
is further analysed in the mathematical appendix. This formulation may be interpreted
as the optimization problem in a future period. All coefficients are known except for
some objective function coefficients, prices, which are stochastic in the future period.
The future decisions are adaptive: First the coefficient outcome is observed without
noise and then the optimal activity decisions are taken. In a multi period problem, the
decisions in earlier and later periods are connected via the forest resource constraint. If
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more i8 harvested in period one, then less can be harvested in the future. Clearly, the
solution to the "complete" global problem (when the objective function is the expected
present value of the profits in all periods), must give consistent expected marginal
valuation of the (common) forest resource. In other words, the expected dual variable
associated with the forest resource constraint must have the same value in the present
period and in the future. This is easily shown via stochastic dynamic programming.
Hence, the main effort in this section will be to investigate how the expected dual
variable vector is affected by increasing risk in a future period. The results may be used
in the shape of parameter changes in the optimization problems of the earlier periods.
Hence, some important properties of the optimal primal and dual solutions under the
influence of stochastic objective function coefficients are derived. The general results of
relevance to optimal economic decisions in the integrated forest — industry enterprise
are discussed in connection to presented figures.

The simplified problem is :
n
maxII= X px, (6)
j=1 J]
n
s.t. Y ax; <R (7)
=1 !
X; < I.i for j € (1,...,n) (8)

IT denotes total profit and R is the total forest resource stock to be used in the period
under consideration. Each X is expressed in a unit such that the forest resource input
required in the production of one xj is equal to . I. is the maximum factory capacity
expressed in the relevant x. unit and p; denotes the unit net price. A more general
version of the same problem, which is the first presented version in the mathematical
appendix, can easily be constructed.
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Figure 3.

The simplified integrated forest industry problem. The transportation activities are not
treated as primal variables. The objective function coefficients of the industrial
production activities x. are reduced by the unit costs that derive from harvesting and
transporta.tioh. The activities in the different factories are connected via the forest
resource constraint.
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In figure 3, the physical meaning of the simplified problem is shown. The set of possible
(unique) optimal solutions under different assumptions are highlighted in the figures 4,
6, 7 and 8. The expected profit of the firm is strictly higher in the presence of price
variability than in the deterministic case. This is shown in figure 5. The mathematical
appendix contains Kuhn-Tucker analysis of the constrained optimization problem and
some comparative statics analysis essential to the later analysis. In particular, the dual
variables (the marginal values of the resources: the forest and the factory capacities)
are determined as functions of the product prices. Since each corner solution in the
linear programming problem is defined by a specific equation system, the relevant
equation system and hence the partial derivatives of the dual variables with respect to
the parameters are functions of the parameters.

In figure 9, the key results from the mathematical appendix are shown in graphical
form. It is found that the dual varables (shadow prices) have interesting properties
with respect to risk effects: The shadow prices associated with the factory capacities
are kinked convex functions of every product price. According to the Jensen inequality,
this means, which is also shown in figure 9(b) and 9(c), that the expected shadow
prices (marginal values) of the factory capacities are (nonstrictly) higher in case prices
are stochastic than if they are known constants (and the expected pricé in the
stochastic case is equal to the price in the constant case). In figure 9(a), it is found that
the shadow price of the forest resource is a kinked concave function of every product
price (for positive prices) and a kinked convex function (for prices in the neigbourhood
of origo).

Hence, if prices may take positive and negative values (which is possible since prices
here are defined as net prices), the expected marginal forest resource value is
ambiguously affected by increasing risk in the prices. If, on the other hand, prices are
always positive, then the Jensen inequality makes the expected marginal forest resource
value (nonstrictly) lower in the presence of risk than in the case of constant prices
(when the constant price is equal to the expected price in the stochastic case).


















































































































